Journal of NeuroEngineering ( BioMed Central
and Rehabhilitation \ The Open Access Publisher

This Provisional PDF corresponds to the article as it appeared upon acceptance. Fully formatted
PDF and full text (HTML) versions will be made available soon.

Predicting non-isometric fatigue induced by electrical stimulation pulse trains as
a function of pulse duration

Journal of NeuroEngineering and Rehabilitation 2013, 10:13  doi:10.1186/1743-0003-10-13

M Susan Marion (sumerian@udel.edu)
Anthony S Wexler (aswexler@ucdavis.edu)
Maury L Hull (mlhull@ucdavis.edu)

ISSN 1743-0003
Article type Methodology
Submission date 4 January 2012
Acceptance date 23 January 2013
Publication date 2 February 2013

Article URL http://www.jneuroengrehab.com/content/10/1/13

This peer-reviewed article can be downloaded, printed and distributed freely for any purposes (see
copyright notice below).

Articles in INER are listed in PubMed and archived at PubMed Central.
For information about publishing your research in JNER or any BioMed Central journal, go to

http://www.jneuroengrehab.com/authors/instructions/

For information about other BioMed Central publications go to

http://www.biomedcentral.com/

© 2013 Marion et al.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



mailto:sumerian@udel.edu
mailto:aswexler@ucdavis.edu
mailto:mlhull@ucdavis.edu
http://www.jneuroengrehab.com/content/10/1/13
http://www.jneuroengrehab.com/authors/instructions/
http://www.biomedcentral.com/
http://creativecommons.org/licenses/by/2.0

Predicting non-isometric fatigue induced by
electrical stimulation pulse trains as a function b
pulse duration

M Susan Marioh
Corresponding author
Email: sumerian@udel.edu

Anthony S Wexler?
Email: aswexler@ucdavis.edu

Maury L Hull*?
Email: mlhull@ucdavis.edu

! Biomedical Engineering Program, University of California, Davis, CA 956186,

USA

2 Mechanical and Aerospace Engineering, University of California, Dasis, C
95616, USA

Abstract

Background

Our previous model of the non-isometric muscle fatigue that occuisgduepetitive

functional electrical stimulation included models of force, motion,fatigue and accounted

for applied load but not stimulation pulse duration. Our objectives werd) further
develop, 2) validate, and 3) present outcome measures for a non-isdatigitue model tha
can predict the effect of a range of pulse durations on muscle fatigue.

Methods

A computer-controlled stimulator sent electrical pulses torelées on the thighs of 25 ab

bodied human subjects. Isometric and non-isometric non-fatiguing anadirigtinee torques

—
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and/or angles were measured. Pulse duration (170x$00as the independent variable.

Measurements were divided into parameter identification and model validatiorssubset
Results

The fatigue model was simplified by removing two of three non-&tomparameters. TH
third remained a function of other model parameters. Between 66% andof/ ke
variability in the angle measurements was explained by the new model.

Conclusion

Muscle fatigue in response to different stimulation pulse duratansbe predicted durin
non-isometric repetitive contractions.
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Background

Functional Electrical Stimulation (FES) protocols use combinations of stilmilparameters
(train duration, interpulse interval, pulse duration, and pulse amplitoigepduce functional
movements in individuals with paralysis due to stroke or spinal egudyi (SCI). Unlike
physiologically induced neuromuscular activation, FES synchronous\yates motor units
according to their current thresholds relative to the localaesliular current which is
dependent on the distance from the electrodes [1,2]. Consequently, thenearaf motor
units is random [3,4] as compared to the order followed by the ceetradus system, which
recruits the smaller, fatigue-resistant motor units first #wedlarger, more fatigable motor
units last. When the motor units are activated synchronously the bodgtaderecruit motor
units as they fatigue and recruit new fresh motor units to ceplaem [5]. This random
recruitment order together with synchronous activation are thdaghe two of the major
causes for excessive muscle fatigue during FES.

A mathematical model capable of predicting angular excursiaylanvelocity, and joint
torque during fatiguing contractions as a function of the stimulgtoameters could be used
to mathematically test combinations of independent and dependent esrtabidentify
stimulation strategies that minimize fatigue. In addition, a validatsetrcould predict force
during fatiguing contractions in situations where force cannot be neehseasily, such as
during general non-isometric leg extensions. The term non-isomadiizaies that the joint
angle and thus the length of the musculo-tendon unit continually changbas asuscle
contracts and relaxes. The phrase general non-isometric exlitatt the leg is free to move
solely in response to muscle forces. Although many models of non-isomen-fatiguing
contractions [6-8] and isometric fatiguing contractions [9-14] haea bleveloped, only two
models of non-isometric fatiguing contractions in humans appear ihtehegure [15,16].
The model by Marion and colleagues [16] is the only one that hers &eperimentally
validated to predict non-isometric fatigue in response to electrical stiomulat

In our previous study [16] we were interested in predicting non-isanfatigue when the

tension per activated motor unit was increased through the appilicdtiexternal loads. A
similar situation may occur, for instance, in the spinal cordréa population when the
relative resistive torque at the knee as compared to the numbztivated motor units in the
guadriceps increases as atrophy progresses. We are nowtéataregetermining whether
our non-isometric fatigue model can predict angular excursion, angelocity, and joint

torque due to stimulation of the quadriceps muscles at different gulagons. This interest
stems from the following reasons: 1) previous studies suggestottgate output can be
predictably controlled and fatigue minimized by simultaneouslyrobhimg stimulation pulse

duration and frequency during repetitive electrical stimulatiorlfd]7 2) others have shown
the effect of pulse frequency on isometric fatigue and sugestfitequency should be
minimized [20,21], 3) our isometric force-fatigue model accountpidse frequency and
pattern [10,20], but neither the isometric nor the non-isometric fatagiE model account
for pulse duration, 4) studies suggest that relative isometrguéiicompared to the initial
torque) does not change with pulse duration [4,21], therefore pulse duratidre ¢ncreased



to maintain torque, and 5) the relationship between pulse duration andomoetiic fatigue
has not been reported, therefore it is unknown whether pulse duration cardased to
maintain torque and/or excursion. Because the overall objectiveidéa@anFES pulse train is
to obtain the desired force and motion while minimizing fatiguatigude model that takes
pulse duration into account is required.

The objectives of this study were to: 1) further develop our motiélES non-isometric
fatigue to take into account pulse duration, while simultaneouslymzing the number of
parameter identification sessions with subjects by minimizing number of model
parameters, 2) experimentally validate the model at differesemlurations, and 3) present
outcome measures, such as predicted angular excursion, angularyy@adaaittorque, and
power (torque (N-m) x angular velocity (rad/s)) due to stimulation, that caarbpared over
time for different independent variables. For consistency with awiqus study, we chose
general non-isometric leg extensions to further develop our modemfsometric muscle
fatigue. For reference, the term leg is defined as tlwioseof the lower limb between the
knee and ankle.

Methods

Mathematical model

The force-motion-fatigue model developed by Ding and colleagues [7,M0ds6sed for
this study (see Table 1 for definitions of symbols). The forceanatiodel [7,16] describes
muscle activation, contraction dynamics, the force-angle oaktiip, and the force-angular
velocity relationship. The input is the time the pulses are delivered, and theisuhmutorce
(F) at the ankle predicted for each time point (see Appendix).

Table 1 Definition of symbols and acronyms

Term Unit Definition

Ags N/ms Scaling factor reflecting magnitude of force at 90°

a ded Defines parabolic shape of ankle force - knee angle relationship

on  ms? Force scaling factor in fatigue model for force-motion model pararAeter
okm MS'NT  Force scaling factor in fatigue model for force-motion model pararkgter
VR Force scaling factor in fatigue model for force-motion model parameter
b deg' Defines parabolic shape of ankle force-knee angle relationship

B ms'deg' Angular velocity x force scaling factor in fatigue model for force-owtnodel
parameter A

Bxm ded'™N™ Angular velocity x force scaling factor in fatigue model for forceiamomodel
parameter k

B+ msdeg Angular velocity x force scaling factor in fatigue model for force-omtnodel

INT parametet;
CFT - Constant frequency train
Cv - Normalized concentration of €aroponin complex
F N Instantaneous force near the ankle due to stimulation
Foac N Load applied at ankle during general non-isometric leg extensions
Fv N Represents the resistance to knee extension due to the weight ofehd &bother
passive resistance about the knee joint
TTI N-s Torque Time Integral
I kg-m?*  Net mass moment of inertia of the leg plus the applied load




Kn - Similar to Michaelis-Menten constant. Affinity of actin strdrgding site for

myosin

L m Effective moment arm from knee joint center of rotation to resuftace vector ne:
ankle

A deg 90° minus the knee flexion angle of the resting non-isometric leg

n - Number of stimuli in train before time t

Ry - Characterizes the magnitude of enhancement;iindth the following stimuli

R - Accounts for differences in activation for each pulse relatiigdt pulse of train

SCl - Spinal Cord Injury

t; ms Time of the" stimulation

T ms Time constant of force decline in the absence of strongly bound crosssbridg

() ms Time constant of force decline due to actin-myosin friction in 4nodges

Te ms Time constant controlling the rise and decayyof C

Tt MS Time constant for force-motion model parameters A, &dr; during fatigue

0 deg Knee flexion angle, where full extension was 0°

V:; N/ded Scaling factor in the term G
V, deg Constant

VFT - Variable frequency train

dc 1 t—t; c

2 = 7 Zic Riexp (_T)_T_IZ @y
1 i=1

Ri={1 4 Ry — Dexp (— —t"_TtCi‘l) i>1 (1a)

dF Cn F

—=|G+A — 2

dt [ + ]Km+CN T1+T21{.”fTNC1V ( )

A= Agy(a(90 — 6)%> +b(90 —0) + 1) (2a)

G = V10exp(—V20)Z—(: (2b)

d?e L

Tz 7 [(Fioaqa + Fm)cos(0 + 1) — F] )

Equation 1 models the rate-limiting step that leads to the faymaif strongly bound
crossbridges, and it represents the activation dynamics. Equatiescébes the generation
of the instantaneous forc&)( near the ankle due to stimulation. It was derived from a
Maxwell model of linear viscoelasticity in series with a arof22]. The termsA and G
represent the torque-angle [23] and torque-angular velocity [@jaeships, respectively. A
torque-pulse duration relationship has not been derived yet for thies-rfostion model of
non-isometric leg extensions. To meet the overall objective of thentwtudy, to predict the
effect of a range of pulse durations on muscle fatigue, thialiméon-fatigue torque was
measured at the pulse duration of interest just prior to theiéatest. The Michaelis-Menten
term, C\/(Km, + Cy), scaled byA and G, drives the development of force. The last term in
Equation (2) accounts for the force decay over two time constands\d 7. Equation 3
models the dynamics of the leg distal to the knee. The fgrmepresents the resistance to
knee extension due to the weight of the leg and all other passistames about the knee
joint, wheread-|qq is the load applied at the ankle (e.g. 4.54 kg; see Appendix}elhe is
added to the angle at the knee to ensure that angular acceleratioo & the beginning of
stimulation. Often the resting knee angle is not exactly/Q8°the difference.

The fatigue model [10,16] monitors changes in the three force-motion per@deneters that
change with fatigueAg, Ky andz;. For each time step the input is instantaneous force
(Equation 2) and angular velocity (from angular acceleration inttequad) from the force-



motion model (once all force and fatigue model parameters have been idefuifigd) time
step. The output is th&y, Ky, andz; to be used in the force-motion model at the next time
step

dAgg _  Ago—Agoy dae

dc Tfat + (aA +Ba dt) F (4)
Kin = K1 + Ko . (5)
del _ _Kml_Kml,O d_

dt Trar + (aKm + IBKm dt) F (6)
dKpm
— = —agpF (7)
dr; _  T1—Typ dae

dat Tfat + (aTl + B, dt) F (8)

The time constangy; characterizes the rate of change of paraméigr«a, andz; from the
pre-fatigue valuesAgo o, Km0, andzig) to that in a steady state of fatigue. All of these terms
have been reported previously [10,16,24] and the same procedures were useddeeatdy

the values.

Parameter identification

The force-motion-fatigue model contains a total of nineteen parsn&&ameter®, andz.
were held constant at 2 (unitless) [10] and 20 ms [20], respsgc(set citations for results
showing the derivation of these values). Fourteen of the remaparagmetersi\p, a, b, Kn,
71, T2, V1, Vo, L/l, andFy, from the force-motion model angh, oxm, 0.1, andzy from the
fatigue model, required identification to both develop and valideenrtodel, as well as to
generate predictions. These parameters were identified fgnextension measurements,
first from the development then from the validation groups of subjsets Experimental
Procedures and Figures 1 and 2). The remaining fatigue model pas@etéqm, andp.,
were initially identified from measurements and only from thestieoment subjects. Model
parameters were identified through minimization of the sum ofrequerror between the
measured and modeled values via a Particle Swarm Optiamzatorithm [25] followed by
a nonlinear least-squares algorithm (MatLab®) [26]. Optimizatisese repeated several
times to confirm that solutions had converged to the “global” minimum.

Figure 1 Flow chart of the testing protocol and the model parameters identifieffom
each test The train duty cycle for the general non-isometric contractions variegulse
duration (PD; see results). Parametewras identified separately using the force at the end of
each contraction. Parametarandb were identified by fitting parametérpredicted by
Equation (2a) to parametArfrom Equation (2) for all four knee angles. Fittiég, K, and

71 predicted by the fatigue modelAgy, Ki, andz; from the force model for the isometric
pre-fatigue and isometric fatiguing contractions identified the fatigogel parameterg,,

okm, 01, @andzey (Equations 4-8). Initially, paramet@s (Equation 8) was identified by fitting
model predicted angles and angular velocities to the measurements collddted24t0, and
600us during the fatiguing leg extensions. An equatiorgfp(Equation 9) was then derived
from correlations with the parameters in the model.

Figure 2 Block diagram demonstrating parameter identification (A) and predicton of
fatigue (B) using the force-motion (Force) and fatigue model®uring parameter
identification @) force-motion model parameters (muscle parameters) were identified by
fitting the modeled forces, angles, and angular velocities to the measw@wolétdted prior



to and during the fatiguing protocol in response to the 50CFT and 12.5VFT trains. The
fatigue model parameters were identified by fitting the param@gerk, andz; (3 of the 15
muscle parameters) derived from the force-motion model to the parakgtéds, andr;
predicted by the fatigue model. During model validat®)) the force and velocity predicted
by the force-motion model enter the fatigue model at a given time step.tifue faodel
predicts the parametefso, K, andr; to be used by the force-motion model for the next time
step. Upon completion of all time steps the predicted fatigue is compared to theadeas
fatigue to validate the model.

Preliminary results showed that for many subjects none of tke fthparameters were
needed for accurate predictions of the measured angles andravejatities. After careful
examination of the subjects that requiygdwe discovered that onlg,; was necessary to
predict fatigue in those subjects. Thus, althogighndpkm were employed in previous work
[16], we postulated that, andfkm were not necessary for modeling non-isometric fatigue;
we explored this hypothesis as described in the Results.

Experimental procedures
Equipment and participant setup

Twenty-five healthy subjects, 14 men and 11 women (ages 21-48), with oy loictower
extremity orthopedic problems voluntarily participated in this stadg signed informed
consent agreements. This study was approved by the Univefsi§alifornia Human
Subjects Review Board. Data from 5 men and 5 women (ages 19-25) from tlepstudy
on predicting fatigue at different loads [16] were also analyzed to furthdateathe model.

The experimental setup was similar to that described previol8|27] (Figure 1). Subjects

were seated in a backward-inclined (15° from vertical) chairnoéxercise dynamometer
(System 2, Biodex Medical Systems, Inc., Shirley, New Yorkke Trunk, hips, and thigh

were strapped to the chair, thus fixing the hip angle and limiiggnovement. The ankle

was strapped to the lever arm of the dynamometer for the isoraetl isovelocity tests. The

axis of rotation of the knee joint was aligned with the axiot#tion of the dynamometer. A
custom built electrogoniometer with two potentiometers, one positiondte dtip and the

other at the knee axis of rotation, was strapped to the lower hohibrank to measure joint
angles. Customized software (LabView 8.0, National Instruments Gaiqor Austin, TX)
collected the digitized voltage signals at 300 Hz from the dgnaeter torque transducer and

the electrogoniometer. Two 7.5 cm x 12.5 cm self-adhesive stimylatectrodes (WF35

from www.tensproducts.com) were placed on the skin of the right thighat the proximal

and the other at the distal end of the quadriceps muscles. Theoaddegmsitions were
adjusted until both a maximum amplitude and a constant shape of thetiorqueirve were
achieved at 4 different knee angles, 90°, 65°, 40° and 20° (where full extension was 0°) and at
3 of the 5 pulse durations to be tested (min, mid, and max) and until the amount of non-planar
movement of the leg during general non-isometric leg extensiassminimized. In some
subjects this resulted in the anode being positioned proximal to the cathode.

Customized software controlled the rate that monophasic pulsesdelerered by the Grass
S48 stimulator (Grass Technologies, Astro-Med, Inc. Product Grougt Warwick, RI) to
the electrodes. A constant-voltage transcutaneous system adsouminimize the risk of
high current densities that can occur with constant-current systestectrode contact with
the skin is reduced. Others, also studying pulse duration, have usedaa system [4,28].



Stimulus efficacy may have changed with increasing musmiéraction during delivery of
the train because the tissues under the skin can move relative &ettrodes as the leg
extends and because the current was not held constant, i.e. maximulat®n of excitable
tissue frequently occurs at the beginning of the pulse when cusrenaximum [29,30].
Stimulus efficacy also may have changed over time during dglferepetitive fatiguing
trains of pulses because of sweating, which reduces skin impedance, and becausased
blood flow due to increased tissue temperature [31]. However, the pararfae the force-
motion-fatigue model are identified from experimental measuresmieatn each subject,
therefore the model can and does account for each subject's masplense to the
stimulation system used for the measurements. An attached SitisBdlus isolation unit
(Grass Technologies) isolated the electrodes from ground, prowvpleajer safety to the
subject.

Testing sessions — general information common to IAksts

Each subject participated in 4 to 6 testing sessions. Thirteerctsubjere used for model
development; the remaining 12 for model validation. Subjects were askedrdin from
strenuous exercise 24 hours prior to each testing session. Sucsessioas were separated
by at least 48 hours to allow the muscles to recover and agdintlyee maximum torque
measured by the dynamometer prior to fatigue. Prior to, witiencbnsent to participate
form, and during the testing sessions, participants were askethxotheir legs so that the
stimulation trains could be applied to relaxed quadriceps femarseles. The consent form
states that the sessions may have to be repeated if theyabke to fully relax their leg.
Torque and knee angle were monitored in real-time during the Téstdraces for each had
consistent shapes appearing at timed intervals (during elecsticalilation). Volitional
activation could be detected easily as alterations to the riglulaiformity of the traces.
Additionally, volitional activation during general non-isometric contoadi prevents or
alters the pendulum motion of the leg that occurs immediatedy #fe leg drops to the
resting position after cessation of a stimulation train. Iré&ad-time traces on the plots or the
pendulum motion of the leg looked unusual the test was stopped and the walsjeently
reminded to relax.

The stimulation amplitude was set to produce maximum excursitire dfeely swinging leg

for both the minimum and maximum pulse durations while a 4.54 kg loadtvagped to the
ankle. This load was applied during all general non-isometric tBstspounds or 4.54 kg
was chosen for two reasons: 1) because it was used in previous studexelop the force-
motion model used in the current study and to identify its parasngtd 6] and 2) because
our previous study [16] and pilot measurements suggested this load wouldleprovi
measureable declines in force for the desired range of pulstodarduring the fatiguing
contractions. The stimulation amplitude was set at the voltagettatided the leg to ~15°
with two 50 Hz trains, one with 60@s pulses, trains no shorter than 0.2 seconds, and the
other with 17Qus pulses, trains no longer than 0.8 seconds. This assured a maximgenofra
motion for every subject at all pulse durations, and thus a maximuoge @ fatigue for
model development. When using a Grass stimulator quadriceps force &y@sreteady state
near a pulse duration of 6Q@ [4,32], therefore 60Qs was selected as the maximum pulse
duration. The minimum train duration was set at 0.2 seconds so thastatwo pulses would
be delivered at the lowest frequency tested. Pulse durations ghartek7Qus were not used
because the target excursion could not be reached at shorter dupgtiahsubjects at the
maximum pulse amplitude that was limited by the 0.2 second ©tkiB00 us pulses.
Increasing the train duration longer than 0.8 seconds withud fulses did not increase the



excursion of the leg. The pulse amplitude depended on the subject, ramgm8drto 83
volts.

Both constant (CFT) and variable (VFT) frequency trains, contaieguglly spaced singlet
pulses or an initial doublet (5 ms between pulses within the doubliEt)véd by equally
spaced singlet pulses, respectively, were applied. Previous dtL@dfigsmve shown these two
types of trains to be effective for identifying the model patarsein particular 50CFT-
12.5VFT pairs, where 50 and 12.5 refer to the frequency (Hz) of thietspgses. At the
beginning of every test, the quadriceps were held isometidc simulated with twelve
14CFTs (14 Hz pulse frequency), with 0.8 second train durations and 5 sdmingen
trains, to potentiate the muscle [23]. Twitch responses initiatiyease during repeated low-
frequency stimulation (staircase phenomenon or twitch potentiatioeh)after a tetanic
contraction (post-tetanic potentiation) [33]. The mechanism of fanbareement may be
related to phosphorylation of myosin light chains and increasgds€asitivity [34].

Isometric tests

Non-fatigue isometric

ParametershAgy, Km, 71, 72, a, and b were identified from the non-fatiguing isometric
contractions from one testing session. Torque in response to twopé&esting trains (2 x
50CFT-12.5VFT pair) was measured at each of 4 knee angles (15°, 40°, 65Ph8@Nder
of the angles varied from session to session and subjeabjiecs The pulse duration was
600 us, train duration was 1 second, and the rest between trains watfsséekhe muscles
rested 4 minutes between angles, which was sufficient bedsudaty cycle and the number
of trains delivered were too low to fatigue the muscles [10].sMeal forces were compared
to modeled forces for initial identification @&y, Km, 71, andz,. ParameteA identified from
the force-motion model (Equation 2) and param@étgredicted by the parabolic equation
were compared to identifyandb (Equation 2a).

Fatiguing isometric

Parametersa, oxm, @1, andzi,: Were identified from the fatiguing isometric contractions from
one testing session. One fatiguing stimulation protocol was appliexupgect, at the end of
a randomly selected testing session. The knee angle was 90° gmdstheuration was 600
us. Fifteen pairs of testing (50CFT-12.5VFT) and 195 fatiguing [33CRTHz)] trains, a
total of 225 trains were applied as follows: 1 pair of testinggréollowed by 13 fatiguing
trains and then repeating the 15 trains 15 times. All train idnsatvere 1 second. The
50CFT and 12.5VFT in the first pair were each followed by a 10 seeshdAll remaining
inter-train rests were 1 second. The 33CFT and this duty cycle etmsen because both
have been proven effective to fatigue the quadriceps within 10 mimdtesminimal
discomfort to the participants [10]. The 50CFT-12.5VFT pairs, applieer a&very 13
fatiguing trains, generated the forces used for identificatfothe isometric fatigue model
parameters [10]. The 15 setsAbh, K, andz; parameters, derived by minimizing the error
between the forces measured for each pair of testing taohghe forces predicted by the
force-motion model (Equation 2), were compared to the 15 séig,d{, andr; parameters
predicted by the fatigue model (Equations 4-8) to idenkifyim, 0.1, andzy (Figure 2).



Non-isometric tests

Non-fatigue Non-isometric

Identification of the parametekg andV, in Equation 2b required isovelocity measurements
from one testing session during which the exercise dynamomegsrdex the leg in passive
mode. A previous study showed that force-motion model predictions wene acourate
when parameterg; andV, were identified at 200°/second rather than 125°second or slower
velocities [8]. Therefore, the dynamometer in the current sty set to 150°second, its
maximum velocity in passive mode, and the leg was moved from ~140°To obtain only
the force due to stimulatiof, it was necessary to collect measurements from leg estensi
without and with stimulation [8] as the dynamometer extended thigdeg85° to 20°. This
range of motion excluded the acceleration and decelerationatadlss within the general
non-isometric range of motion of the leg. Four trains were appdiee per leg extension, two
50CFT-12.5VFT pairs with pulse durations of 6@ and a 10 second rest between each
train. Measured forces were compared to the modeled forces (Equationd®nfidfrdation of

Vi, ande.

Identification of parameterk/l and Fy (Equation 3) required general non-isometric non-
fatiguing measurements immediately before every non-isonfatiguing session. The leg
was released from the dynamometer, a 4.54 kg load was strappged daokie, and the leg
swung freely. Potentiation trains were applied to the free swingingiegdiately before the
general non-isometric measurements. Two pairs of testingg tfaix 50CFT-12.5VFT), each
followed by a 10 second rest, were applied to the free swingg)grhmediately prior to the
fatiguing trains in the fatigue protocol. The train duration wadcséhe time needed for the
leg with attached 4.54 kg load to extend to 10-15° while the thigh \vaslated with a
50CFT at the pulse duration of interest. Measured and modeled anglaagular velocities
were compared for every non-isometric session to identify nottbalyalues fot/l andFy
(Equation 3), but also to identify the initial, non-fatigue force-motion model pagesy; o,
Kmo, and z1o, for the fatigue model (Equations 4-8), thereby adjusting for clayy
variability.

Five pulse durations were tested: 170, 200, 250, 400, andu§00ne per testing day.
Previous studies [4,32] measured the greatest changes in force atyratsmns between 100

us and 25Qus, at frequencies used in the current study. The minimum pulse duratios
current study was set to 178 because shorter pulse durations frequently did not produce
sufficient excursion of the leg at the amplitude set for the sulgs described above). The
next higher pulse duration was set to 280because the greatest changes in peak force
occurred at the lowest pulse durations. This small increase & guiiation produced at least

a 5% increase in peak force, as was observed in the previous siitkeaverage train
durations were 0.64, 0.51, 0.36, 0.29, and 0.24 seconds for the pulse durations: 170, 200, 250,
400, and 60Q@s, respectively. The train duration for a given pulse durationhefasconstant

for all pulse frequencies.

Fatiguing Non-isometric

Five general non-isometric fatiguing stimulation protocols wereiegpper subject, one per
testing day, immediately following the non-fatigue protocol (FigureAk) with the non-
isometric non-fatiguing tests, the leg swung freely with a &dh4bad strapped to the ankle
and the same five pulse durations were tested: 170, 200, 250, 400, apmsl A80with the



isometric fatiguing protocol fifteen pairs of testing (50CFT-1Z3%Y and 195 fatiguing
[33CFT (33 Hz)] trains, a total of 225 trains were applied. The 50&#T12.5VFT in the
first pair were each followed by a 10 second rest and were oais@tehtification of the initial
parametersAgo, Km0 andzo, for the fatigue model (Equations 4-8) as was stated in the
non-fatiguing non-isometric section. All remaining inter-train resé&e 1.2 seconds, the
minimum time required for the leg to return to the resting posi@?¥ to 90°) and to
manually stop the oscillations with one’s hands. The train duratioaimenh constant during
each fatigue protocol, that is, all 225 trains for a specificepdigation test had the same
train duration.

Parametersfa and fxm were removed from the fatigue model and an equationgfor
(Equation 8) was derived during model development from correlatianeée the fitteghs,,
and other force-motion-fatigue model parameters (Objective &glidtions for some subjects
improved when all threg parameters were set to 0. Therefore, valueg{ofxm, andpfa
were estimated separately through optimizations where p@dictrom the fatigue model,
containing just ones per optimization, eithepa, fkm Or B, were fit to the fatigue
measurements to determine if one or m@rparameters could be eliminated. Preliminary
results suggested th@{ andfxm could be removed from the fatigue model. The remaifing
was initially identified by optimizing the fit between thaigae model values and the angle
and angular velocity fatigue measurements for the 170, 200, angsgfdse duration tests.
This fittedf,1 was used in the correlations to derive an equatiofi,for

Prediction of outcome measures —experimental datadm both the current
and previous study

Predicted angular excursion, joint torque due to stimulation, angulacitye and power
(torque (N-m) x angular velocity (rad/s)) were compared ovee tand under different pulse
duration and load conditions. Two pulse durations from the current study andaitis from

our previous study [16] were used for the comparisons. From the preuvioys4ss4 kg and
9.08 kg were chosen. The 4.54 kg was selected because this was theecliment study for

all pulse durations and the 9.08 kg was selected because this waspéndimit. From the
current study, the pulse durations @0 and 170us were chosen because these were the
lower and upper limits tested. A higher pulse amplitude was required in thetaiugy than

in the previous study to extend the leg to ~15° at the lowest pulse duratiqrs. 170

Statistical analysis

To validate the model, the predictive accuracy of the model wasntieed by analysis of
the linear regression coefficient of determinatidn Qbjective 2). For each subject and each
pulse duration in the current study (170, 200, 250, 400, andi$06r applied load in the
previous study [16] (0, 1.82, 4.54, 6.36, and 9.08 kg), the dependent variable was the
predicted, and the independent variable was the measured, angulaioexaur angular
velocity. Both a fixed slope of unity and a y-intercept of zero wesed. Ideally, if the
predictive accuracy of the model were 100%, then the linear sigme§ would be unity.
Differences in the subject-averagédralues between the different pulse durations or applied
loads, both for angular velocity and excursion were determined uspepted measures
ANOVAs followed by Tukey post hoc tests. A two-factor test was used for the sutgsted

in the current study where the independent variables were pulseodyfatD, 200, 250, 400,
and 600us, non-isometric and isometric) and type of subject (development addtial). A
one-factor test was used for the subjects tested in the previmysvetere the independent



variable was load (0, 1.82, 4.54, 6.36, and 9.08 kg). In all cases the depencdii¢ veais
the F-value.

To present outcome predictions (Objective 3), differences in prddastgular excursion,
torque time integral (TTI), joint torque at maximum power, anguéocity at maximum
power, and maximum power due to stimulation of the quadriceps wemniteéd using two-
factor repeated measures ANOVAs followed by Tukey post hoc. t€bts independent
variables for the two-factor ANOVAs were pulse duration (170, 200, 250, 4806@0us;
measured in the current study) or load (0, 1.82, 4.54, 6.36, and 9.08 kg; measined in t
previous study [16]) and contraction number (the first 33CFT and thagevef the last
seven 33CFTs). The 33 Hz train was chosen because it was uséigue the muscle and
was the middle frequency train, between the 50 Hz and 12.5 Hz {fhiedast seven trains
were averaged because the torque-time and angle-time cypreslly varied more at the
end of the fatigue protocol than at the beginning. Additionally, at thmiieg of the fatigue
protocol there was a 10 second rest just prior to the first 33CR&reas only 1.2 seconds
separated the remaining trains in the fatigue protocol. The shegertime resulted in
somewhat increased variability in the starting position and vglbefiore each contraction.
Because the fatigue curve was at steady state whdasthset of 33CFTs was applied, the
average of the last half of that set adequately representelhsihérain. The dependent
variables were predicted angular excursion, TTI, joint torque aatimum power, angular
velocity at maximum power, and maximum power, all due to stimulafioa.predicted joint
torque was computed by multiplying the force predicted by dheefmotion-fatigue model
by the moment arm (L) from the knee joint center of rotation tad¢imer of the load applied
just proximal to the ankle. In all cases p < 0.05 was considered significant.

Results

Modifications to the fatigue model (objective 1)

Complete data sets were collected on 25 subjects. Prelimiegrgssion analyses of
predictions of fatigue using the force-motion-fatigue model frompttexious study [16],
which used equations fdi, fxm, andp from the fatigue model (Equations 4-8), showed
that although this model accounted for most of the variance insubgcts, predictions for
some subjects improved when all thfeparameters were set to 0 (not shown). Preliminary
results suggested that inclusion of paramgtealone, withoupa or fkm, in the fatigue model
could account for fatigue in all the subjects. Angular velocity pligtl by s,; (Equation 8)
reduced the impact of fatigue model parameteon the force relaxation time constamnt
Parameten,; accounts for the increaseinthat occurs during isometric fatigue, but in some
subjects, parameter changed less during non-isometric fatigue than during isomeigodat
(Figure 3 shows an extreme case). Applying this new fatigugehto measurements from
our previous study [16] confirmed thét andSkm were not needed in the fatigue model to
predict non-isometric fatigue.

Figure 3 Effects of fatigue model parameters,; and #,1 on isometric and non-isometric
contractions in one subject whergs,; was higher than average(A) Addition of 5,1(do/dt)

to a,; in Equation 8 brings force relaxation time constantsloser to pre-fatigue value (top),
resulting in non-isometric predictions with a faster rate of fatigue (battbinm solid black
lines are measured values, just prior to (80°) and at end of exterBidiar(isometric
contractions, removal af,; in Equation 8 keeps constant at pre-fatigue value, resulting in
isometric predictions with a faster rate of fatigue (FTI =forcetimtegral). C) A single



isometric contraction shows that wheais included in isometric Equation 8, progressively
slower twitch relaxation times increase the force of contractidnSingle non-isometric
contractions show that addition £f(do/dt) to Equation 8 partially negates the effect.f

In A. and B. pairs of 50CFT and 12.5VFT testing trains were followed by 13x33CFT
fatiguing trains. Contractions in C. and D. occurred at 0.7 min (dashed line) and 2.3 min
(solid line). Non-isometric: 4.54 kg load, 2p8 pulse duration. Isometric: 6@8 pulse
duration. Initial force-motion model parametetg; = 2.10 N/msK,, = 3.52e-017; = 36.1
ms,7, = 52.1 msz. = 20 msRy = 2,a = —4.49e-004 dég b = 3.44e-02 def V, = 3.71e-01
N/ded, V. = 2.29e-02 degj L/I = 9.85 kg'm™, Fyy = 247.5 N. Fatigue model parametets:

= 99.4 sp, = ~4.03e-07 m§, oxm = —1.36€-08 M, a1 = 2.93e-05 N, 8,1 = 8.54e-04 ms
deg N™.

The parametef,; could be expressed as a function of parameters in the non-isofoetec
and isometric fatigue models. This is shown in Equation 9:

1.6 0.5 3.5 1.3 0.9
Agp,0XFy” XT1 0,150 XA77 XT gt

V10.4 b (9)

B., = 8.5x107 11 x

whereAg o, Fm, andV; are non-fatigue force-motion model parameter values fromahefd
the non-isometric fatigue session of interestis is the non-fatigue force-motion model
parameter value from the isometric fatigue session, @ndand 5 are fatigue model
parameter values from the isometric fatigue session. Thei@gdat 5,; (Equation 9) in the
current study is different from the equation in the previous stugygiion 8a) (11) because
in the previous study thrgeparametersia, fxm, andg.1, were used in the fatigue model. All
three were identified simultaneously when fitting the fatignedel (Equations 4-8)
predictions to the fatigue measurements to obtain the fittedlues used in the correlations
to derive the equations f@r In the current study only orfeparameterf,; (Equation 8), was
used and identified when fitting the fatigue model predictioneg¢arteasurements, therefore
the fittedf,; in the current study was different from that in the previous stBdgauses.;
could be estimated from equation 9, non-isometric fatigue measurewenetsiot needed to
predict non-isometric fatigue.

Predictions of fatigue validated the model (objectie 2)

Both measured and predicted angular velocity and excursion shbeepteatest fatigue at
the highest load, shortest pulse duration, and longest train duratgang(M, Objective 2).
Train duration was a confounding factor, but was consistent acrossthdibs. Predicted
velocity- and excursion-time curves were within one standard daviafimeasured curves,
with the exception of the first 1.5 minutes of the 0 kg load tests (Figure 4 B, D).

Figure 4 Measured (Ms) and predicted (Pr) pulse duration (A.,C.) and load (B.,D.)
dependent reduction in relative angular velocity (A. and B.+SD) and excuien (C.zSD

and D.) during fatiguing contractions. Angular excursion is defined as the difference
between the initial and final knee angle of a leg extension. The 33CFT contrabbems s

are normalized to the first contraction. Measurements for B. and D. weretedlie our

previous study [16]. Predictions are within one standard deviation of measuremdnteewit
exception of the first 1.5 minutes of the 0 kg load. In A. and C. applied load is 4.54 kg and
average train durations in A., from shortest to longest pulse duration, are 0.64, 0.51, 0.36,
0.29, and 0.24 seconds. In B. and D. pulse duration in$@0d average train durations in

D., from highest load to lowest load, are: 0.89, 0.54, 0.51, 0.32, 0.19 seconds. Maintaining a



constant excursion necessitated changing the train duration. Only 2 loads and ptisesdur
are shown in B. and C., respectively, so that the standard deviations could be shown.

Comparison of predictions to measurements through linear regressigeeangrigure 5)
indicated that the new non-isometric force-motion-fatigue modslated for between 66%
and 77% of the variability in non-isometric fatigue for differentichlly relevant pulse
durations (170, 200, 250, 400, or 6Q0€) with 4.54 kg applied to the ankle (Figure 6A).
Predictions of measurements from our previous study [16] indicateththaew model also
explained between 67% and 81% of the variability in non-isometngutatfor different
applied loads (0, 1.82, 4.54, 6.36, or 9.08 kg) when stimulating withu$Q@iulses (Figure
6B). Recall that the model development measurements weretedllenly in the current
study and only at 170, 200, and 6@ All other measurements were used only for model
validation. The predictions for the isometric measurements excdéded for the non-
isometric measurements (0.0001<p< 0.0189, Figure 6B), accounting for >85%e of t
variability in isometric fatigue.

Figure 5 Predicted (Pr) vs. measured (Ms) angular excursion from one subjeabrfthe
600pus and 170us pulse durations Applied load was 4.54 kg. Pairs of 50CFT and 12.5VFT
testing trains were followed by 13 x 33CFT fatiguing trains (15 sets of 15 coonsaftir a
total of 225 contractions). Row 2 is the linear regression analysis. Both a fixed stopgy of
and y-intercept of O were used, because this is the ideal relationship betweeremeas
and prediction. Initial force-motion model parameters for they®&nd 17Qus pulse
durations, respectively, werByp = 1.11 and 1.69 N/m&, = 2.75e-01 and 3.60e-0d4,=
57.9 and 31.5 ms, = 59.8 msz. = 20 msRy = 2,a = —3.27e-04 def b = 4.21e-02 de§ V,
= 1.56 N/de§ V- = 4.98e-02 defj L/I = 22.2 and 5.86 kim™*, Fyy = 86.3 and 254.7 N.
Fatigue model parameters werg: = 95.4 spa = —4.02e-07 m§, axm = —7.34e-08 m&N 7,

0.1 = 4.17e-05 N, B, = 4.60e-05 and 1.53e-04 ms daly.

Figure 6 Average linear regression coefficients of determination {r + 95% confidence
limit) for predicted versus measured angular excursion and velocity of atontractions
(50CFT, 12.5VFT and 33CFT) The non-isometric force-motion-fatigue model accounted
for 66-81% of the variability in fatigue during general non-isometric légnesions.

Isometric force-time integral at 90° (iso) is shown for comparison. In A. n ofogirgy= 13
model development subjects (note that only 170, 200, and$@@re used for model
development) and n of black bars = 12 model validation subjects. Applied load was 4.54 kg.
In B. n = 10 model validation subjects (pulse duration =1&)0y, - compared to 0 kg
(0.00Kp<0.05);y - compared to all 5 pulse durations (0.08§04 0.02). Because the greatest
potentiation occurred during the 0 kg load tests and because the force-motionfetdplie
does not include a term for potentiation, predicted excursions and velocities waréhianve
the measured values for 0 kg.

Outcome measures that can be predicted and comparédbjective 3)

Torque at the knee due to stimulation of the quadriceps cannot beretkdsectly during
general non-isometric leg extensions because the leg is achedtto any device that might
resist its natural motion. However, this torque can be predicted rbipme-motion-fatigue
model. In this way, angular excursion, joint torque, angular veloaity, power due to
stimulation can be compared over time and under different conditions (Figure 7j\@lggc
The predicted dependent variables showed significant fatiguerdcbah number as the
independent variable) at both loads and both pulse durations. With appliedr|padse



duration as the independent variable, differences between the twedalmgids or two pulse
durations were not always significant. The predicted initial mari power was not
significantly different between the two loads or between the twleepdurations. The
predicted angular velocity at maximum power was significalegg at the highest load and
lowest pulse duration, while the predicted initial joint torque at mam power was
significantly greater at the highest load and lowest pulsatidar The initial angular
excursion at 17@s pulse duration was significantly less than at g@QFigure 7A). Keep in
mind that the train duration was set such that the 50CFT, not mgbeske 33CFT,
produced the maximum excursion at each pulse duration or load.

Figure 7 Predicted angular excursion, torque time integral (TTI), joint torque at
maximum power, angular velocity at maximum power, and maximum power, all due to
stimulation (mean £ SD; n = 25 (A) and 10 (B) subjects; 33CFTNote that initial
maximum power was not significantly different between the two loads or hetiveéwo
pulse durations, but velocity was lowest at the highest load and shortest pulse duration.
Isometric TTI (iso; 90°) is shown for comparison. Gray bars = first 33CFT; blask=bar
average of last half of last set of 33CFTs. Average train durations frs6Q@0us, 4.5 kg,
9.1 kg, and isometric (60 pulse duration) were: 0.24, 0.64, 0.51, 0.89, and 1.00 seconds,
respectivelye — compared to first contraction (p<0.000{);— compared to 4.5 kg and 9.1
kg (0.000% p<0.02), or to 60Qs and 17Qs (p<0.0001)yo — compared to 4.5 kg (0.0091
p< 0.03) or to 60Qs (0.000% p< 0.02).

Discussion

The key findings in the current study were that

(a) pulse duration was not explicitly needed in the fatigue model; itsetiedatigue were
captured by its effects on force,

(b) two of thregs parameters could be eliminated from our previous fatigue model without
loss of predictive value with current and previous data sets,

(c) the remaining parameter is expressed completely as a function of values already
measured, so, effectively, no additional parameters were added to the fatigue model

(d) the new force-motion-fatigue model accounted for 66-77% and 67-81% of the variability
in the non-isometric measurements from the current and previous study, respeatie

(e) the model can be used to compare the power, angular velocity, angulaioexeuns
joint torque due to stimulation produced during fatiguing non-isometric contractions under
different testing conditions.

The fatigue model was simplified by eliminating the paramsg#t, andS«m from the fatigue
model and generating a new equation Agr(Equation 9) as a function of existing force-
motion-fatigue model parameters. Becafigewas multiplied by negative angular velocity,
the .1 term reduced the effect af;, bringingz; closer to its pre-fatigue value (Figure 3). In
some subjects the difference between the pre-fatigue and fatigale relaxation times was
minimal during non-isometric contractions. For some subjects, thehtwelaxation time
during non-isometric fatiguing contractions was less than dursagnetric fatiguing
contractions.

Non-isometric fatigue measurements were not needed to premheisometric fatigue. In
total, all but 5 parameterd\g, Ky, 71, L/l andFy), from both the force and fatigue models
were identified from measurements collected during one tesesgion. The remaining 5



parameters were identified from pre-fatigue general non-is@mdeg extension
measurements from each non-isometric fatigue testing session.

The predictive ability of our new non-isometric force-motion-fatiguedel (0.66 <=7 <=
0.77 for pulse duration and 0.67 <=<= 0.81 for applied load) tended to be higher than that
of our previous non-isometric force-motion-fatigue model (0.56<<r0.76 for applied load)
[16], though lower than that of our isometrié §0.85) force-fatigue model (Figure 6). The
predictions in the current study for the measurements collecteé previous non-isometric
modeling study [16] tended to be more accurate than those in the pretdyshecause 1)
the baseline angle or velocity for every stimulation train (eation) delivered during the
fatigue protocol on a given day in the current study was thalingiue before the first train
in the fatigue protocol, whereas in the previous study the haselas an average of the
initial angles or velocities before each of the 225 trains, arsktbemetimes deviated from
the baseline of the resting leg and 2) the time between thedtsitiation train and the first
train in the fatigue protocol was reduced in the current study @a@dpo the previous study,
which reduced the magnitude of force enhancement that oftenredauithin the first few
trains in the fatigue protocol. Insufficient potentiation explairis/ whe measured fatigue
tended to be less than the predicted fatigue for the O kg loadréFly because the force-
motion-fatigue model had no provision for potentiation.

A number of factors may explain why the isometric forcegtagi model accounted for more
of the variability in the isometric measurements (Figure 6938%) than the non-isometric
force-motion-fatigue model could account for in the non-isometric uneaents. These
include the following:

() In the isometric case, all model parameters were identified from floeasurements at
one knee angle, 90°. In the non-isometric case, the force-length relationship model
parameters were identified from force measurements at 4 differdesargl the
isovelocity and free model parameters were identified from angle anthamglocity
measurements at the angles between ~85° (resting) and ~12° (nearly hsiloeyte

(2) In the isometric case, the electrode position relative to the nerves arldsiesteath was
nearly constant from the beginning to the end of a fatiguing protocol. In the noakigom
case, both the skin and muscles moved as the leg extended, and maximum extension
depended on pulse frequency and extent of fatigue, and therefore the amount of movement
may have varied from train to train.

(3) In the isometric case, the leg remained in the sagittal plane. In theametiic case the
leg may have moved out of the sagittal plane as it fatigued.

(4) In the isometric case, the potentiation protocol given just prior to thedairgtocol
minimized the force enhancement that often occurred during the first fexw imathe
fatigue protocol. In the non-isometric case, the potentiation protocol was rifacive
at reducing the force enhancement that occurred with the shortest traiordged
highest velocities, perhaps due to the continual and rapid change in myofiber or inyofibr
conformation.

(5) In the isometric case, the initial force immediately before es@njraction in the fatigue
protocol was the same. In the non-isometric case, the initial angle and antpday ve
was not always identical because we manually stopped and released ther legchf
fatiguing extension, allowing for some human error.

To reach the desired excursion, as pulse duration decreasedduration increased; as
applied load increased, train duration increased. Train duration wa$otieea confounding



factor in our results, interacting with pulse duration and applied (Bayure 4). Taken
together, the results of both studies suggest that the higher theydigyof the train, the
greater the fatigue (constant rest time between trains: 1.2.8nskeconds). This has been
observed by others [35]. It may seem that holding the train duraticgathe across all pulse
durations (or loads) would have led to a clearer interpretation ghé@surements, but then
maximum excursion would not have been constant across trials. Both thdzZL2/BT and
50 Hz CFT trains were required to identify the pre-fatigueetonotion model parameters.
Considering that the leg was free to move, the maximum train clurats limited by the
highest frequency train at the longest pulse duration. Holding thre dumations constant
would have resulted in significantly different angular excursionsngnpulse durations, thus
creating a different confounding factor. Additionally, our objectiveswo validate fatigue
predictions from excursion and velocity measurements. Using thesanfi@igue excursion
(at 50 Hz) for every pulse duration provided the largest rangeaifrsion between the pre-
fatigue and final fatigue measurements.

Comparing initial and final outcome measures in response to diffiedapendent variables,
such as applied load or pulse duration, could help a therapist deterimcie stimulation
parameters are most desirable for the patient and task. Ifr haghietorque is required (e.qg.
to strengthen the muscles), then a pulse duration ofid preferable to 60@s (see Figure
7). On the other hand, if maintaining the highest level of power thxeegreatest length of
time is the goal, then a pulse duration of §@0is preferable to 17Qs. There was no
significant difference in the initial maximum power betweér two pulse durations
however, the final maximum power for the Ji®was less than that for 6086.

The isometric force model has been shown to perform equally evddloth able-bodied and
SCI subjects, requiring only minor modifications to the paramdttification procedures
for the SCI subjects [28,36]. The new non-isometric force-motion-fatipoeel, also
validated to account for different loads per activated muscle wdoald occur if atrophy
progresses), may be equally robust, where similar minor modiisatio the parameter
identification procedures would pertain to this model. The maximum fygnerating ability
of the muscles could be estimated from peak twitch force measnteras described by
Ding, et al. (2005) [36]. The stimulation amplitude could be set agided in the current
study, but would not exceed a level consistent with 50% of the formageng ability of the
muscles. The isometric experimental protocol and identificatidgheofsometric force model
parameters could be similar to that described by Ding,. €2@05) [36]. The non-isometric
experimental protocol could be similar to that described in therdustady, but the pulse
frequencies would be as described by Ding, et al. (2005) [36]. Thel padeneters are
subject specific, identified by fitting the model to the expentakemeasurements obtained
from one testing session; therefore the current procedure forifytlegtthese model
parameters may require only minor modifications for the non-isarfetce-motion-fatigue
model to predict fatigue in SCI subjects. Spastic measurements would be excluded.

Our model has the potential to help physical therapists desigmilatiom protocols for
patients in rehabilitation programs and to help researchgnowa the task performance of
FES systems [19,32,37-39]. The isometric force-fatigue model waasaxtly validated to
account for the effect of different pulse frequencies and patverfatigue [10,20]. The non-
isometric force-motion-fatigue model has been validated to accourdifferent applied
loads and pulse durations, and these have resulted in a validationesérdiffrain duty
cycles. From these model validations we learned that frequency, gattern, pulse duration,
and applied load are not explicitly needed in the fatigue model. €Heats on fatigue can



be captured by their effects on force. Therefore, the non-isienfetice-motion-fatigue
model should be able to predict unique combinations of stimulation pararfatelifferent

subjects, such that each subject can achieve a desired outcomegssuwdintaining a
functional level of power for a useful period of time (e.g. FigQterhe non-isometric force-
motion model [39] and the isometric fatigue model [40] have beeninsegimilar manner
in other studies. The force-motion-fatigue model, with all model petens identified for the
task, could either mathematically test combinations of stimulgt@ameters until the
desired outcome is obtained, or could be fit to an experimental foitcajectory (using an
optimization algorithm) to generate optimal stimulation patterns yiedd the force or
trajectory for the desired length of time (see Maladen, et al. [39]).

Because this non-isometric force-motion-fatigue model would be @pEbbenerating
subject-specific and task-specific stimulation patterns thatncaintain a desired force and
motion for a desired length of time into the future, it has the pateiatii use as a feed
forward model in FES systems [41]. If a system either does o @ised forward model or
requires more immediate real time output, then this model could ki tos¢est the
performance of the system prior to patient use. The model couldagerzeseries of task-
specific optimal stimulation patterns, and these patterns could bgaceto the real time
FES system selections to optimize the system.

Because able-bodied subjects were tested in our study, thesenallachance that volitional
contractions occurred during stimulation. However, it is unlikedy tlolitional contractions,
if present, substantively affected our results. The force-motiayutatmodel has been shown
to successfully predict fatigue in response to different frequerane pulse patterns for
numerous subjects over many years [10,27,36,40]. This indicates that thecsigoiae ratio
has been high, where here the stimulated contractions correspond tigrnihleasnd the
volitional contractions correspond to the noise. In all cases, seestalg sessions were
performed on each subject, and each session was separated by 48 hours.

Conclusion

Pulse duration was not explicitly needed in the fatigue motekffects on fatigue were
captured by its effects on force. The non-isometric force-mo&ibgefe model from our
previous study [16] was simplified to predict non-isometric fatigon at different applied
loads and at different pulse durations. ParaméigendfSkm in the previous version of the
fatigue model were eliminated and a new equation for the pagsetvas derived. Thg,,
was solely a function of existing model parameters; theref@a@surements of non-isometric
fatigue are not needed to predict non-isometric fatigue. From 66%8&toof the variability in
the non-isometric measurements for different pulse durations waaireed by the new
force-motion-fatigue model. This new non-isometric force-motiomyfi@imodel can be used
to predict angular excursion, angular velocity, joint torque, or poweragémulation at
different time intervals during repetitive contractions. This cagdist with rehabilitation
exercises and with the design and testing of new FES control systems.
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Appendix

Derivation of the equation of motion

As described by Perumal, et al [8] the instantaneous moment about ¢heckiber of rotation
was derived from the free body diagram of the leg shown in Figure Al.

Figure Al. Schematic representation of the leg, modeled agdabody.L is the distance
from the center of the knee joint to either the center of thé pad of the Biodex
dynamometer knee attachment or the center of the load applied gushalr to the ankle
when the leg is not attached to the dynamometer (just proxintiaétmalleoli but distal to
the prominent calf musculaturd),is the distance from the center of the knee joint to the
center of mass of the tibidgim is the torque at the knee due to stimulatieg, is the either
the force measured by the Biodex dynamomet&s)( if the leg is attached to the
dynamometer (the resistance that the force dynamometes egainst the ankle to maintain
a constant angular velocity) or the component of the applied ankl@twEjgy) that resists
the contractile force of the quadriceps if the leg is swodiee, mg is the weight of the leg
below the knee and the foot, akdis the resistance moment to knee extension due to the
visco-elasticity of the structures at the knee.

The equation of motion derived from the free body diagram for isovelocity esmanisi
FgioL = —mg lcos(60) — H + Tstim (Al)

whereFe: = Fgio is the force component of the torque measured by the Biodex dyretarom
and

Tstim = FL (Ala)
Thus,

F = Fgj, + nglcos (@) +% (Alb)



whereF is the force just proximal to the malleoli exerted by thedguaps through the knee
joint in response to stimulation. It is defined as the instantaneotes riear the ankle due to
stimulation in Table 1. Previous passive force measurements ahyheabjects showed that
(see Perumal, et al [8]):

% = R cos(6) (Alc)
whereR is an intermediate variable.

Letting

Fy="2+R (A1d)

and substituting equation Ald into Alb yields
F = Fg;, + Fy cos(0) (Ald)

whereFy is obtained by fitting the functioRy, cos@) to force data collected during passive
leg extensions where the quadriceps are relaxed and the dynamoorezexxdénds the leg.

The equation of motion for the general non-isometric leg extensions is:

Idz—g = Fjpqql cos(8) + mgl cos(0) + H — FL (A2)

dt?

2
e = %{(Fwaa + Fu) cos(6) — F} (A2a)
Angular acceleration is no longer zeFaq= the component o, (applied ankle weight)
that resists the contractile force of the quadriceps. Thenedeal/l is a lumped parameter
encompassing more than length and moment of inertia. Previdusatest ofL/l using
anthropometric data revealed differences from the values éstintlarough optimization
[7,8]. The differences may be the result of: 1) identifyiiigandFy simultaneously during
optimization and 2) assuming that acceleration and/or applied weaghbtro effect on the
force-motion model (Equation 2), keeping in mind tlatin the equation of motion is
predicted from the force-motion model (Equation 2). Thereftre,represents a more
generalized parameter.
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etup

Attached electrogoniometer, electrodes, &
dynamometer or 4.54 kg load to lower limb

v
| Set pulse amplitude using two S0CFTs, PD 600 ps & 170 us |
v
| Stimulated with 14CFTs before each of following tests to potentiate |
v

[ Isometric Tests ]

Attached to dynamometer; PD = 600 ps

v
Non-Fatigue

train duty cycle: 1/11 s
v

4 knee angles: 15°,40°, 65°, 90°

4 trains/angle: 2x50CFT & 2x12.5VFT

Model parameters identified @ 90°: Ay, K,,, & T

Model parameters identified from all angles: a & b

v

Fatigue
Train duty cycle: 1/2 seconds, except 1st pair

Knee angle: 90°
Stim trains: 225 total = 15 sets of 1x50CFT, 1x12.5VFT,
13x33CFT, but 1" S0CFT & 12.5VFT are non-fatigue
Model parameters: 14 X (Agy, K, & T1); O, O Oz & Tpyy

v
[ Non-Isometric Tests ]

1 train/extension
v

Non-Fatigue
Train off: 10 seconds

v v
| IsoVelocity | | General - Free Swing |
v 2
Velocity: 150 °/s Applied load: 4.54 kg
PD: 600 ps PD: 170, 200, 250, 400, or 600 ps
Trains: 2x50CFT & 2x12.5VFT Trains: 2x50CFT & 2x12.5VFT
Model param: V; & V, Model param: Agy, K, T, L/, & Fiy
v
Fatigue
5 tests total, 1 test per session
Train off: 1.2 s, except 1st pair

v

Applied load: 4.54 kg

PD: 170, 200, 250, 400, 600 ps;

Stim trains: 225 total = 15 sets of 1x50CFT, 1x12.5VFT,
Figure 13x33CFT, but 1" 50CFT & 12.5VFT are non-fatigue
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