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ABSTRACT

"The clinical assessment of the weiéht bearing foot during locomotion is .
normally based on subjective judgement rather than on quantitative
measurement. The techniques which have beeﬂ proposed for recording -
the dynamic forces acting on the foot are either too complex for clinical
practise or there is difficulty m relating the measured force distribution
to the physical surface of the foot. The system that has been developed
measures the vertical foot/ground forces during gait and immediately

displays the data in a mahner which can be readily assimilated.
, :

The instrumentation system consists of a segmented forqe plate construc-
_ted from 16 transparent beams mounted so that the total ldad as well as
the centre of pressure on any beam can be ascertained. When the foot
contacts the plate, its plantér surface is photographéd through the
transparent force kplate by a television camera while a second television
camera photographs a lateral aspect of the legs and feet.

A composite video display is then generated consisfing of (i) a lateral
view of the legs and feet (ii) a view of the pléntar surface of the
planted foot with centre of pressure lines superimposed (iii} a bar

chart display of the load carried by each beam.

The system output is recorded on a v‘ideo tape recorder which has a
stop motion facility. This enables a frame by frame analysis to be
made subsequently and selected stills to be photographed as a per-
manent record. Three series of photographs are presented which

clearly show the differences between normal and abnormal gait.
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CHAPTER 1

INTRODUCTION

The foot is a complex mechanical structure of twenty-six bones which,
braced by associated muscles and ligaments, can carry full body weight
- and the dynamic forces imposed by gait, yet contour itself to all types of

terrain. (See Appendix A)

Although studies of the.biomechanics of locomotion can be traced back as
far as Aristoﬂe and Leonardo da Vinci, the foot has been traditionally
viewed as a static fripod or at best a semi-rigic support for body weight.
In this conception, the weight-bearing legs of the tripodl were assumed
to contact the ground at the heel and the first and fifth metatarsal heads,
while the integrity of the tripod was supposedly maintained by the
longitudinal and lateral arches of the foot. This traditional viewpoint
loses sight of the fact that the foot has evolved primarily for walking

and must be studied as a dynamic mechanism which forms an integral
part of the human locomotor system. The body requires a flexible foot
to accommodate the variations in the exterrial environment, a semi-

rigid foot which can act as a spring and lever arm for the push off
during gait, and a rigid foot to enable body weight to be carried with

| reasonable stability.

' The normal gait or walking cycle can conveniently be divided into two

_distinct phases: the stance phase, during which the foot is weight



bearing, and the swing phase during whicﬁ the limb is swinging forward.
The swing phase is concex_‘ned with preparing and aligning the foot for
heel strike and also ensuring that the swinging foot clears the ground.
The stance phase, which occupies about 60% of the total gait cycle, is

concerned with weight bearing and body stability.

The clinical assessment and analysis of the abnormal or diseased weight
bearing foot is usually based on the subjective judgément of a physician
or surgeon. Although anatomical abnormalities are often apparent at
examination, the accurate assessment of an abnormality of function is
more difficult, particulariy if the malfunction is only apparent under
dynamic loading conditions. Also the increased professionalism in
sport and the grthh of running and jogging in the wider population
has caused a dfamatic increase in sporting-injuries to the foot over
recent years, stimulating a greater interesf in the analysis of foot

function.

The numerous studies into the biomechanics of locomotion reported in
the literature have tended to concentrate on the lower limb (particu-
larly .the resolution of gait forces through the hip and knee) and the
foot has been rather ignor_ed. Most of these studies use monitoring
systems consisting of a floor mounted force plate together with high
speed cine or television cameras. Synchronous recordings of the
forces applied by the foot to the plate and high speed film records of
the position of the limbs in space allow the forces acting through the
segment of interest to be computed for any instant in the stance phase.

Consequehtly the biomechanics of limb motion is now well understood.



Unfortunately an analysis of the biomechénics of foot function is almost
impossible using a éystembof this type, as it is difficult to see the subtle
movements occurring in the foot during the stance phase and therefore.
difficult to relate the gross reaction forces measured by the plate to
specific anatomical sites on the foot. A be'tter approach is to record the

| dynamic interface force distribution over the plantar surface of the foot
‘and relate ;chis force distribution to the spatial position of the weight |

bearing and swinging legs.

Attempts to measure the foot/ground interface pressures for diagnostic
purposes stretch back as far as the nineteenth century. An early re-
searcher in this field was Beely (1882) who attempted to relate interface‘
pressures with the depth of a foot impreséion in a thin bag filled with
plaster of paris. Later researchers such as Elftman (1934) and

- Morton (1935) used the deformability of rubber projections on a walk-
path mat to measure localised loads. A similar method has been pro-
posed recently, although here an optical technique is used to display
the localised loads as a set of circular interference fringes (Arcan and
Brull, 1974). All of these methods allow an easily assimilated visual
disblay of the loading patterns on the standing foot to be displayed,
however the rapidly changing loading patterns produced during gait

make data recording and interpr‘etation very difficult.

In order to reduce the data handling problems, some investigators have
measured the load on various strips of the foot by using a number of
parallel load measuring beams set into a walkway (Hutton and Drabble

1972), or by attaching pressure transducers to selected anatomical



‘sites on the sole of the bare foot (Schwartz and Heath 1949) or by
mounting the transducers in specially constructed shoes (Holden and

Muncy 1953).

Although these techniques reduce the amount of data produced, the
interpretation of these measurements is extremely difficult as there
is no longer a visual display of the loading pattern, making it diffi- -

 cult to relate the measured loads to the physical surface of the foot.

All of the above techniques are rather awkward to use and are there-
‘fore suitable for research only with little application in day-to-day
clinical routine. The novel instrumentation system described in this
" thesis is intended for clinical use and uses a combination of parallel
load measuring beams with the addition of two television_ cameras to
record visual information. The results of the load measurements

are processed and combined with the visual images to produce a

complete and easily interpreted visual display. ’



CHAPTER 2

INSTRUMENTATION SYSTEM DESIGN

The intention of this reseérch was to design and- construct an instrumen-
fation system which would measure the dynamic force distribution acting
on the plantar surface of the focot duriﬂg the stance phase of gait with
adequate spatial and temporal resolution; In order that this information
be clinically useful, it is essential that the data obtained from these
measurements be presented in such a way that they may be simply

interpreted by medical personnel.

2.1 SYSTEM DESCRIPTION - GENERAL

 During the stance phase of gait, the foot is subjected to one vertical
and two in-plane compbnents of force as well as associated torques
and moments. The vertical component is the largest of the linear
forces acting on the foot during gait (Paul 1967) and it was there-
fore decided that the instrumentation system could be greatly simpli-
fied by measuring this component only, without seriously de'grading

the recorded data.

The force measuring apparatus coﬁsists of a segmented force plate
comprising a number of transpérent beams mounted in a walkway
transverse to the direcﬁon of walking. Each end of each beam is’
supported by a force transducer in order to measure the vertical

reaction forces there as shown in figure 2.1.a.
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Figure 2.1.a Schematic diagram of single force plate beam.

Consider a vertical force distribution over the beam. The total vertical
force downwards is clearly equal to R1 + RZ' In Appendix B it is
shown that the position of the centre of moment of the vertical force

distribution is given by C, where

C = 3L (R1 - Rz)/(R1 + RZ)

. This implies that the given vertical force distribution is .equivalent to

a single force of magnitude R1 + R2 acting vertically downwards at C.

In this way it is possible to ascertain not only the total vertical force

on any beam but also the point of application of that force.

Two television camera are used in conjunction with the force plate
system to provide simultaneous visual data. When the foot contacts

the force plate, its plantar surface is photographed through the trans-
parent beams by camera 1 beneath the plate while its lateral aspéct and
the position 61’ the swinging leg is photographed by camera 2 mounted
'adjacént to the walkway. The arrangement of the force plate and

cameras is shown in figure 2. 1.b.
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Tﬁe outputs from the force sransducers and television cameras are, by
means of the multipleked straih gauge amplifier and central controller/
video procéssor, used to generate a composite video pictu're on a
‘television monitor which shows (i) a lateral view of the planted foot
and swinging leg, (ii) a view of the plantar surface of the weight
bearing foot showing the boundaries between the beams with lines of
centre of pressure superimposed, (iii) a bar chart type display of

the ioad carried by each beam.
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Figure 2.1.c = System output.



A schematic.representation of the output of the systerﬁ at an instant in
the stance phase is shown in figure 2.1.c . "When a loéd is applied to
a béam, vthe magnitude of the load is reflected by the height of the
: respective bar in the bar chart. The centre .of pressure of the load on
the beam is superimposed upoh the image of the beam and thus upon
the image of the plantar surface of the foot as an electronically gene-
rated white line. A lateral shift of load is therefore reflected as a
lateral shift in the centre of pressure lines relative to the foot, while
a longitudinal shift of load (i.e. from hind foot to forefoot) will be
shown as a change in the shape of the bar chart display. It is possible
to sée at a glance not onlﬂz the magnitude of the load carried by different
sectio'n of the foot, but also the pattern of loading applied to the plantar
surface. Quantitaﬁve results can be obtained by calibrativng the bar

chart.

The output of the system is recorded on a video tape recorder which
has a "stills" facility thus enabling a frame by frame analysis tc be
made subsequently and selected stills to be photographed as a per-

manent record.

The television monitor and both cameras are operated on their side
o] that the electron beam in the monitor now scans its lines from
bottom to top and its fields from left to right. This simplifies matters
considerably as the visual image of each beam, together with its
 associated section of bar chart and centre of pressure line, is drawn

sequentially by the monitor during a complete field scan.
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In order to‘produce this type of composite video pictureé it is necessary
that the two cameras be synchronised. In addition, ‘the multiplexer of
the strain gauge amplifier is synchronised with the cameras so that |
w.hile camera l is visually scanning a force plate beam, the strain
gauge amplifier measures the force at each end of that beam in order

to generate the section of bar chart and centre of pressure line cofres-

ponding to that beam.

Since the multiplexer is synchronised with the cameras, the sampling
rate for the force transducers is dictated by the 50 Hz field frequency
‘of the television system. One complete field is produced evbei'y 20 msec

during which period each force transducer output is sampled once.

With the monitor on its side, the electron beam scans at a fixed rate from
bottom to top across the monitor screen making it relatively simple to

" produce the bar chart by generating a white level video signal from
some fixed time after the start of a line and for a period proportional to
the total léad on a force plate beam. Similarly the centre of pressure
lir_les are produced by generating a White level video signal of very
short duration at a time determined by the-relati.ve magnitudes of the

forces at each end of the beam.

Cémera 2 ié not directly associated with the force measuring system,
its function being to record any additional visual information. In
this arrangement it thtographs thevsubject from the side as the
swvinging leg provides a convenient timing reference within the

gait cycle.



2.2 THE SEGMENTED FORCE PLATE

2.2.1 Mechanical details

The segmented force plate consists of a number of parallel transparent
beams supported at each end by a force transducer. The force plate
must be large enough to accommodate the average sized foot, consist of
beams narrow enough to provide sufficient spatial resolution and yet
comprise a minimum number of beams in order to redﬁce the cost and
complexity of the force plate and associated electronics. In addition,
the force plate musf be stiff enough to appear as a flat surface to the
foot to avoid altering the loading pattern. High transducer stiffness
is also required so that the natural resonant frequency of the beams ‘
be high in comparison to the frequency components of the applied
loads to avoid mechanical amplification of certain of these components
due to resonances. The beams must nevertheless be capable of re-

solving small changes in load.

The force plate consists of 16 transparent 'Perspex' beams, each 260 mm
long, 20 mm wide and 25 mm thick. Allowing a small gap of 1 mm be-
tween beams to avoid cross-talk, this gives a total force plate area of
335 mm long and 260 mm wide. This is large énough te accommodate _
the average sized foot while even a child's foot will span at least 10

| beams thus dividing the foot into at least 10 sections which gives
sufficient spatial resolution for cliriicalvdata. 16 beams are used in

the plate construction as this sifnplifies the electronics somewhat by

virtue of the fact that 16 is a power of 2.
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The general construction of a single beam and associated force trans-

ducers is shown in figure 2. 2. a.

The force transducers consist of stréin gauged stainless steel cantilevers.
~ The load applied to @ beam producés a force at each end which tends to
bend the cantilevers. Most of this bending takes place over the reduced
section of the cantilever, the maximum surface strain in bending occur-
ring at a distance of 1/3 of the length of the reduced section from the
fixed end. As the strain gauge experiences a strain direcﬂy propor-
tional to the force at the end of the cantilever, the transducer can be
calibrated to give force data-although, due to inaccuracies in the
machining of the cantilevers aﬁd in the posifioning of the strain gauges,

the sensitivities of the tran‘sduc'er_s are not all the same.

The stainless steel chosen for the cantilevers has a nominal elastic limit
" of 2000 micro-strains (pe). In order to avoid permanent set in the
cantilevers it was necessary to choose the cantilevers dimensions so

that under normal operating conditions, this elastic limit is not exceeded.

The plate was designed for children with a body mass of up to 50 kg.-
This mass corresponds, statically, to a foot/ground reaction force of
about 500 newtons. During locomotion, however, this force may be
as large as three times its static value (Paul 1967). Each force trans-
ducer is therefore designéd to withstand a force of 400N without per-

" manent set. The mechanical sensitivity of each cantilever is then
2000 pe for 400N or 5Spe/N. Each beam can therefore support a nominal

load of 800N at its centre without transducer damage.
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’

A point lcad of 100 newtons at the centre of a beam produces é dis-
placement of 0,4mm,; which was considered small enough to minimize
modification to the foot/'pléte loading patterri. This dispiacement is
due almost entirely to the bending of the beam and not the cantilevers.
. The natural resonant frequency of the beam was measured to be about

300 Hz, which is considered adequate for gait studies (Hutton and

Drabble 1972).
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2.2.2 Electrical details

Each of the 32 force transducers consists of a single foil t})pe strain gauge
bonded to a stain}ess steel cantilever{ and a dummy resistor. The circuit,
-as shown in figure 2.2.b was chosen for its simplicity of construction, low
cost and the fact that, as the system meas;.lres dynamic forces, long term

drift is unimportant.

Figure 2.2.b Force transducer circuit diagram.

In Appendix C it is shown that for a given supply voltage ES , dummy
resistor R and strain gauge resistance ng , the output voltage EO is

given by the relation

I:,o .= ESRSg/(R + ng)

and the variation of this voltage for small changes in the resistance of

the dummy resistor and/or strain gauge is given by
AEO = Eo(l - EO/ES) (Ang/ng - AR/R)

For a given strain gauge voltage Eo , the sensitivity is maximised by

maximising ES . Thus fqr ES>> Eo

AEO & EO(ARSg/RSg—AR/R)



which is thé same sensitivity as a bridge configuration using two strain
(jauges, one in compression, the other in tension as derived in
Appendix C..

.
In practice, however, ES cannot be made. too large as this increases the
power dissipated in the dummy resistor to a point where the self-heating
causes its resistance drift to be unacceptably large. The final design

therefore uses Es= 5V, R = 510Q and ng = 120Q.

+5Vv

510Q

120Q

ov

Figure 2.2.c Force transducer circuit used.

E = Esng/(R + ng)

= 5x120/(510 + 120)

= 0.952V

AE = Eo(l - EO/ES) (Ang/ng -AR/R)
= 0.952 (1 - 0.952/95) (Ang/ng -AR/R)
= Q.771 (Ang/ng -AR/R)

In this circuit (1 - EO/ES) is equal to 0. 81 which means that it has a

sensitivity of 81% of its maximum theoretical value.

16
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The strain gaugés used are Kyowa gauges, type KFC-5-Cl-11, -which
have a gauge factor of 2.10 . The electrical output of the complete

cantilever/strain gauge force transducer is given by

1

AE 0.771AR__/R
o} sg’ 'sg

= 0.771 x gauge factor x strain
= 0.771 x 2.10 x mechanical sensitivity of cantilever
= 0.771x 2.10 x 5pe/N

= 8.1x107% volts/newton

8.1 ]JV/N

~

There are 32 of these force transducers plus a similar circuit in which the
strain gauge is bonded not to a cantilever but to the steel frame of the

force plate. This circuit is used as a reference for all the force transducers.

© : ?——#-SV

Eo rof v 1Y) Eo1 Eoo Esao Eoay

oV

Figure 2.2.d Force plate circuit diagram.

Consider the offset voltage between the reference circuit and any selected

force transducer.



Ideally, with no load on the force transducer, the offset voltage EOS should
be zero. However, due to the tolerances of the resistance of the dummy

resistors and strain gauges, this will seldom, if ever, be the case.

Rreof Rn
‘ Eos >
Eo ref Eon
ng ref RSQ n

Figure 2.2.e Force transducer offset voltage.

~-E = E - E
.08 on oref

E - B /Eg) (Angn/ngn “AR /R - Angref/ngref

* ARref/Rref)

.

The worst case offset occurs when the resistance errors are at their res-
pective maxima and the signs of these errors are such that they add

together

E_ = 0.771 (IAR /R | +|AR /R |
“osmax sgn’ ‘sgn| max n’ 'n|max

* lAngref/ngref' max" lARref/Rref l max)

The dummy resistors have a tolerance of 1% and the strain gauges 0, 25%.

i

E 0.771 (0.0025 + 0,01 + 0.0025 + 0.01)
osmax .

1.93 x 1072V

19.3 mV

18



The maximum offset voltage between the reference circuit and any force
transducer or between any two force transducers is therefore 18.3mV,

hl

2.2.3 Summary

The force plate consists of 16 parallel transparent beams making up a
force sensitive area of 260 mm by 335 mm. The natural resonant fre-
quency of the beams together with their associated cantilevers is
épproximately 300 Hz and their stiffness such that a 100 newton point
load at the centre of a beam produces a 0.4 mm deflection. Each of the
32 force transducers can .support a maximum load of 400 newtons and
has a nominal sensitivity of 8.1 |,1V/N when energised by a 5V supply.
The maximum offset between the reference circuit and any of the force

transducers is 19.3mV.

18
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2.3 THE STRAIN GAUGE AMPLIFIER

2.3.1 Basic requirements

The multiplexed strain gauge amplifier is required to be capable of ener-
gising the force transducers, of selecting a particular transducer and
producing an output voltage which is directly proportional to the force

exerted on that transducer.

In order to eliminate the tedious job of maﬁually balancing each strain
gauge bridge before use, the strain gauge amplifier must incorporate
an aufomatic bridge balancing circuit which, when activiated, will
‘balance the selected channel. Thus before a test, with the force plate
unléaded, each channel can be selected and balanced. This selection
and balancing routine is performed by thé central controller/video

processor (See section 2. 4).
_ In addition, as‘the force transducers have slightly different sensiti-
vities, it is necessary to have some means of scaling each channel

- in order to standardise the output from each transducer.

2.3.2 " Block diagram

The block diagram of the multiplexed strain gauge amplifier is showh

in figure 2. 3. a. Although the force plate has only 16 beams and hence
32 force transducers, the amplifier is designed as a 64 channel unit so
that the number of beams can be increased to a maximum of 32 in order
to prodﬁce a longer force plate and/or greater spatial resolution, should

this be desired.
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The operation of the compiete strain gauge amplifier may best be under-

stood by considering each block in figure 2. 3. a in turn.

The POWER SUPPLY UNIT provides the necessary power for the electronics

as well as a separate SV supply for the strain gauge force transducers.

The CHANNEL SELECTOR is a 6-bit binary up/down counter which may
be reset to zero, incremented or decremented. These instructions may "

come from front panel switches or from the external control inputs.

The EXTERNAL CONTROL INHIBITOR may be used to disable all four
external control inputs by means of a front panel switch when the

amplifier is to be used manually only.

The INPUT MULTIPLEXER, under the control of the channel selector,
feeds the output of the required force transducer to the input of the

differential amplifier.

The DIFFERENTIAL AMPLIFIER amplifies the output from the selected

force transducer. _

The OFFSET MEMORY is a 64 x 16 bit random access memory which
co‘ntains a digitally stored voltage for each channel which corres-

ponds to the offset from that channel's force transducer.

The DIFFERENTIAL TO SINGLE ENDED CONVERTER senses the
strain gauge bridgé energising voltage at the force plate and con-
verts it to a ground referenced potential which is used as the

reference for the D - A converter.
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The D - A CONVERTER produces an output voltage digitally stored in
the offset memory which corresponds to the olfset from the selected

force transducer.

The SUBTRACTOR subtracts the output of the D - A converter from the

differential amplifier output.

The GAIN FACTOR MEMORY is a 64 x 6 bit read only memory which
contains a scaling facior for each channel to standardise the cutputs

from the force transducers.

The DIGITALLY PROGRAMMABLE GAIN AMPLIFIER, under the control
of the gain facior memory, scales the output from the selected force

transducer to a standard sensitivity.

" The COMPARATOR senses the output voltage and produces a single bit
output whose state depends on whether the output voltage is positive or

negative.

The_.CHANNEL BALANCING CIRCUIT is a_16~bit successive approxi- '
mation register which zeros the amplifier output by driving the D - A
converter to produce a voltage équal to the output of the differential
amplifier. The 16-bit word required to do this is stored in the offset

memory.

The DISPLAY MODULES accept a 6-bit binary input and produce a
correspond,irig two digit display. Two of these units are used, one
to display the number of the channel selected and the other to dis-

play the gain factor of that qhannel;
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2.3.3 The differential amplifier

The differential amplifier used is a conventional instrumentation amplitier
con.figuration using three operational amplifiers as shown in figure 2.3.b.
" The dual amplifiér first stage is a high input impedaﬁce differential input
| amplifier which also has a differential ou;cput. The second stage is.a

differential to single ended converter or subtractor.

€4

R2' nR

Figure 2.3.b Differentia.l amplifier circuit diagram.

Assuming that the opérational amplifiers have zero input current and zero
. ' 1
input offset voltage, the output voltages e . & and e, are given by

]

eJ. = (1 + RZ/Rl) e1 - RZ/Rl e,
. .

e = (1+ RZ./RI) e2 - RZ/Rl e1
! ]

e -6 = (1+ 2R2/R1) (e] - e,)

The first stage has a géin of Gl' =1+ ZRz/R1 and the second stage a

gain of G2 = n,
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2.'3. 3.1 Noise considerations., From a noise point of view; each opera-
tional amplifier may be replaced by a noise free amplifier and an equivalent
Vnoise voltage source as shown in figurebz. 3.c. As the sourcevresistances
are low, the effects of current noise are m.inimal and have therefore beén

ignored.

Figure 2.3.c Differential amplifier noise sources.

With a first stage gain of G1 and a second stage gain of GZ' the output
noise voltage due to the noise sources €] e 9 and €3 are eanle .
enZGlGZ and .3 (1+ Gz) respectively. Since the noise sources are
uncorrelated, the total output noise voltage is the square root of the sum-
of the squares of the individual output noise voltages.

e = ((e.,GG)2 + (e ,GG)2 + (e ,(1+G))D*

no nl”172 n2-1"2 n3"" 2

For a given total gain of Gle , it will be seen that the output noise
voltage may be minimised by maximising G1 and minimising G2 .
There are, however, two possible limitations to the increase of G1 .

Firstly, the offset voltage between the reference circuit and the
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selected forée transducer combined with a large vaiue of Gl may saturate
one or both of the input operational amplifiers. Secondly, as each of the
operational amplifiers has a fixed gain—bandwidth product, increasing the
gain reduces the bandwidth accordingly which increases the amplifier

settling time.

2.3.3.2 Gain requirements. In order to prevent the amplifier from

saturating with the combined offset voltage and signal from the selected
force transducer, it is necessary to limit the gain of the differential

amplifier.

Since the amplifier operates from * 15V supply rails, the output should
be limited to nominally +10V. As shown in section‘2. 2.2, the maximum
offset between the reference circuit and any selected force transducer
is 19.3mV. ‘The sensitivity of the force transducers is 8.1 PV/N with a
maximum force limit of 400 newtons. The maximum possible input to

_ the amplifier is therefore
19.3mV + 400 x 8.1 pV = 22.5mV

It therefore follows that

22.5mV x Gle = 10V

i

GG 444

1727

It is also necessary to limit Gl to prevent either of the two input opera-

tional amplifiers from saturating.



27

e = (1+ Rz/Rl) e - RZ/RI e,

= e+ Ry/R,) (e} - &)

@ = (L+Ry/Ry) ey = Ry/Ry €

e + RZ/Rl (e2 - el)

1 |
Both g and e, must always be in the + 10V range. Since S and e, are

both. nominally 1V and e "€y is @ maximum of 22.5mV,

1+ RZ/Rl x 22.5mV = 10V
RZ/Rl = 400
G1 =1+ ZRZ/R1 = 801

2.3.3.3 Bandwidth requirements. As is shown in section 2.4.86, the

inter-sample time is 3 or 4 television line periods of 64Psec each, Tne
shortest inter-sample time is therefore 3 x 64Psec = 192Fsec. For a
force plate using more than the 16 beams used here, the inter-sample

time will be reduced accordingly.

As shown in section 2. 2.2, the maximum offset between the réference
circuit and any force transducer is 19.3mV. Similariy{ the maximum
offset between any two force transducers is also 19. 3mV. If the

smallest force to be resolved is 0. 5N and the force transducer output

is 8.1 PV per newton, it is necessary to measure the force transducer

output with a precision of 4 PV'
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Consider the situation as the input multiplexer switches from one trans-
ducer to another and encounters the maximum offset of 19.3mV. In order
to resolve the required 4 FV, the am_plifier must settle to an accuracy of
4 PV/19. 3mV = 2x 10“4 or 0.02%. The first stage of the differential
amplifier behaves as a first order low pass filter so that the output of
this first stagé in response to a step input will be of the form 1 ~ ew"t

where w is the break point frequency of the low pass filter. If the first

stage of the amplifier is to settle in, say, 50 Fsec then

5

exp (-wx 5 x 107°) 4

2 x 10

1.7 x 10° rads/sec

w

orf 27 kHz

In practise, however, due to the switching transients introduced by the
complementary metal-oxide-semiconductor (CMOS) multiplexer, it is
necessary to increase the bandwidth to 90 kHz to obtain the required

settling time. |

The two operational amplifiers uséd in the first stage of the differential

' amplifier are OP-07's, selected for their low noise and low drift’charac- |
teristics, which have a gain bandwidth product of 1.0 MHz. By choosihg
R2 = IOR1 , each amplifier has a gain of 11 thus producing the fequired
90 kHz bandwidth and a total first-stage gain of 21. “

The OP-07 operational amplifiers have an equivalent noise input voltage
of 10 nanovolts per root hertz., The equivalent noise input voltage from

each operational amplifier is therefore

10 x 1077 x (90 x 109% = 3 pv
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The total'eduivalem: input noise voltage due to both‘operational amplifiers
" is therefore 2 x 3 I_IV = 4,2 PV' This noise source is, by far, the
dominant one in the complete strain gauge amplifier so that all others may

be ignored. . -

The second stage gain G2 is set at 10 by lettingv n = 10. The total gaih
~of the differential amplifier is therefore 21 x 10 = 210 which limits its

output to the range + 22.5mV x 210 = +4,7V,

The complete circuit diagram of the differential amplifier as well as that

of input multiplexer is given in Appendix I..

I3

2.3.4 The automatic bridge balancing circuitry

Referring to the strain gauge amplifier block diagram, figure 2. 3.a, the
automatic bridge balancing circuitry comprises the offset memory, the
differential to sihgle ended converter, the D - A converter, the subtractor,

the comparator and the channel balancing circuit.

When a force transducer is selected by the channel selector, tha‘c trans-
ducér's output is fed to the differential amplifier input‘/by the input
multipléxer. Both the offset and the signal due to the load on the force
vtransdu’cer are amplified. The channel selector output is also used to
address the offset memory a.nd so recall a 16-bit word corresponding

to the offset of that chahnel. The D - A éonverter reco.nstrﬁcts that
digitally stored voltagé which is then subtracted' from the differential
amplifier output. The resulting signal is then due to the load on the

force transducer only.
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2.3.5 'The digital to analogue converter

As shown in section 2. 2.2, the input offset voltage may be as large as
~ +19,3mV and the force transducer output only 8. IFV/N. After being
amplified by the differential amplifier which has a gain of 210, the offset

range is + 4.1V and the output due to the force transducer is 1.7mV/N.

‘In order to remove the offset so as to measure the force transducer output
to a precision of better than half a newtoﬁ it is necessary to generate a
voltage in the range of + 4. 1V with a precision of 0.85mV., This repre-
sents a required resolution of 1 part in 104. Using a conventional D - A
converter, this would require a 14 bit device (214 = 16384) with its

attendant high cost.

In this application there is no need for monotonicity in the D ~ A converter
" output nor is it necessary that any output voltage be related to one and
only one digital code. All that is required is that the D - A converter
output be capable of taking on any 6utput voltage over its range with a

~ precision of better than 1 part in 104.

The D - A converter used is bésed on the princi‘ple of the conventional

R - 2R ladder network as shown in figure 2.3.d. The resistance at any
node is 2R looking to the leit, the right or towards fhe switch. The
current supplied by any switch is halved af each node as it flows to-

- wards the operafional amplifier input. In this way the requisite binary

weighting of currents is achieved.



Figure 2.3.d D - A converter using R - 2R ladder network.

Consider a 14-bit D - A converter using this technique where the least

significant bit produces an ou-tpht of ImV at the operational amplifier

output. The outputs corresponding to each of the bits are tabulated

" below.

bit
bit
bit
bit
bit
bit
bit

ImV

2mV

4mV. -

8mV
l16mV
32mV

64mV

bit

. bit

- bit

bit
bit

bit

bit

10
11

12

128mV

256mV

512mV
. 024V
. 048V
. 096V

. 192V

This D - A converter can produce any voltage in the range OV to

16. 383V in ImV steps. Consider the effect on the output if bit 12,

say, hasa small error and instead of producing an output of 4. 096V

produces an output of 4. 094V,
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MSRB Digital input LSB Analogue output
0000_0000000000 0.000V

000 0O0O0OTUO0OOO0O0O0 01 0. 001V

001 11111111110 4,094V
0011 1111111111 4,095V
0100000000000 0 4,094V
0100000000000 1 4,095V
0100000000000 0 4. 096V
01 111111111110 8,188V
061 111111111111 8. 189V
1 00000000000 00 8,192V
1 0¢000O0OCO0O00O0O0 01 8. 193V
1131 11111111111 16. 381V

Note that the output is no longer monctonic and that two distinct digital
codes can give rise to the same analogue output. Also, the output voltage

skips from 8. 189V to 8.192V, missing two steps.

This example not only illustrates the great accuracy necessary to produce
a conventional 14 bit D - A converter but also points the way to the tech-

nique used here.

If one deliberately uses a weighting factor between bits of less than two,

then there may be many digital codes which produce the same output
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voltage but every output voltage step will be produced. Also any errors,
provided they are small enough, will not produce missing steps due to the
overlap caused by the reduced weighting factor.
5
The D - A converter used has a weighting factor of 1.8 between bits. The
outputs corresponding to each of the bits are tabulated below, assuming

that bit 0 produces an output of 1mV

bit 0 - 1. 0mV bit 7 - 61.2mV
bit 1 = - 1.8mV _ bit 8 - 1lomv
bit 2 - 3.2mV  bit 9 - 198mV
bit 3 - 5. 8mV bit 10 - 357mV
.. bit 4 - 10.5mv bit 11 - 643mV
bit 5 - 18. 9mV bit 12 - 157V

This D - A converter cah produce any voltage, in steps of 1lmV or smaller,
in the range OV to 4. 68 volts. In order to produce a conventional binary
D - A converter with a resolution of better than 1 part in 104 , 14 bits are
sufficienf. However in the above case where the weighting factor

between bits is only 1.8 it is necessary to use two extra bits

bit 14 - 3. 749V bit 15 - 6.749V

- This now gives the D - A converter a range of OV to 15.18V .

Consider the possible effects of an error in, say, bit 14, With no error,

the output from the D - A converter is as tabulated below.



MSB

Digital input LSB Analogue output
00000UO00O0O0O0OO0O0O0L0 0 0. 000V
1 1111111111110 8.432V
1 1111111111111 8. 433V
0000 0O0OOOUOUO0OUO0TU 0O 6. 749V
00 00000 O0O0O0O0.000 1 6. 750V
0 00 00 O0O0O0UOO0OUO0TO0T1 0 6. 751V
1 1111111111111 15.18V

In order to produce a missing step when the digital input changes from

0111111111111111 to 1000000000000000, bit 14 would have to be low by

.1.68 volts or bit 15 high by the same amount. This would represent an

error of more than 40% in bit 14 or more than 20% in bit 15!

LSB ' S MSB

Figure 2.3.e Non-monotonic D -~ A converter.,
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The D ~ A converter uses a R - 2, 7R ladder network driven by CMOS
buffers as shown in figure 2.3.e. The network is terminated by 2. 2R
resistors at each end so that at any node the resistance looking left or
right is 2. 2R and the resistance looking towards the buffer is 2. 7R.

The current from each buffer is divided by two at the first.node it meets
_ and by 1.8 at each sUbsequent node as it flows towards the operational
amplifier input. The output of the buffers is either zero volts or equal
to their supply voltage so that by varying this. voltage one can scale the
~output of the D - A converter. TheD - A converter may therefore be
‘considered as a multiplying converter with the buffer supply rail as the
reference input. The reduced weighting factor between bits overcomes
the errors that would normally be introduced by the buffer's non-zero
output impedance and the mismatch between the 2% tolerance resistors
Which comprise the ladder network. A complete circuit diagram of the

D - A converter is given in Appendix H,

2,3.6 Summary

+ The force plate and strain gauge amplifier together may, from a systems
point of view, be considered as a force measuring system with four

control inputs and one output. The four contrcl inputs are:

(15 RST which resets the input multiplexer to chénne} 0

L (2) INC which iﬁcrements the i.nput multiplexer by one‘ channel
(3) DEC which decrements the input multiplexer by one channel
(4) ZERO which activates the automatic bridge balancing circuitry

thus removing the offset from the selected channel.
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The output is directly proportional to the fcrce exerted on the selected
transducer and has a sensitivity of 25 va' + 1% per newton. The output
settles to within fabout 12 mV of its final value in 50 psec and the output
| noise is about 12 mV rms over a 90 kHz bandwidth. Complete circuit

diagrams for the strain gauge amplifier may be found in Appendices D to L.



2,4 THE CENTRAL CONTROLLER/VIDEO PROCESSOR

-2.4.1 Basic requirements

'

In order that the complete system may operate as intended, the central
controller/video processor is required to perform a number of different

functions, namely

(1) synchronise the two television cameras

(2) synchronise the input multiplexer of the strain gauge

amplifier
(3) accept the video outputs of the television cameras

(4) accept the output of the strain gauge amplifier and
compute the total vertical force and position of the

centre of pressure for each force plate beam
(5) generate the composite video picture

(6) balance all the channels of the strain gauge amplifier
‘and put the video tape recorder into the record mode

at the start of a measurement cycle

(7) stop the video tape recorder at thé end of a measurement

- cycle

2.4.2 Basic video system

The basic video system is based upon the conventional 625 line system
having 2 interlaced fields per picture and 25 pictures per second.
The line frequency is therefore 625 x 25 = 15625 Hz and the field fre-

quency 2 x 25 = 50 Hz.
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Since the optical resolution requirements for this abplication are low and
since the video tape recorder displays a field and not a picture (2 fields)
during stop motion playback anyway, it was decided that the synchroni-
sation circuitry could be greatly simplified by using a non-interlaced
video system withbut adversely affecting pictUre quality. The video
system used is therefore a 624 line system (312 lines per field) having
.the same 15625 Hz line frequency but a slightly differeﬁt field frequency

of 15625 + 312 = 50.08 Hz

2. 4.3 Block diagram

The operation of the central controller/video processor may best be

understood by considering each block in figure 2.4.a in turn.

| The POWER SUPPLY UNIT produces the necessary supply voltages for

" all the circuitry of the central controller/video processor.

The 2 MHz CLOCK is & crystal controlled oscillator which is the master

timing reference for the entire system.

The ROW COUNTER is a 7-bit binaryCounter which divides the 2 MHz
clock frequency by 128 to give the required 15625 Hz line frequency.

The 7-bit output uniquely defines any 3 psec period in a line.

The LINE COUNTER is a 9-bit binary counter arranged as a divide-
by-312 stage. The 9-bit output uniquely defines any line in a video

~ field.
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The-STOP/START UNIT sequentially selects each of the strain gauge ampli-
fier channels and balances it at the start of a measurement cycle as well as
putting the videolt'ape recorder into the record mode. At the end of the
measurement cycle it stops the video tape recorder. The start and stop
comrﬁands may come from front panel switches or from the external

control input.

The STRAIN GAUGE AMPLIFIER CONTROLLER controls the input multi-
plexer of the strain gauge amplifier and thus determines which force

transducer is to be sampled.

The DATA CAPTURE UNIT stores the values of the forces as measured
sequentially by the multiplexed strain gauge amplifier and outputs
these stored values in pairs to the sum and ratio timers. The two
| values output correspond to the forces at each end of a given force

plate beam.

The DATA CAPTURE CONTROLLER controls the storing of samples
from the strain gauge amplifier as well as the outputting of these

stored samples to the sum and ratio timers.

The SUM AND RATIO TIMERS use the forces, measured by the strain
gauge amplifier and stored in the data capture unit, to generate the

bar chart and centre of pressure lines respectively.

The SUM AND RATIO TIMERS TRIGGER UNIT triggers these timers at

the correct instants.



The CAMERA SYNC GENE\RATORs produce the nece.ssary line and field
sync pulses to synchronise their respective camleras with the row and
line counters. Each sync generator also prodtxceg a short pulse at
‘some time during the black level ou.put of its associated camera for

DC restoration purposes.

The DC RESTORERS adjust the DC level of the video signals {rom the

cameras so that black level corresponds to OV output.

The CAMERA SELECTOR determines which, if any, of the two camera

outputs is to be selected for display on the monitor at any instant.

The VIDEO SWITCH, under the control of the camera selector, feeds
" the video signal from camera 1 or camera 2, or no video signal at all,

to the video mixer.

The SYNC GENERATO‘R' produces a digital sync waveform.

;The BLANKING GENERATOR produces a di;gital blanking waveform.
The VIDEO MIXER combines the outputs frbm the sfnc generator,

blanking generator, video switch and sum and ratio timers to pro-

duce the required composite video output.
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'2.‘4.‘4 Video display layout

As mentioned in secfion 2.4.1, the video cystem has 312 lines per field,
each line lasting 64 Fsec. Of this, in accordance with CCIR ctandards,
only 287 lines are visible, the remaining 25 being blanked. Similarly

in any given line, only 52 psec is visible, the remaining 12 l,lsec being

blanked. These blanked lines and parts of lines are necessary‘ for

field and line flyback. The visible area therefore consists of 287 lines,

each of which lasts 52 IJSGC. This area fills the screen of the television

monitor which has an aspect ratio (height to width ratio) of 3: 4.

As explained in section >2. 1, the television monitor is operated on its
| side so that the electron beam scans its lines from bottom to top and

its fields from left to right, The relationship between the row and line
counter outputs, and the visible and blanked parts of the television
scan is shown in figure 2. 4. b. ‘Lines 0 - 22 and 310 and 311 aré
blanked while each line is blanked for rows 0 - 20 and 125 - 127, each
. row corresponding to a % Fsec period. The field sync pulselcomprises

lines 0 - 2 and the line sync pulse, rows 0 - 8.

The Visible‘plicture consists of three sections, each occupying an
approximately equal area of the screen. The bar chart occupies rows
21 to 54 (17 Fsec) , the view of the plantar surface of the foot through
- the force plate, rows 57 to 89 (16.5 Fsec) , and the lateral view of the
subject, rows 92 to 124 (16.5 Fsec). Between these three sections

arel }JSGC blank areas occupying rows 55, 56 and 90, 91.
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The image of the force plate lies in the middle of the screen on lines
-110 to 221, each beam occupying 7 lines. The beams are numbered
0 to 15 so that for any given beam J, where J is an integer betwee’n
0 and 15, its image occupies lines 110 + 77 to 116 + 7J. Similarly the
bar chart also occupies lines 110 to 221, each bar being displayed

directly below the beam whose load it indicates.

2.4.5 Synchronisation circuitry

The synchronisation circuitry comprises the sync generator, blanking
generator, strain gauge amplifier controller, data capture controller,
camera 1 sync generator, camera 2 sync generator, camera selector,

sum and ratio timers trigger unit and the stop/start unit.

The 2 MHz clock frequency is divided by 128 by the row counter and
" further by 312 by the line counter as shown in figure 2,4.c. The row
counter outputs R0 - R6 together with thé line ccunter outputs.

L, - L

0 8 uniquely define any 3% Psec interval in a video field.

2MHz CLOCK S ROW COUNTER LINE COUNTER

Ro R; Ry Rz Rg Rs Rg loly Ly L3ty L Lg Ly Lg

Figure 2.4.c Row and line counters.
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Almost all of synchronisation circuitry mentioned above ﬁse read-only-
memories (ROMs) to produée their complex pulse trains. This is done
by using the row or line counter outputs as the address inputs for the

ROM as shown in figure 2.4.d.

> COUNTER ROM -

-“C -0 .
nIaMmMXoTo>»

Figure 2.4.d Pulse train generator using a ROM.

As the counter advances, successive memory locations in the ROM are
accessed. A logical one or zero may be programmed at any memory
location. In this way it'is possible to generate any digital waveform
in % Fsec steps with é repetition frequency equal to the line frequency
if the row counter outputs are used as the address inputs, or in 64
Fsec steps with a repetition frequency ecjual to the field rate if the

line counter outputs are used as the address inputs.

This method of wayeform generation is not only efficient in terms of the
number of IC packages used but also provideé flexibility in the design
in that the operation of the system meay be altered by reprogramming
the ROMs. The ROMs used are National Semiconductor devices

745287 and 74S571. These fusible link ROMs are relatively easy to
programm'e and, usiﬁg bipolar.Schottky circuitry, are fast enough

to generate any of the required video signals. Full circuit diagrams

of the synchronisation circuitry may be found in the appendices.
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2.4.6 Data capture unit

Sihce the strain gaﬁge amplifier is a multiplexed amplifier, the output of
only one for.ce transducer may be measured at any time. However, in -
ofder to calculate the magnitude and position of the ‘centre of pressure
of the force applied to any beam, it is necessary to know the férce at
both ends of that beam. It is therefore necessary to measu;é 'and.store
the value of the force at one end and then measure the force at the other

end.

Y

QuUTPUT

Y
w

|

I

I

!

: _ !

INPUT —>—— o |
' |
|

l

i

Figure 2. 4. e Data capture unit,

This is done by using four sample and hold amplifiers and a double pole‘
cross over (DPCO) analogue switch as shown in figure 2>. 4,e. The force
plate consists of 16 beams numbered 0 to 15, and 32 force-transducers
numbered 0 to 31. ‘Any beam N is $upported by force transducers 2N

and 2N+l where N is ény integer between 0 and 15.
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The complete selecting and sampling sequence for all 32 channels is listed
below. It will be noted that even numbered channels are selected for 3

video lines. and odd numbered channels for 4 lines. \

BEAM CHANNEL SELECTED - SAMPLED S &H

o AMPLIFIER
from to from to
line line line line
0 215 105 104 105 1
0 1 106 109 108 109 3
| 2 . 110 112 111 112 2
1 3 113 116 115 116 4
4 117 119 118 119 1
2 5 120 123 122 123 3
6 124 126 125 126 2
3 7 127 130 129 130 4
8 131 133 132 133 1
1. 9 134 137 136 137 3
10 138 140 139 140 2
S 11 141 144 143 144 4
‘ 12 145 147 146 147 1
6 .13 14¢ 151 150 151 3
| 14 152. 154 - 153 154 2
7 15 155 158 157 158 4
16 159 161 160 161 1
8 17 162 165 164 165 3
18 166 168 167 168 2
9 19 169 172 171 172 4
20 173 175 174 175 1
10 21 176 179 178 179 3
22 180 182 181 182 2
11 23 183 186 185 186 4
24 187 189 188 189 1
12 25 190 193 192 193 3
26 194 196 195 196 2
13 27 197 200 199 200 4
28 201 203 202 203 1
14 29 204 207 206 207 3
30 208 210 209 - 210 2
15 s

31 211 214 213 214










































































































































































































































































