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Intvaduction

‘; The present study is investigating the basic neuromotor coordination
mechanisms involved in a rapid elbow flexion movement, and in developing
mathematical models to explain the interaction of these basic neuromotor co-
ordinations with the biomechanical parameters of movement speed. Speed of
movement 1s being assessed in a biomechanics mode via displacement, velocity,
acceleration, point of inflection between acceleration and deceleration, and
the total time of an elbow flexion movement. Electromyographic analvsis
techniques are used to monitor the sequential timing of agonist and antagonist
muscle activity. The mathematical modelling effort incorporates the bio-
mechanical parameters into an interface with the neurophysiological parameters
involving the central and peripheral nervous systems, and then extends the
interface to include viscoelastic properties of the muscle, activation delays,
and neuronal pools.

The experimental approach includes consideration of the neuromotor
coordination mechanisms in both lecaded and unloaded elbow flexion movements;
changes in control mechanisms due to practice and learning effects; changes
in control mechanisms due to local muscular fatigue induced by isometric
exercise in the agonist and in the antagonist muscle grouns; feasible
training and practice regimens involving artificial means of enhancing
beneficial changes in control mechanisms; and development of suitable
mathematical models to explain in functional terms the ways in which the
adaptive mechanisms can account for changes in basic coordination skill and
the breakdown of skilled movement patterns due to local muscular fatigue.

The planned series of studies incorporates resecarch protocols from at least
three nsually distinet and isolated areas of rescarch: nearnphysiology,

biomechanics, and computer science and mathematical modelling.
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Summary of Part I:

The first formal investigation was completed December, 1980 .:.1
data are presently being analyzed. The first study was designed to secure
criterion measure estimates essential for input into preliminary mathematical
modelling attempts for an unloaded fast elbow flexion movement. As the
early mathematical models developed, it was necessary to revise experimental
methodologies and to collect additional criterion measures as dictated by
modelling needs. The first stage of mathematical modelling has been completed
and is described in Part II of this report.

Beginning in January, 1981 the second formal investigation was begun.
Again guided by the insights and requirements generated by the mathematical
modelling, the second study is assessing basic neuromotor mechanisms involved
in fast elbow flexion: (a) in loaded and unloaded conditions, (b) under
conditions of rested and induced fatigue of the agonist or the antagonist
muscle groups, {c) a unique condition in which agonist and antagonist muscle

groups are, simultaneously fatigued, and (d) in male and female subjects.
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Part I-A Completed Work

Both Principal Investigators devoted tull time during the summer to the
grant by (a) identifying, reviewing, and evaluating recent research publications
relevant to theoretical aspects of the grant project, (b) planning the revised
research protocols in detailed methodology, and (¢) identifving, reviewing and
evaluating recent research publications relevant to data analyvsis and computer
programming. Two research assistants were emploved during the month of August
to expedite these undertakings. Preliminary orders for necessary cxpendable
supplies were sent out.

In September additional graduate research assistants (RA's) were recruited.
In Dr. Kilmer's case the RA continued on with computer programming for the
mathematic il modelling aspects of the project. In Dr. Kroll's case new RA's
were indoctrinated into research data collection protocols. The indoctrination
phase included practice in apparatus usage, maintenance, and calibration techniques
as well as pilot testing research measurement schedules to insurc reliability
of data collection. The indoctrination phase lasted six weeks resulting in
highly proficient rescarch assistants capable of collecting reliable data.

Beginning the end of October, data collection for the first project began.
The first study was designed to secure essential criterion measure necessary for
input into preliminary mathematical models. These criterion measures include:

.maximum isometric strength of elbow flexion and extension
.rate of tension Jdevelopment

.integrated electromvographic activity at maximal and sub-maximal
tensions and joint angles

.agonist-antagonist contraction patterns during unloaded sveed-
ot -movement elbow flexion

frocts of local muscular fatigque upon ncuromotor coordinarion




Preliminary mathematical modelling attemnts quickly showed that

additional criterion measures would be necessary. As a result of the

; modelling requirements, upper limb volumes and biceps and triceps reflex
time and rate of muscle tension development were collected. Limb volumes
are being estimated by anthropometric and water displacement techniques.
The research assistant has been trained in these techniques by Professor
Frank Katch of the Department of Exercise Science who is a recognized
researcher in the body composition area. A MEDLARS literature search
revealed only a few scattered articles dealing with upper limb reflex

times with none of the data appropriate for modelling requirments. Suitable
apparatus was designed and built for upper human limb reflex testing. Limb
volumes and reflex times have been collected on all subjects tested to date.
At this time 12 subjects have fully completed the first phase of data col-

lection and the results of being analy:zed.

i

In this first study of Phase I, each of the 12 subjects was tested over

ten experimental sessions with each session taking 90-120 minutes. FEight of

these sessions involved speed of movement testing while the other two sessions
involved upper limb reflex and volume assessments. Each of the first four
experimental days included 50 trials of rapid elbow flexion speed of movement
to a designated target. DIrevious research has shown that this amount of
practice insures that all subjects become well-practiced and exhibit con-
sistent, stabilized performance both in the speed of movement as well as

in the neuromotor coordination mechanisms. Following the establishment of
well-practiced performance, local muscular fatigue was induced by two dif-

ferent effort/rest exercise regimens. \ 3-second maximal isometric contraction
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with a 5-second intertrial rest period--designated the 5:5 condition--for

a total of 30 serial trials constituted the more intense fatigue series.
A 5-second maximal isometric contraction with a 10-second intertrial rest
period--designated the 5:10 condition--for a total of 30 serial trials |

constituted the less intense exercise regimen.

These two exercise regimens--the 5:5 and the 5:10 conditions--were
designated to produce different levels of fatigue in the involved muscle group.
The 5:5 and the 5:10 exercise regimens were administered on separate occasions
to the agonist (elbow flexors) and to the antagonist (elbow extensors) muscle
groups using a balanced order of presentation over subjects and across test
sessions to minimize contaminating test order effects.

One of the purposes of inducing high and low intensity local muscular
fatigue in the agonist or antagonist muscle groups was to ascertain the role
of changes in the peripheral muscle state and in peripheral muscle afferent
feedback to higher nervous system centers. Specifically, the question of
whether or not programmed central commands for a fast ballistic movement can
be altered by the presence of different levels of muscular fatigue.

Currently data are being collected in Phase [I of the grant pronosal

(see pages 10-11 of original proposal). In this investigation the same testing

schedule outlined for the Phase I study is being replicated for elbow flexion
speed of movement. However, to further elucidate the basic neuromotor
coordination mechanisms a load is imposed upon the limb movement task. The
imposition of a load, of course, greatly affects the muscle activation time and
sequential firing of involved muscle groups and constitutes a more complex

movement task with distinctly more complex nervous svstem control syvstem

involvement.
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In order to insure identical loading for subjects with different

limb lengths, an inertial loading technique is being used. The natural

moment ot inertia can be altered by placement of light weights at long
distances and heavy weights at short distances from the fulcrum point.

The protocol being employved utilizes a fixed weight for all subjects but
varies the distance from the fulcrum point to comply with the condition of
imposed moment of inertia. One load condition being used is equal to two

times the natural moment of inertial while the second load condition is

equal to five times the natural moment of inertia.
In addition to the two different excrcise regimens of 5:5 and 5:10

administered to the agonist and to the antagonist muscle groups on separate

occasions, another set of exercise regimens are also heing administered.

Based upon mathematical modelling considerations, it is of interest to

ascertain the effect of local muscular fatigue in both the agonist and antagonist
muscle groups simultaneously upon basic neuromotor coordination mechanisms.
To accomplish such a goal of producing fatigue in hoth agonist and antagonist
muscle groups, a flexion-to-extension contruaction sequence was designed.

By using a 5-second contraction of the elbow flexors followed immediately
by a S5-second contraction of the elbow extensors with no intertrial rest period,

fatigue effects equivalent to 5-second contraction and 5-sccond rest periods

can be produced in both the agonist and antagonist muscle groups. Similarly,

f

if the effort sequence is a 5-sccond contraction of the elbow flexors followed ¢
¢

by a 5-second contraction of the elbow extensors tollowed by a 5-second %
Ay

. . . s - - : , k

rest period, the equivalent fatigue etffects of a 3-second contraction, 10-second §
5.

rest period exercise regimen can be produced in hoth the agontst and antagonist |

muscle groups simultancously.
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These two new exercise regimens, designated the 3/5:0 and the 5/5:5,

will allow assessment of fatigue effects in the agonist and the antagonist
muscle groups upon basic neuromotor coordination mechanisms and provide a
stringent test of the predictive power of the mathematical model being
developed. In actuality the two new exercise regimens will produce slightly
more tfatigue than the 5:5 and the 5:10 regimens upon which thev were based
because some degree of co-contraction of agonist and antagonist muscle
groups occurs in maximal isometric contractions. Such co-contraction
effects, however, are desirable since they will heighten the local muscular
fatigue produced.

The Phase II study described above will involve 12 male and 12 female
subjects with each subject attending 12 test sessions of 90-120 minutes each.
Ten of these sessions involve speed of movement and exercise conditions while
the other two sessions are for u:pper limb reflex and volume testing. One of
the research assistants (Zulma C. Garcia) will he using some of the data for
her Ph.D. dissertation in exercise science under the chairmanshin of I
Kroll. It is anticipated that data collection will be completed by May, [981

with subsequent reduction and analysis of data taking place over the summer

Ui
-
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months. A Master's thesi currently being completed which is a pilot study
effort dealing with the effects of vibration upon speed of movement and neuro-
motor coordination mechanisms. This graduate student, Marilvn Teves, was not

a research assistant but her work was supported in part by purchase of essentiu!l

expendable supplies,




PART 11

Modelling ;

Summary of Part II:

We describe a two-compartment model of thz neurcmuscular systen
involved in the voluntary fast arm movament to a targat aiscussed by Krois
in Part [. The first comrartment acceptis avsragad biceps and tricsgs £F
signals as irputs, and modals the arm's musculo-skeletal response by
producing eltow angular pesition s(t) and velecity ;(t} over tre cirrespenc-

ing movemant time. Tnis is called our £/Q/s(t) mogel, and its defining

equation is of the form

a(t) = (extensor tzrgue = Q-) - (fiexor tcrgue = Q

A datailad version of this eguzticon is being cemputer-sirulated with the
PASCAL prograrme listed in Appendix A.

Qur sacaond compartment, callad our com/cont/f medel
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11-A Completed Work

Since last June we naye completed an initial specification of two
models that will help us to better understand and guice the direction of
Kroll's experiments. The first model accepts sweothec EMG inputs to flexor

and extensor muscles

[s9

nd czlculatas arm angle dynamics for the fast arm move-

ment described atove by H-oll. Tnis modal . dencted the E/Q0/50t) roaad

(43

(short for £4G/elbcw torcue = Q/eibow angular veiocity dQ/dt = ;). The
second model feeds flexor and extenssr smoothed MG outputs into the first
mcdel, and receives its inout commands frem a volitional fast arm movement
cen*er in the brain, presumably via the pyramidal tract from the cerebalilum
to tha brainstem and spinal ¢ord (cf. Miles and Evarts, 1979). This mcdel

is denoted the Com/Cont/E rodal (short for command/neural control/EMG). The

'

appropriate connecticn of our two rodels provides a complete overall moda)d
for the fast arm movemen:t as criven by volitional commands.
Below we describe the £/Q/s mecel first and the ccm/cont/E mecel

T o

second. Section II-8 then proposas further studies for next year.




1Y The 2/0/¢ model
)

This model arose cut cf a desire o forrll2t2 3 guantitative zClzurs

of the £/Q/»s part of the arm mevement to larjet c2sirizec sy Krd'i. Afte

reviewing the relevant literature, we rejectes possinia medel formuiaticn

at the molecular biophysical level as oo compiax [cf. =atze, 1372
and Dijkatra et al., 16733, 1873b). I[n acciticn, for our movemant, Tnay

would be too difficuit to specify quantitatively. we aiso rejectad mocz]

fermulations at the spring-mass postural lew2l {cf. Saxitr, 16EC) because
they would be too steacdy-state oriented to 3iicw an analysis of cur jzrze
transient arm motion. Other ceontrol enginesring mocdels {c¢cf., e.z., “cRusr)
seemed too general oOr too coarse-grained for cur purgose.
Figure II-1 gives a schematic represantation of tne frarewors far tre
E/Q/é model we chose. Its corresponding tco-level analvsis fermula is
‘3 = QE = QF s (l)
where each dct over o indicates a time cerivative, and Q. and QF are trne
respective torques accut the elbow 3s exerted by the extensor and fiexor
groups of muscles (all the muscles in each group ope~ate in app-iximatis
temporal and tensional unison throughout cur movement {Lagasse, 1873)) <
is the arm's momant of inertia for rctations about the fixed aibow oint as
shown in Fig. [I-1 {(cver a » changs from 8C° to zbcut -30°).
At the seccnd level of analytical refinsment, we let
Qe = %yg - e 7 % 2

wnere 7. is =he tcrgque dus to viscocelastic brakirg of the movement
€ g

‘Lagtienna, 1979 is the maximum [over -9C° < 0 © G2°% isometric

torque producezdia by the extensor, civen the smocthed axtersor MG 2nvel
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(T, Dy A Ty o

FﬁﬁE, recorded over the last second (250 ms, or several seconds would serve
as well, but we need a standard). To find bips we accept the claim of
Messier, et al., 1971, that under static loads, “the averaged EMG is
directly proportional to muscle tension and the constant of proportionality
is independent of muscle length." Admittedly, the force properties of
muscles undergoing rapid active or passive stretch or compression are very
different than when these muscles are being actively or passively subjected
tc static loads. But frcm what little is known, the best we can do to
account for this is to include the Yye factor appearing in {2). wVE is a
fraction between 0 and 1 that inserts the force-velocity relaticnship
suggested by Thorstensson et al., 1576, and Perrine and Edgerton, 1978, for
the human knee, and by Lagasse's 1975 observations on forearm accelerations
during maximally fast movements (quite like our experimental ones only
untargeted).

Qur YyE function is -

bels) = [1 - l;goﬁ] (3)

where » is in degrees/sec, and the doubie-cusped brackeis meazan

x if x >0
(] -
0 otherwise

For the flexor sicde we let

QE = "’VF . "DI: ':

here ¢,. i imi Yy g =z . . in Y- o ., fap o
where .. is s lar to V1g and bye WE Equating Syg 20w cur

VF
movement is inaccurate to some degree because the fiexor uncergces active
contraction and/or passive ccmpression whereas the 2xi2nsar uniz-scas

Joint must ce stabitizel so theras

passive or active stretcn (actually, the

are no purely passive muscle states, ¢cnly approximate ones;).

[




Qur method, then, reduces to choosing functions in (2) that best fit

the averaged data before, during, and after enough trials by each subject

(hundreds!) to enable him to achieve maximum speed. The resulting functions

should tell us some valuable quantitative things about the muscle properties

involved,

At the last level of analytical refinement, we let

t-u

WIF(t) = AFCOSo(t) kaF(t)hF(t-r) dr, (5)

t-u-g

where AFcosa(t) converts flaxor force to torgque according to the geometry of
Fig. II-1; Eﬁ@%(r) is the smoothed EMGF envelope at time «; kF is a constant
of proportionality that we assume converts EMGF(r) into flexor force at «
(Messier, et al., 1971); and hF(t-r) is the normalized flexor twitch
response at time t to a unit kFEME% impulse that arrived at time <.

Our hF(t-r) is defined in Fig. [I-2, where we equate hF(t-r) with its
extensor counterpart (for want of knowledge to do otherwise. This could be
incorrect by perhaps 10% or so, especially after many practice trials). The
shape of our h function is a g-truncation (for economy in computing) of

Dijkstra et al.'s 1973a) twitch response function for biceps bracnii muscle.

But whereas their 8y = .015 and 82 = ,15, we began with 31 ¢ .05 ard 8, = .3.

As we continue to fit the incoming data, our 3's will doubtless change in
the direction of Dijkstra et al.'s.
Equation (5) assumes linearity in the accumulation of twitch responses.

This is prcbably scmewhat inccrrect for our mcvemert. Vet Saxitt, 1980,

makes the same linearity assumction for an 2rm ~gvement similar %2 ocurs and

v U
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A h(x=T)
,LO476¢80
.018213 unit
i l arew pulse T =
O /I ! —d
< > +-7
/'|L g in ms
=20 ms
/}*
g = 30 ms

define AN = (:t - 1~~) -} ms
+hen Lﬁ(k*) = %,(QxF(—ﬁ,i*)-QXF(‘ﬂzjjj)
where = .osxﬁwos
-
so that  [h(ahd2* =10
o]

Nl")’l’\ A’ - ,¢5
Aa

1l

.3

(t~t) in equation (3). See text for

‘ Sigure [1-2. Definition of n_{t-t} = h
; explanation.
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obtains good results. In the future, however, we plan to try letting h(t-t)

vary as a function of

<

t-
j e(o)e T g, (6)
t-

T=Vv

e e = e

the exponentially-weighted EMG input from t-t back to t-t-v in time. This

seems 1ike the most expeditious way to introduce an appropriate nonlinearity
for the accumulation of twitch responses into equation (5).

Letting Ackp = Cp in (5) we get

t-u

WIF(t) = Cp cose(t) b[ EMG(t)he(t-x)de (7)

feu-¢

Defining ¥, similarly and neglecting & in (2) (as does Sakitt, 198l. cf.

also Lestienne, 1979), our final refined version of equation {l) becomes

t-u
Ce
(L) = ¢VCOS¢(t) T EMEE(T)hE(t-r)dr -
t-u-¢
t-u ]
C
T+ TG (Ohg(t-n)ex (8)
C-p-f

with “he constraining assumptions given above. 7o a first apgreximaticn we

can obtain CE and CF in (8) by replacing J& by the isometric torcue found




first in the flexor and then in the extensor directions for each subject.

There are various good ways of measuring each subject's J (e.g., Hatze,
1980, refers to one he has developed), but we have not yet selected one.

We now discuss how the EMG signals in (8) are obtained. Figure II-3

shows an example test record. The EMGav signals are rectified and filtered
raw EMG signals. EMGav signals are derived in an on-line computer which
“continuously" leaks off a fraction of the present integral of the rectified
EMG signal. Denoting the latter EMGr, Eﬁb in Figure II-3, to a good

approximation, is given by

EMa(t) = | emg (e)e(t g (9)

OL—ﬁrf

Thus if EMGr(r) = K, a constant, then

-~ -

BMa(t) = £ [1- ety 8 (10)
as t gets large. Also, if EMGr(r) = Ct, C a constant, then

ey =S L C -aty K

EMG(t) = ct - 02[l -e ] - ~ t (11)
for small t. Finally, it is easily shown that if EMGr = K as in (10} for a
long time and then EMGr becomes 0 at t,

~
d EMG£t+€2 = Ke-ae - K (12)

de

for small e¢. Comparing (10) and (12) gives us a way to determine a from
appropriate data samples.

Equations (10) - (12) enable us to find easily the EMG(t) quantities in

A\
(8) from EMG(t) records such as shown in Fig. [I-3. For example, given the




Figure [1-3. An exampie test recard, Tra EMG  signials ar2 markel o opta'»

MG 3iimats 28 axpliined o the tert,
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A
EMGF signal in Fig. I1-3, we form a straight-line-segmental approximation to

; it by connecting a to b, b to ¢, etc. If in this approximation, a segment

is essentially constant at K, we let EMG there equal Ka. If the segment 3 !

rises with slope C > 0, we let EMG rise correspondingiy with slope Ca. If
the segment falls from K with slope -K, we let EMG there equal 0. Thus our | ;
EMG(t) equals a times the straight-line-segmental approximation to MG L
except where that approximation falls off. The falloff intervals are easy
to handle because the EMG signals for our movement are either on at high
intensity or nearly off over most of every trial. ;

There is, however, one adjustment to the “vG(t) signal derived apove
that we need to make. In order to compensate for EMG inaccuracies during
EMG falloff phases and intrinsic EMG distortions of nervous excitation to
muscle at low signal levels, we shall augment our EMG signal with a s(t)
postural feedback term. This is justified by assumption 4 in the next
section.

To make the adjustment, we denote the previous EMG by EMG", ang add a
feedback term denoted Eﬁﬁr*. This gives us

EMG(t) = EMG™(t) + EMGTV(t) (13)

on both the flexor and extensor sides. We define:

TG (t) = Pry [o(t-ZO) + Py (t-20) + Pms(c-zmj 8(t) (14)

where the double-cusped brackets mean the same as in (4); where the quantity
Lo inside these brackets is ¢(t) as predicted from s, o, and 3 29 ms earlier

(20 ms being the total delay around the loop from y receptor %0 a stimulation 4

- -

cf muscle); where G(t) = O until s first reaches 1 degrees, and G(t) = 1 there- .

. \ L s ant * =z 258 = 3 = o0 ;
after; and where the PFi are constants (now set at PF1 .25, PF2 29, DFE ble
-- recall that » is in degrees/ms and % i¢ in degrees/msz). Similarly,
B . 2
TGt = | -(o(t- - 30t-200) ] G(¢)
| TGt pEll. (o( 20) + Pgya(t-20) + Ppyiit-2 )J| 6lt) [15)

© AR, . oo e e SN - & . B o
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where P_. = P

Ei Fi’
Finally, to keep (14) and (15) from causing everlasting ¢ oscillations,
we change (1) to

Ji(t) = Qg(t) - Qp(t) - Coo(t) (16)

where the Cc viscoelastic damping factor (cf. Lestienne, 1979) is set "near"
the level that just prevents a second s overshoot of the 0 degree target
position,

We now consider adaptation.

As our subjects accumulate more experience, we know from past results
(Lagasse, 1975, e.g.) that their movement times will decrease. If the
adaptations enabling this occur partly in the muscles, this should require
us to modify the h functions in (8). Since in previous pilot experiments
our flexcr movement adapted several times faster and further than the
opposite extensor movement, it could happen that only hF in (8) adapts with
practice. It also might develop that all adaptation occurs in the nervous
system (cf. the com/cont/E model, next Section).

The crucial feature of our E/Q[; model is that eventually it should

locate and characterize the adaptive nonlinear effects involved when speed

of movement is increased with practice. This should give us a mechanica!l

perspective on how to train for speed, precision, grace and skill--in

short, for well coordinated fitness.

We have included as Appendix A a listing of the PASCAL prcgramme
written by Valerie Congdon to compute ;(t) and ¢(t), as outlined above,
using a file containing the Eﬁﬁk(t) and Fﬁﬁé(t) data for one movement. The
program is well documented, hierarchically organized intd prccedural and
functional levels identical to the analysis levels in this report, and
specified so as to be easy to chiange. Ms. Congdon, who will leave LMass

‘n January, 1981, has done an axemplary job.

———- - a4




Persaonnel Change (for Kilmer)

By the end of February 1981 the modelling project's RA will change from

Ms. V. Congdon, who is leaving school to accept a job, to R. Pelosi, a Ph.D.

student in the IE/Operations Research Department. Ms. Congdon will complete
the EMG-torque-movement simulation programme before leaving. Her work has
been of the highest professional caliber (cf. Appendix A, a listing of our

PASCAL simulation programme). Mr. Pelosi will need much of the spring term

after March 1 to train for the continuation of Congdon's work.
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2. The Com/Cont/E Mode!

This model concerns the functional organization of the neural control
system for the E/Q/; mode] described above. It is an attempt to make
precise only those conclusions that have been focrmulated by several experi-
menters as necessary consequences of their tests on fast arm movements
involving the elbow and sometimes one other joint. The com/cont/E model is
amenable to few significant neuroanatomical interpretations. Eventually we
hope to obtain a good structural model that doces not suffer from this
defect, but that may be a couple of years away.

Qur specification of the com/cont/E model arose out of the following

Assumptions

1. For about the first 100 ms at least, our fast arm movement is entirely

feedforward (is independent of any feedback), and thus is unaffected by
stretch reflex or tendon afferents (cf. Wadman, et al., 1979; Desmedt
and Godaux, 1978).

2. Selecting the levels LF and LE of flexor and extensor EMG activity
require the first volitional decisions. (As noted by Kroll above, all
of the flexor muscles act approximately in temporal and tensional
unison with the biceps during our arm movement. Likewise for the
triceps and the extensor muscles.) These levels are selected to set
the speed and amplitude, M, of the movement with allowances for expected
inert ial loading of the limb and estimated fatigue of the muscles being
activated (cf. Lestienne, et al., 1979; Lestienne, 1979; Wadman, et
al., 1979; Wadman, et al., 1980).

3. The next movement decision is to set the relative timing of the first

“laxgr and extensaor IMG tursts. Thwis determines the movement's cortina-
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tion of magnitude and speed, again allowing for the expected loading

and muscle fatigue (cf. references in 2 above). Force-velocity and
force-length effects are probably also included in this reckoning
(Thorstensson, et al., 1976; Perrine and Edgerton, 1978), as well as
viscoelastic braking (Lestienne, 1979; Maughan and Godt, 1979).

The flexor and extensor muscle tension levels at the end of the movement
epoch when the postural maintenance phase is entered are variable, but
the ratio R between these two levels, (as reflected by their leaky-
integrated EMG levels) is a fixed postural command, and is not affected
by the starting point, direction, amplitude, or speed of movement
(Lestienne, et al., 1979; Sakitt, 1980). Presumably the EMG leveis
themselves at the end of the movement epoch are guickly adjusted if need
be (how fast?) to obtain the desired postural stretch reflex stiffness
(Houk, 1976). Since the biceps tendon reflex loop delay is about 35

ms, the stretch reflex loop delay is about 50 ms (Marsden, et al., 1976),

and our actual arm movement duration is about 300 ms, the presently

. unknown speed with which the set point of the stretch reflex is reset

and the reflex subsequently engaged will be imortant to discover.
In males at least, continued practice of a fast arm movement reduces

execution time and alters the movement's EMG signature {Lagasse, 1975).

In the light of the above assumptions, we now give a point-by-point

description of the com/cont/E model (Figure I1-4):

1.

At the top of Figure II-4, R, L, M, ILF, and FF are commands issued
from the volitional decision center for our fast arm movement (this
“center” might be distributed over a large part of the brain). R is the

ratio described in assumption 4 above; L times g., L.gF, and .3, ara the
+ L
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levels LF and LE described in 2 above; M is defined in 2; ILF, the
inertial loading factor, and FF, the fatigue factor, referred to in 2
and 3 are appropriately scaled for multiplication into the subject's
moment of inertia, J, for the arm movement in question. Thus ILF > 1,
with IFL = 1 when no external load is added; and 0 < FF < 1, with FF = 0
interpreted as complete paralysis and FF = 1 as zero fatigue (defined in
terms of force development capability).

NF and NE are loosely interpretable respectively as flexor and extensor
motorneuronal pools that drive either the flexor and extensor arm
musculature for our movement or just the biceps and triceps.

At t = 0 the flexor EMG is activated. t* is the time at the end of the
first extensor EMG burst. The time courses of R and L with respect to
t* are hypothesized as shown at the top of the figure.

At t =0, L turns N

on, which then turns N. on (see 6 below), all with

R F
delay less than de. Nf's output firing rate rises and falls somewhat

sporadically, but peaks at the L.g, level. The stretch reflex pathway,
SPF, into Ne is intially inactive as noted in assumption 1 above. =Z_'s

output equals the algebraic sum of its inputs. NF keeps N. shut off

E
over the reciprocal inhibitory pathway.

At time 0, a shot out of N, turns NF off to end the first flexor EMG

D
burst. ¢ and k in the formula for D are scaling ccnstants. Since L
turns ND on, the value of ¢ would be 0 if the flexor muscle MF were
perfectly linear in L and if no co-contraction of MF and M. were
necessary to stabiiize the elbow joint during movement. Sirce neither
of these conditiens holds, ¢ > 0. After Ng shuts of7, NE is no lcnger
inhibited ang turns cn. Then NE keeps NF shut cff by recipreccal

inhibition.
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Backtracking a bit, only one of NR's cutputs is on at a time. Initially,
L turns NR's lF output on, which is necessary to keep NF on. Later
ND’S output shot switches NR'S output over to lE’ which is necessary to
keep NE on.
NR's inpu£ TF provides NR with an estimate of MF's tension, as ccmputed
{or simulated) by NhF' The function hF is NhF's estimate of MF'S twitch
response function hF {see Part II-A-1) on the £E/Q/s mocdel). In contrast
with the nervous system, we would mcdel NhF's output at time t with

t

N_(o)h

(t-o)de. B8y assumpticn 4 abcve, the flexor tendon grgan
F 8

F
0
response, TORF, is effectively unavailabie to NhF for at least 80-85 ms.
Mutatis mutandis, NR'S extensor circuits are the same as its flexor ones.
If our movement is entirely feedforward, scme such centers as NhF and
NhE are necessary to control NF and Nz's develiopment of an appropriasely
stiff arm posture at the end of the mcvement {assumption & abcve). The
possibility that there are NhF and NhE circuits in the carepelium seems
to fit Eccles' concept of the cerebellum as a control reference in fast
voluntary movements {(Eccles, 1677}. Lagasse, 1975's results showing
that EMG temporai organizations for fast human 1imb mcvements don't
change with fatigue support the idea that such movements are entirely
feedforward.

When NQ'S T. input reaches the desired final level, Nq's output switches
v [ +

Lo LF in case T

1 in case 7V is up to its Tinal level. An active LC sicnals the enc of

-

from 1 is not up to the desired finai level, ang to

m

mm

r

“he Tovement nC sussecuert rainstatement of the normal festural Tainta-
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10.

11.

12.

nance mechanisms. The desired final flexor and extensor tensions are

denoted Tk and Tt, and are assumed tc¢ satisfy ?ER = TF = L (assumption &
above). Thus (T%/Té) = R, and the N compcnent in Fig. I1-4 has suffi-
cient inputs to compute all of its outputs.

If we assume some background SPF, SPE, and other noise, the sequence of
events in 9 will not always be as simple as described. The first

NF or NE EMG burst might sometimes Se cut of f prematurely, forcing
anather one or even two small bursts later on (see the L time course,
top right in Figure I.-4). The famous third EMG burst (e.g., wadman,
et al., 1980) might be accounted for in this way -- an attractive
hypothesis because Kroll's experiments to date with highly practiced
Subject; usually don't show a third EMG burst., The abiiity of the
contral components in Fig [[-4 to Tearn (with lots of practice) the
amount of viscoelastic braking that actually occurs, the force-velocity
angd force-length relationships of the muscles, and various nonlineari-
ties of the system, offer other adaptation possibilities.

The @D symbol in Fig. [I-4 points to likely adaptation sites as the
same mcvement is practiced over successive trials and days.

ND and the (ND, NhF,NhE) ccmplex could be combinea instead of function-
ally partitioned as shcwn, but that would defeat the purpose of the

com/cont/E model.
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Proposed Modelling Studies Next Year

ters

We wish to proceed ¢n three fronts:

The E/Q/; model will be adjusted, and perhaps revised or augmented, %o
fit Kroll's experimental results. His tests with different loads and
fatigue levels should be very helpful to us during this phase,

The Com/Cont/E model will be scrutinized. In particular, the N, and N

0 h
components will be checked for plausibility against Kroll's fatigue

and Toad variational test data. We now believe that "efferent-copy"

MF simulators such as the Nh functions actually exist {perhaps at the
highly integrative thalamic level atop the brain stem reticular forma-
tion, or in the cerebellum), but we shall seek more evidence to support
this idea. We also plan pilot tests of various kinds to further
elucidate the role of stretch reflexes at different times during and
immediately following fast arm movements. To date, Wadman et al.
{1979) have shown that when a subject's planned fast arm movement is
unexpectedly blocked, the pattern of EMG activity over at least the
first 100 ms is the same as before blocking. But we know of nothing
else in the literature on the dynamics of rapidly changing the set
points of stretch reflexes.

We shall develap computer programs in PASCAL for solving the nonlinear
delay-differential equations that will arise when the E/Q/& model is
augmented to include feedback stretch reflex information. Banks

(1979, 1980) has recently developed the requisite mathematical methods,

but as yet PASCAL programs to implement them do not exist.

In 1 to 3 above, we shall be especially watchful of adaptation parame-

and characterictics. In year three of the contract, we shall apply




the results of the first two years to a search for better ways to measure

and train optimally coordinated fast human limb movements, with an emphasis

on kinesthetic learning.

V Note on RA Budget for Kilmer

UMass now has no limits on what RAs can make. The going rate for a
full RA to a grad student in the Engineering School is at least 6300 per
year, and for Ph.D. students this will probably soar to over 10,000 per
year within the next year (due to the new UMass-Industry Program headed by the
Dean of Engineering). We will try to hold the line, however, at the

originally proposed 5700 per year.
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Personnel Change (for Kilmer)

By the end of February 1981 the modelling project's RA will change from
Ms. V. Congdon, who is leaving school to accept a job, to R. Pelosi, a Ph.D.
student in the [E/Operations Research Department. Ms, Congdon will complete
the EMG-torgue-movement simulation programme before leaving. Her wourk has
been of the highest professional caliber (cf. Appendix A, a listing of our
PASCAL simulation programme). Mr. Pelosi will need much of the spring term

after March 1 to train for the continuation of Congdon's work.
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APPENDIX A

Contents:

1) An example test record of a subject whose responses were
modelled.

2) Model output from the computer when the example test records
EMG tracesin 1) were used to derive the input to the model.

3) Computer §10t of & in 2) versus time. Drawn in for comparison
is ¢ of 1).

4) Documentation for and listina of the PASCAL program that
produced the output of 2).

NOTE BENE:

The text of the report was orepared before the computer run for this
appendix was made. Some late chanaes in the PASCAL program are NOT incor-
porated into the renort. They include the new values of the model
parameters given in the headgr of 2), where P]’ Pz, and P3 are the P
parameters of equations (14) and (15). Also, C_ was changed to egual
Cc1 until ¢'s first return to Q0 degrees after i%s initial overshoot of
the target position, and to egual (:;2 after‘that. This causes & to be
heavily damped upon its first return to target as required by the test
data. Qur comouter studies showed that with the long delays in the
stretch reflex 1oop, nonlinearities in the nerve-to-muscle pathways
present or not, the required damping could only come from a large increase
in vicoelastic damping. Thus we are postulating a new mechanism on the

basis of our model simulation results.
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Appendix A : PASZAL Pragram for E/3/PHI Model

Listing of PA3CAL PRCGRA develpoed for EMG-Torgue-Yovement
simulation model. .iritten and tested by Valerie Congzdon in col-
laboration with Prof. W. Kilmer, Fall and Winter 1330, 1931,

Section Titles @
Notation
Titles and Global Variables 3

Procedures and Functions
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Notation
T 36
SYMEOL IN TEXT SYMBOL(S) IN FRCGRAM !
|
b é, 3' PHI,PHIDCT,PHICDCT ; Positicn,Velocity,Acceleration
QE’ QF QUEE , QUEF ; Torque produced by triceps,biceps
Ts C; ZETA,CZETA ; visccelastic damping term , constant
wv PSIV( dot )} ; Force-Veleccity Relation
Y1 PSII( ... ) ; Integral Factor of Torque
ENGE ET , GETEMG( EMGTRICEPS): Smoothed EMG for triceps
EMGE EB , GETEMG( EMGBICEPS ): Smcothed EMG for biceps
EMG;, EMG. EMGE,EMGF ; Corrected EMG variabtles;EXTENSCR,FLEXCR
EMG = EMG** + EMG* EMG ; Function which returns Corrected EMG values.
G(t) GOFTAU ; equals 0.C if PHI >= G, 1.0 otherwise
hE(t'T) AITCH(T-TAU,EXTENSCR); Response of EXTENSCR
he(t-) AITCH(T-TAU,FLEXCR) ; Response of FLEXOR
q QUE( MUSCLE ) ; q computed for AITCH function E
% QE ; q in AITCH Function for EXTENSOR z
qF QF ; q in AITCH functicn for FLEXOR {
Us Mps Hp MU , MUE , MUF .
S e g XI , XIE , XIF |
i A, Ags Ap A , AL , AF
t Ky kes kg K , KE , KF
| T, I3, t* TAU , SIGMA , TSTAR ;
t T , ATTIME ; time variables

8], S]E’ S]F BETA1 , BETAIE , BETA'F

ins Sops gr BETA2 , BETAZE , BETAZT
e¥, cos x EXP(X) , CCS(XRADIANS)
o, 0., 7 P1, P2, P3




Nctation

OTHER SYMECLS IN PRCGRAM

TRAPEZCID : Rule for integrasticn
HTRAP ; step size ir trapezoid rule
LASTCNE , LASTFUN , FUN ; Held the last
integraticon value , the last value of t
the function , and the current function value
HRUNGE ; step size in Runge-Kutta Rule(PSII)
INITALL ; Initializing Procedure
SAVEIT,CNTO = ARRAY{1..7C,0..2] of REAL
SAVEPHIS ; ARBRAY to hold values of PHI,PHIDCT,PHIDDCT
PUSH ; Procecdure to save PHI values in ARRAY SAVEPHIS
READEMGFILE : Read Input Procedure
EMGFILE ; Input file
CUTFILE , TAPEC , TAPE1 ; Cutput Files
MM , DD , YY ; Mounth , Day and Year for Subject ID.
SUB , AP , SES ; Subject No.,AM or rM , sessicn
BL , TR ; Block and Trial numbers
WHICHCNE = (ZXTEMNSOR , FLEXOR)
MUSCLE is of type WHICHONE
REAL2D = ARRAY([0..25,1..2] of REAL
EMGA , EMGTRICEP , EMGBICEP are cof type REALZD
VALU , TIME ; constants for array posticn
MAX , MAXEMGTIME ; hold value of maximum time to run




TITLES AND GLCTEAL VARIABLZS

(# THE FASTMCV PRCGRAM WAS WRITTEN, DEaI”“ED. AND IMPLEMENTEL 3Y *) !
(#* VALERIE CONGICN , M.S. CCOMPUTER AND INFCRMATICON SCIENCE, +) ;
(* FCR THE RESZTARCA EEING CCNDUCTED 8Y DRS, WILLIAM KILMER 0F THE *) }
(% ELECTRICAL AND CCMPUTER EINGINEZRING DEPARTMENT  AND WALTER KRC;- *) i
: (# OF THE ZXEICISE SCISNCZ DEPARTMENT FUNDED BY THE ARMY MEDICA *)
$ (* RESZARCH CCMMAND . *)

PRCGRAM FASTMOV(INPUT/,QUTPUT/.EMGFILE » CUTFILE,TAPEQ , TAFEL )7

> CONST S =iy
TA8IL = ¢ FAST MOVEMENT PFD‘C”T ‘3
TABIZ = '/ DEPARTMENT OF ENERCISE SCIENCZ '
TABI3 = UNIVERSITY CF HASSACHUSET S/AMRERST' B
TABI4 = PRINCIPLE INVESTIZATCRS [ CR. WILLIAM KILMER AND DR. WALTER 4RCLL'’
TABIS = RESEARCH ASSISTANTS » VALERIE CCNGDCN AND JEAN BC“"h:Q : 4
TABIS = ¢ MODEL . E / G / PHIDO ( EMG / TGRGQUE / ANGULAR VELICITY ) ' 3
TABL7 = MODEL PARAMETERS : ' !
JABI8 = ¢ TRAPEZOID AULE SuEP SIZE . ‘¢
TABIS9 = RUNGE-AUTTA RULE S-:. SIZE' i
— TABI10= A K BETA!l BET X1 MU GGAITCH) ’
TABL1{S= ~ DATE SUBJECT AM/PM SESSICN BLCCKX TRIAL ' 2
TABIIZ= SUBJECT ID & ‘3
T7ABI13= —— . W T
TABI14= * TIME ENMG E¥S PYI PHI PHI Y PSIIE GE pPSIiF oF
TABI1S= * (MSED)

i
(BIC:P)(TRICEP) (PCS) (VEL) (ACCY ' z
|

TYPE '
WHICHONE = ( FLEXCR , EXTENSCR ) !
REALZD = ARTAY[0..29,1..21 OF REAL
SAVEIT = ARRAY[1..70,0..22 CF REAL 7 (# NOTED 75 = MU + XI + DELAY(=20) #!
VAR EMG3ICIP . PEALZD
EMGTRICZP. REALZD
SAVEPHIS : SAVEIT

ET , EB , PSIVE , PSIIE , PEIIF , |
QuUEE » QUZF

PHI , PHI uUT ¢+ PRIDDOT ¢ R2AL 7

8ETALIF , BETAIE .

vewa

~emmw,

TA » CZETAL CZ:TA; » CZETA
Gl’ GC . R-HL ’

LASTPHI » LASTPHIZCOT , LASTPHIDLOT

P P P vu.ur‘AUr‘an/\-SAY:REAL:

BACK.N 11E ! Ln"ruDrY‘n’ruLB AP!SC.DICLIIR : [MTZCER +

HTRAP , HRUNGE . REAL ¢ (# H FCR TRAPE QID AND RUNGE-XUTTA RLLES ¥}
EMGFILE , QUTFILE , TAPEQ , TAPE! ¢ TEXT

DAMPSET { BCCLEAN |




Procedura2s and Funciiong 4
a9 i
i ;
| !
A amAim s mmaAmgas ey = i
PROICZSURZ RIADINGFILE ¢ ‘ :
R2ads in data Trom input Fil2 IUGFILI 2nd colacas it i
in the approzriate array. 328 Input 2and Jutput sectizsa. i
| |
FUNSTICN GETSMG |
For a parcticular time tnis functinn calzulates sne !
Smootnad MG value for e2ither tne Tlaxar 3r 2xtanscr. i |
) i
'
| i
SUNCTION SH3 ¢ i 1
Computes Augmented M3 values.
i
]
1)
i
?ROCTDURE PU3H ! ]
Saves PHI,PHIDJT,and PHIDDOT values back in tine,
FUNCTIZN JZ ¢
For 2ach set of beta values this function calsoulartes
tne 'q' used in tha n{t-tau) 'J“”tl‘ﬂ (322 tex%).
FUNCTIZH AITCH ¢
The reflex and mechsniczcal response 7 the flaxor or
exteasor is returnsd frem this functisn. ( hit-tau))
FUNCTION TRAPZIZID ¢
A numerical metnhcd o approximating the intagral whiza
deternines tn2 value of PHI {rom FPHIZIT and PHIZOT
from PHIDDOT.
FUNCTION P31V
Tne Force-Valocity rslation is returned wnan givan
P4IDIT as a paramatar.
FUNSTION P3II ¢ ‘
A2 Intagral Faczor of Torque 1s 3agoroximaczed usiang shs
Runge-Kitcta macacd for latazratisn.
T OINITALL
“izlizasica of 311 constants , varizoles and arrsvs.
addition the headers of the cutput files are printad,




PROCEDURE RERDEMGFIL’(UAR E GBLC:P . REALZD
GTR.CEP. REALZD 7 10
E“"T'PE REAL ) &
VAR INCEX,TIME, UA‘U ' INT--:. i
ENDFILE : SCOLEAN |

EGI
RESET(E%GF ;
INDEX i= 0 ; |
TIME 15 ¢ ‘
vaLy i= 2

ENDFILE := FALSE
READ(EVGF 1LE, ¥,8D, YY,SUS, AP, SES/EL, TR + MAXENGTINE) 7

] WHILE NOT ENDFILE TO
BEGIN

} READ(EMGFILE,
EMGBICEPL INDEX, TIME], EMGBICEPLINDEX,VALUJ,
EMGTRICEPL INDEX, TIME, ENGTRICEPT INDEX,VALLL) ;

IF EHGBICEP[IVDEX:T ME] >= MAXEMGTINME
THEN BEGI
ENDFILE .= TRLE 7
INDEX .= INDEX -1
END

ELSE
EN éNDEX «= INDEX + 1 l
END? (# END OF PRCCEDURE READEMGFILE #) i

|'n-..-o

FUNCTICN CETEMG( ATTIME , MAXIMGTIME ! REAL 7 VAR EMGA I REAL2D ). REAL;
(# THIS FINCTION R:TL?NS TFE VALUE CF THE EMG AT TIME = ATTIME
USING THE FCLLCWING FCRMULA Z
F(X) = (( F(B) - F(A) ) B -AN)® (X-A + F(A)
(# THE EMGA HERE IS THE ARRAY HOLDI THE INTERVAL VALUES E.G. EWCB;»E“ *)

VAR PREVICUSTIME , °REVICUSVALU © REAL ¢
TIME , VALU ,» INDEAX © INTEGER 7

BEGIN
IF ATTIME € 0.0
THEN  GETEMG = 0.C
ELSE BEGIN
INDEX = 1 ;
TIME (=1 ¢
VALU = 2 7

(# INCREMENT INDE{ UNTIL UPPFER BCUND CF INTEZRVAL IS FIUND #)
WHILE (( Af.I“E > EM GA[INDEX TIME]) AND
( ATTIME (= MAXEMGTIME))
DO INDEX = INDEX + I §

(# GET LCOW f? BOUND CF INTERVAL #)
IF Il )' A
THEN BEGIN
P?EUIBUS4I“E += EMGALINDEN-1,TIME]
DEREUICL:VALJ. EMGALINCEX-1,VALU]

(# ATTIME I3 EGUAL TG UPPER BCUND OCOR WHCLE INTERVAL IS THE SAME VALLE #)
IF .ééNATn.HC = EMCACINDEX,TIME] ) OR ( EMGACINDIX,VALUZ = PREVICUSVALY )
T

GETEMG o= EMGALINDEN,VALUI
ELSE

£
{(# UPPER EOUND IS CERO THEQE’C?E THE WHCLE INTEZRVAL 1S ZSROES #)
IF _EMGACINDEX., UAL” = 0.0
THEN  GETZMG .= 0.0

ELSE
(# ATTIME IS SCMEWHERZ INSITE THE INTZRVAL )
GETEMG .= ({ EMGAL: NDEA.UA;UI- PREVICUSVALL)
/( EMGACINDEX,TIMES - PREVICUSTIME))
* (ATTIME - PRZVIOUSTIME) + PRIVICUSVALU

END
END; (% END CF FUNCTICN GETEMG +)




> e a

FUNCTICN EMG( T , TAU [ REAL 7 MUSCLE ! WHICHCNE ) o REAL ¢

(% RETURNS THE AUCMENTED EMG VALLE FCR EITHER THE FLEXCR CR E

VAR_ BACK . INTEGER ;
EMGA : REAL2D ; ZERG . CNZ + TAd » X & REAL

BEGIN
BACX 3= TRUNC( T - TAU + DELA ’
ZERQ .= SAVEPHISIBACK , C ] ¢
ONE .= SAVEPHISISACKX » | 3 +
TWQ o= SAVEPHISIBACK ,» 2 1 3

IF MUSCLE = FLEXCR
THEN BEGIN
EMGA = EMGBICEP
X :=2ERQ + PZ # ONE + P3 # TWO
END
ELSE BEGIN
EMGA o= EMGTRICEP !
= -1.0 # Z2R0 - P2 # ONE - P3 # TWO

X
END
%FE(( ZER0 >= 0.0 )} AND (GCGFTAU = 0.0))

EMG = GETEHG(TAU. X, EMGA)
ELSE BEG
GBFTAU .= 1.0 7
I;HéN> 0.0 (# CUSPED BRACKETS RULE #)

EMG ¢= ( PL # X » GOFTAU) + GETEMG(TAU,MAX.ZNGA)

LSE
EMG o= GETEMG(TAU,MAX,ENCA)

END
END 7(# END CF FUNCTICN EMG #)

PROCSDURE PLSH( VAR V0,V1,VZ2 [ REAL ; VAR CNTO ! EAVEIT) ;
(» PLACZS THE VALLES VO,Vi,UZ IN A STACK MAMED
ONTQ WHICH SAVES UPTO 70(MU+XI+20) VALUES BACX IN TIME )

VAR I ¢ INTEGER ’

BEGIN
FCR I .- 0 70 BACKINTIME - 2

DO BEGI
CVTO[”ACKINT’““-IIOI .
ONTOCBACKINTIME-I, 1] .
CNTOC(BACKINTIME-1,22 |

END

ONTOLL,0] &
ONTOLL,32 @
CNTOC1,2] ¢
END (% END CF P

NTIL2ACKINTIME-I-1,0]
NTOCBACK INTIME-I-1,1]
NTOLBACKINTIME-I-1,2]

wuan
ann

“avwe

;UCC\-

0
1
2
CCEDURE PUSH #)

~ewowe
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FUNCTION QUE( MUSCLE . WHICHONE ) : REAL
(# THIS FUNCTISN FINDS THE YALLE OF GUE SUCH THAT THE AXTCH FUNCTICN
CONDITIONS ARE SATISFiED (2. GUE TIVES THE INTEGRAL = 1.0

AR
SIGMA ,» B! , B2 , XI I REAL ¢

BEGIN
IF HUSCLE FLEXCR

THEN BEG
51 «= BETALIF ¢
B2 .= BETAZF
)SI ‘3 XIF ¢
ELSE BEGIV
.= BETAIE 7
B‘ = BETAZE ;
XI i= RIE J
END ¢
SIGHA = XI ¢

GQUE = (1., O / (0 EXP( -1.,0#B22SIGMA) - 1.0) / B2
(( 1.0 - EXP( -1.0#B1#SICMA ) ) 1

END
(# END OF FUNCTICN GUE #)

)+
N

FUNCTICN AITCH( TIME : REAL 7 MUSCLE ! WHICHONE ). REAL ;
(# THE AITCH FUNCTION RETUANS THE REFLEX AND “ECHAVXCAL
RESPONSE VALUE FCR TIME = T - TAU

VAR
HH » @, 81 , B2 » XI +» MU , TSTAR : REAL ¢

BEGIN
IF MUSCLE = FLEXCR
THEN BEgI

3

:= E
XI = Xl
MU = MU

END
ELSE BEGéN

W

K=ol t=
.

nunun

END ;

IF (( TIHE < MU) OR { TIME > (XI + MU) ))
ELEE TCH = o

BEGIN
TSTAR TIME - MU ¢
i B * é EXP( ~1. O*BX*TSTAR ) = EXP(-1.0%BZ2#7TSTAR ) ) ;
Ger,

AI’CH .=
(!HR'T:LN(' (', TIMEZS:0,') = ‘,HHI10:3) i#)

END?
(# END FUNCTICN AITCH #}

p

FUNCTION TRAF:ZD;D( HTRAP , LASTCNE , LASTFUN , FUN ! REAL) . REAL 7

(# WE ARE LUSING THE TRAPEZOIJ ALLE T" GET PHI FRCM PHIOCT FICM PHI DéCT
E.G. FHI(N) ='PHI(N-1)" + ,SBHTRAP#( PHID G*’ﬂ-‘) + PHIZOT(N) )
LASTONE LASTFUN rUN

BEGIN
£ TnQPEZSAD += LASTONE + ( 0.3# HTRAP # ( LASTFUN + FLN ) )
(* END GF FUNCTICN TRAPEZOID #)




- ——

FUNCTICN PSIV( DCT : REAL ) [ REAL 7 13
(# PSIV , THE FORCE - VELCCITY RELATIONSHIP +)
(# PSIV = PSIVE = PSIVF *)
VAR X ¢ REAL 3
BEGIN
X 0 - ( DOT / 1200.0 ) »
IF 0.0

THEN PSIV &
ELSE PSIV !

END;
(# END OF FUNCTION °PSIV #)

FUNCTICN PSII( MUSCLE . WHICHONE : T . REAL) . REAL ;

(# THE RUNGE-XUTTA METHOD FCR INTECRATICN IS USED HERE
REF: NUMERICAL METHCDS ; DAHLQUIST ZT.AL. ,PRENTICE
HALL, 1874. PP 34G6-7 #)

VAR INTEGRAL , X  KONE , KTWO , KTHREE » A + H
XI » MU REAL ;
I . NUMINTS : INTEGE? ’
FUNCTION F( TAU , T 0 REAL 7 MUSCLE { WHICHCNE ) ! REAL ;

VAR EMGA ! REALZD ;7 K | REAL
BEGIN
IF MUSCLE = FLZXC
THEN K <= KF
ELSE K = KE ;

F = K # EMG( T, TAU , MUSCLE )
# AITCH( T-TAU , MUSCLE )

END 7 (# END OF FUNCTION F IN PSII #)

BEGIN (» PSII MAIN SECTICN #)

IF MUSCLE = FLEXCR
THEN BEGI?I

o= XIF +
MU o= MUF 7
A = AF
END
ELSE BEGIM
AI ¢= XIE ;
MU .= MLE ;
A .= AE
END ¢
.= HRLNG

IN'EGRA
NUMINTS (= TRUNC( (XI/H) - 1.0 ) ¢

FCR I 2= O TO NUMINTS
DO 2EG

IN
X ez T-MU-XI + (H#+1) 7 (# TAU IN TEXT
KONE o= F( X » T, MUSCLE )
KTwG o= FU X + H/2.0 r MUSCLE )
KTHREE .= F( X + H ,» T » MUSCLZ ) 1
”VINTBJRAL .z JAL + ( (H/8.C) # ( XCNE + 4.0 % XTWl + XTHRZZ ))
[-4)
FCII = A » COZIPRI # Q,0172822) # INTEIZRAL
( PHI IM RADIANS  2#PI / B0 *)

END 7 (# END CF FUNCTICN PSIT ®)
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PROCEDURE INITALL ¢

VAR
I 0 INTEGER ;

BEGIN

DAMPSET .= FALSE ;
REWRIT E(OUT.IL:) '
REWARITE(TAPZ0)
RENRITE(TAPEL}

CZETAL

COOQOH+ OO

BETAZE .=
i BETAZF 1= 0

wuwe

QS W@e
m~avawa

OOCOOTOO
N
~avewews

G0

GUE( EXTENSCR ) :
GUE( FLENCR ) &

=
~ﬁ
vereeeranne

.
o
PY

KE

I»
B

SELAY .= 20.0 ;
SACKINTINME o= T?LNC( MUE + MIE + DELAY )

FCR I .‘ 1 TO BACKINTIME

DG 2EGI
SAUEPHXSEI 01 2= 0,0 (» PHI #)
SAVEPHISCI,1] 1= Q.0 (# PHIZOT )
EVDS@UEPHISCI:Z «= 0.,C (# PHIDDOT #)
J ’

READEMCFILZ( EMGBICEP , EMGTRICEP » MAX )

7 ARITELN(CUTFILE

5
m
L
a
5
N
-
in

h ..' i)

WRITELN(CUTFILE » TABIZ) 7

RITELN(CUTFILE » TABI3) 7 WRITELN(CUTFI

WRITELN(CUTFILZ » TABI4) ¢ WRITELN(CUTFI

WRITELN(CUTFILE) 7 WRITELN(JUTFILE)

~RITELN(CUTFILE » TA218) ¢ ( 1

WRITELN(CUTFILE , T2817,7 D‘

aR1T ELN(C' ILE,TAS I8, HTRAPI4IL, ' 1 PGSy

P3 1 7,23:3:3 )

WRITELN(SUTFILE - TA318 , HRUNGE:I4:1.'

WRITELN(OUTFILE) ;

WRITELN(CUTF L- (TRBI10) 3

WRITELN(QUTFILE, 'SXTENSCR ‘AEIRIC/KE.
SETAZEIS:2, XIZi3:2, MLELS

wRITELN(CLUTFILE, cLEVC? CLAFLAILKE .
BETA‘ iS:2, NIFI3:1Z, MUF.S

8115) ;

Asiiz , wwi2,75,0D:2,78
20T T UUIRIGY Y RT

TR2I13) §

TA2IIA) i

, TRBIIS)
ARITECHEUTFIID) s RRTTELN G CuTRILE TABTI L)

END i (% END CF PRCCEDURE INITALL #)

~ews

It
7 WRITELN(CUTFILE

Z
7 WRITELN(CUTFILE)

&RITELN(CUTFILE)
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(s THE MAIN PROGRAM '
BEGIN

) INITALL
{

= T 0.0

WHILE T ¢= MAX
06 BEGIN

‘ ET 1= GETEMG(T. MAX, EMGTRICEP) :
H EB iz GETEMG(T, MAX, GMGBICER) :
i PSIVE 1= FSIV( PHICGT ) ;

: PSIIE i= PSII( ENTENSCR /T ) |

; PSIIF i= PSII( FLENGR  .T )

! QUEE 1= PSIVE % PSIIS §

GUEF = PSIVE » PSIIF !

IF (( PHI > 0.0 ) AND ( PHIDOT > 0.0 ))
THEN DAMPSET = TRLE ;

¢ IF DAMPSET
THEN L2ETA (= C2ETA2
ELSE CZETA = CIETAL |

PHIDDOT = QUEE - GQUEF - CZETA#PHIDOT ;
(# ZETA #)

+= TRAPEZDID( HTRAP , LASTPHIDOT . LASTPHIDDOT ., PHIDDOT )
«= TRAPEZDID( HTRAP , LASTPHI s LASTPHIDOT ., PHICOT )

PHIDOT
PHI
(# WRITE TQ QUTPUT FILE#)

IF « TRUNC(T) MOD 10} =0
THEN BEGIN

WRITELN(TAPEQ,EB:3:4,E7:8:4 ) ;
WRITELN(TAPZ1,FH13:4,PHIDATIOI4 ) ¢
WRITELN(QUTFILE,Ti810, ' "EB{7ZQrET:BZ3:PHI:3' '
PHIDOT.9:4%,PHIDDOT904,°5IVEIRI4,PSIIZI9:4,0UEE B 4,
PSiIFi9:4,QUEF12:4) L
PUSH( PHI,PHIDOT,PHIDDOT,SAVEPHIS)
IF T = 555
THEN Fgg 1 i= 1 TO BACKINTIME
WRITELN(I:4,SAVEPHISC1,01:8:3,5AVEPHISCI,11:8:3,
SAVEPHIS(I1,21:9:3) ¢

LASTPHI ez PHI 7

LASTPHIDCT := PHIDOT
LASTPHIDLOT = PHIL2CT
Ti=T+1,07

END §

END.

. e

e
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Input and Qutput

EMGFILE

QUTFILE

: Input file containg the Smoothed EMG data

: Qutput file showing values used/computed in table form :

TIME , ET , EB , PHI , PHIDOT , PHIDDOT , PSIV
PSIIE , QE , PSIIF , QF .

TAPEC : Output file holding values of ET and EB for PLOT Program

TAPE1 : Qutput file holding values of PHI and PHIDOT for
PLOTPHI Program.

PLOT Program : Written in FORTRAN this Program plots the

EMG values over time, TAPEO is its input file.

PLOTPHI Program : Written in FORTRAN this Program plots the

Position and velocity values over time.
TAPE1 is its input file.

46
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EMGFILE

Line number 1 contains the Subject Identificaion numbers
and the maximum time of trial.

Lin2s 2 through (a possible)256 hold the following data :

Column 1 : The Biceps stop time of interval
Column 2 : The Biceps value at end of interval
Column 3 : The Triceps stop time of interval
Column 4 : The Triceps value at end of interval

Note : If either the Biceps or Triceps has fewer intervals the table
Must be padded so that each column has the same number of entries,
The SUBJECT ID. is made up of eight(8) variables :

Mounth,Day, Year,Subject number,AM or PM,Session,Block,and Trial numbers.

EXAMPLE :

On November 14,1980 subject #1 exercised in the AY for
the fourth day first session, blo:x one and 15th trial with
the following results after 500 milliseconds :

11 14 80 10 4115 500.0

0.0 0.0 0.0 0.0
64.0 0.65 166.0 0.07
96.0 0.65 136.0 0.58
323.0 0.0 228.0 0.95
324.0 0.09 300.0 0.95
350.0 0.13 350.0 0.0
500.0 0.9 500.0 0.0
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QUTFILE

Contains the paraneters used and the values comeputed in PROGRAM FASTMCY.

Sample Header ¢

FAST MOVEMENT PROJECT

DEPARTMENT OF EXERCISE SCITNCE
UNIVERSITY OF MASSACHUSETTS/AMHERST

PRINCIPLE INVESTIGATORS | DR. WILLIAM KI!MER AND DR, WALTER KRCLL
RESEARCH ASSISTANTS + VALERIE CCNGDON AND JEAN BOUCHER

MODEL ! E / G / PHIDOT ( EMG / TORGUE / ANGULAR VELOCITY )

MODEL PARAMETERS DELAY ¢ 20.00
TRAPEZOID RULE STEP SIZE . 1.0 PL ¢ 0.030 P2 : 6.000 P3 ! 20.000
RUNGE-KUTTA RULE STEP SIZE. 0.5 CZETAL’: 0,010° CZETAZ : 0.500
A K BETA! 8ETAZ  XI MU Q(AITCH)
EXTENSCR 0.10 9.40 0.09 0.15  40.00 §0.00 0.24034

FLEXOR 0.10 0.85 0. 09 0.15 40.00 60.00 0,24054

18

DATE SUBJECT AM/PM SEGSION BLOCX TRIAL
SUBJECT ID ¢ 11/14/80 1 0 4 1 15

TINE EMG EMG  PNI PHI PHI PSIV PSIIE aE PSIIF
(MSEC) (BICEP) (TRICEP) (PLS) (VEL) (ACC)

arF

TRPEO

—-————

Column 1 holds the value of the Swoothed EMG (BICEPS).  (XXM.XXUY
Column Z halds the value of the Smoothed EMG (TRICEPS). (XNXX.X){X)

TAPEL

Column | holds the value of FHI(t). (XXX XXHX)
Column 2 holds the vaiue of PHIDAT(¢). (J0tK XXXX)

»
[ e . - - Tt m e e ———— s C e e




s

PLOT ;

— 19 |
PROGRAM PLOT(INPUT,CUTPUT, TAPED)

» PLOTS TWO GRAPHS SINCLTANEQUSLY WITHIN THE RANGE -.5 T0 1.5

* TOTAL OF 51 PQINTS.
DIMENSICN DATA(S51,3.3)
PRINT 20

¢ 20
20 FORMAT(//," MCDEL ( E / @

/ PHIDOT  ( EMG / TORGUE / *, ; r
+ *ANGULAR VELOCITY )“,//.* £ : EXTENSOR (TRICEPS) “./, i j
- F . FLEXOR (3ICEPS) ",/," 1 . INDICATES THE 1.0 LINE", : i
+ /. 0 ° INDICATES THE 0.0 LINE *,//) i :
00 10 I=1,51 \
READ(0,50) DAT! . DAT2 1
IF(EOF (099,57 i
s?  IF(DAT1.GT.1.5) DAT! = 1.5 |
IF(DAT1.LT.~.5) DAT1 = -.5 |
S6  IF(DAT2.GT.1.5) DATZ = 1.5 5
IF(DAT2.LT.-.5) DATZ = -.5 i
IALT = 10 :
DATA(I,1,1) = FLOAT(I*IALT) = 10.0 { y
DATA(1,1.2) = DAT1 |
DATA(I.1,3) = IHF !
DATA(1.2.2) = DATZ f 1
DATA(I,2,3) = IKE !
DATA(I.3:2) = 1. 4
DATA(I:3:3) = 1Ml
10 CONTINUE
CALL PLOTIN(DATS.S:,51,3,-.5,1.5,1H0:75:0)
50 Fgggartzra.4)
SUBROUTINE PLOTIN(DATA,NX,MAXX:NYSETS, YMIN, YMAX:AXIS, IPWs IRCL)
DIMENSICN DATA(MAXX.NYSETS,3),PLOTZ(120)
DO 9 L=1,120 PLOT 37
9 PLOT2(L)=1H PLOT a8
1F (YMAX.GE. YMIN) 30TC10 PLOT as
PRINT 2, YAIN, YMAX PLOT 46
2 FORMAT(# MIN'Y IS GREATER THAN MAX Y#/# MIN Y= #,G17.10,% MAX Y= #PLIT 47
X G17.10) PLOT ag
RETURN
10 YINC=(YMAX-YMIN) /FLOAT(IPX-12) PLOT 50
DO 100 JX=1.NX PLO0T 31
DO 20 JY=1,NYSETS pLAT 52
Y=DATA( X, JY,2) PLOT 53
IF(Y.GE. YMIN.AND.Y.LE.YMAX)GOTO30 PLOT 53
PRINT 3,Y PLOT ss
3 Fgg;ﬁgﬁ* Y UALUE DOES NOT FIT WITHIN DEFINED Y RANGE¥.G17.10) PLOT <6
20 INDX=INT(.5+(Y-YMIN)/YINC)
IF (INDX.LT.1) INDX=1 PLOT sg
IF{INDX.GT.120) INDX=120 PLOT £0
PLOTZ( INDX) =DATA(JX, ¥, 3) PLOT 81
c 20 CONTINUE
IF (AXIS.EQ.0)GOTD40 PLOT 52
IF(YMIN.GT.0)GOT040 pLOT 83
IXAXI8=(0-YMIN) /YINC PLOT ga
IF (PLOT2(IXAXIS) .28, 1H )PLOTZ(IXAKIS) =AX1S PLOT €S
40 LEMSLENGTH(PLOT2) PLOT €6
PRINT S,DATACJXs 1,11, (PLOT2(K),K=1,LEN)
S FORMAT(G11.S,1%,120A1) PLOT 70
p0 SO L=1,120 PLOT 71
50 PLOTZ(L)=1H pLOT 72
100 CONTINUE PLOT 73
RETURN LT 73
END pPLOT 75
INTEGER FUNCTION LENGTH(IARRAY)
c RETURNS LENGTH CF NON-BLANK PART OF IARRAY.
! DIMENSION TARRAY(120)
LENGTK=0
00 100 I=1,120
12121~
1F{ IARRAY(J) . NE.IH ) GOTO 200
100 CCNTINUE
200 LENGTH=S
RETURN
END
! /
i
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PLOTPHI
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PROGRAM PLOTPHI(INPUT,CQUTPUT,TAPE])
*# PLOTS TWO GRAPHS SIMULTANECUSLY WITHIN THE RANGE -150. TG 150.
# TOTAL OF S0 PQINTS.

DlHENSlgN DATA(51,3,3)

PRINT 2
20 FORMAT(// 4" MODEL ¢ E 7/ Q@ / PHIDOT { EMG / TORGLE / “,
+  “ANGULAR UELCCITY 10 /14" P . POSITICN (PHI) ",/
+ VELQCITY # 100 (PHIDOT # 100) *,
+ " sesse « INDICATES 50 DEGREE LINE “,/:
c + * 00000 . INDICATES © DEGREE LINE “,//)
DO 10 I=1,51
READ(1,50) DAT1 , DAT2
IF(ECF(!))SS;S
37 DAT2 = DATZ # 100.
IF(DAT1.G7.150.) D = 150.

IF(DAT1.LT.~130.) DATI ~150.
S6 1F(DAT2.GT.150.) DATZ = 150.
IF(DATZ.LTé-ISO.) DATZ = ~150.

IALT =

DATA(I.1,1) = FLOAT(I*IALT) - 10.0
DATA(Il.,1,2) = DAT!

DATA(I,1,3) = lHP

DATA(1,2,2) = DATZ

DATA{1.2,3) = WV

DATA(1,3:2) = 80.

DATA(1,3.3) = 1H:

10 CONTINU

NUE
CALL PLOTIN(DATA,S51.51,3,~150.,150.,1H0,75,0)
33 FERSAT( 2F8.4)

SUBROUTINE PLOTIN(DATA,NX,MAXX:NYSETS, YMIN, YMAX,AXIS, IPW, IRCL)
DIMENSION DATA(MAXK,NYSETS,3),PLOT2(120)

D0 9 L=1,120 PLOT

9 PLOTZ2(L)=1H PLOT
IF(YMAX.GE.YMIN)CCTQL10 PLOT
PRINT 2, YMIN,YMAX PLOT

2 FORHAT(* MIN Y IS GREATER THAN MAR Y#/% MIN Y= #,G17.10,% MAX Y= #PLOT
X Gl;-§ PLOT
10 YINC=(YMAX-YMIN) /FLOAT(IPH-12) PLAT
DO 100 JX=1,NX PLOT
Do 20 JY=1:NYSETS PLOT
Y=DATA(JK,JY.2 PLOT
IF(Y.GE.YMIN. AND Y.LE.YMAX)GOTO30 PLOT
PRINT 3,V PLOT

3 Fgg¥ﬂ;&* Y VALUE DCES NOT FIT WITHIN DEFINED Y RANGE#.(17.10) PLOT
30 INDX=INT(. 5*(Y-YHIN)/YINC)

JFCINDX.LT.1) INDX=1 pLAT
IF(INDX.GT.120) INDX=120 PLar
PLOT2(INDX?=DATA(JA,JY.3) PLOT
c 20 CONTINUE

IF(AXI5.EQ.0)GOT040 PLOT
IF(YMIN.GT.0)GOTO40 PLOT
IXAXIS=(0-YMIN)/YINC PLOT
IF(PLOT2(IXAXIS) .EQ.LH JPLOTZ{IXAXIS) =AXIS PLOT
40 LEN=LENGTH(PLOTZ) PLOT

PRINT §.DATA(UX,1,1), (PLOTZ(K) K=1,LEN)
S FORMAT(G11.5,1X,120A1) PLQT
D0 50 L=1,120 PLQT
S0 PLOTZ2{L)=1H PLAT
100 CONTINUE PLOT
RETURN PLOT
END PLOT

INTECER FUNCTION LEMGTH(IARRAY)
c RETURNS LENGTH CF MCON-3LANK PART CF [ARRAY.
DIMENSION IARRAY(120)
LENGTH=1)

DO EQOII=I:ILO
IF(IARRAY(J).NE.‘H ) GOTD 200
100 CONTINUE
200 LENGTH=!
RETURN
END

50
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