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Ting, Lena H., Steven A. Kautz, David A. Brown, and Felix E. (e.g., Ashley-Ross and Lauder 1997; Duysens et al. 1996),
Zajac. Phase reversal of biomechanical functions and muscle aCtiVE}‘though neural control mechanisms are best elucidated with an
in backward pedalingl. Neurophysiol81: 544551, 1999. Computer ,,yqerstanding of the biomechanics of forward and backward

simulations of pedaling have shown that a wide range of pedal . . . .
tasks can be performed if each limb has the capability of executing Eﬁggomotlon (Zernicke and Smith 1996). Grillner (1981) sug-

biomechanical functions, which are arranged into three pairs of altéested that backward walking in the cat could be produced by
nating antagonistic functions. An Ext/Flex pair accelerates the linfbphase shift in activation of unit burst generators controlling
into extension or flexion, a Plant/Dorsi pair accelerates the foot infl@exion and extension of knee and hip muscles. Studies of
plantarflexion or dorsiflexion, and an Ant/Post pair accelerates theckward walking in humans and cats have shown, however,
fOOt anterlorly or pOStel’Iorly relative to the pe|VIS Because eaqhat the reconflguratlon Of the motor pattern proposed by
omechanca uncion (e, £t Flox, Plat Dors AT o PoStriner (1981) has mitatons (Bufrd and St 1990; Pt
I. 1996; Vilensky et al. 1987). Further, although joint power

phasing of a muscle is hypothesized to be a consequence of its abifjty” . / . .
to contribute to one or more of the biomechanical functions. Analysi¥Vinter et al. 1989) and limb kinematics (Thorstensson 1986;

of electromyogram (EMG) patterns has shown that this biomechaniddlensky et al. 1987; Winter et al. 1989) are essentially re-
framework assists in the interpretation of muscle activity in healttyersed in time during backward walking, electromyogram
and hemiparetic subjects during forward pedaling. Simulations sh¢&MG) activity is not reversed in all muscles (Duysens et al.
that backward pedaling can be produced with a phase shift of 180°1i896; Thorstensson 1986; Winter et al. 1989). However, it is
the Ant/Post pair. No phase shifts in the Ext/Flex and Plant/Dorsi pajijsknown whether a strict reversal of muscle activity patterns or
are then necessary. To further test whether this simple yet biomephase shift in activation of knee and hip muscles (Grillner
chanically viable strategy may be used by the nervous system, EM 1) is biomechanically sufficient to produce backward walk-
from 7 muscles in 16 subjects were measured during backward as Thus whether differences observed experimentally arise

as forward pedaling. As predicted, phasing in vastus medialis (VM), . . X .
tibialis anterior (TA), medial gastrocnemius (MG), and soleus (SO neural adaptations to fulfill task biomechanics or from

were unaffected by pedaling direction, with VM and SL contributingndamental differences underlying neurophysiological control
to Ext, MG to Plant, and TA to Dorsi. In contrast, phasing in bicepg@nnot be ascertained.

femoris (BF) and semimembranosus (SM) were affected by pedalingComputer simulations can be used to test whether a motor
direction, as predicted, compatible with their contribution to thactivity pattern can generate backward locomotion. Simula-
directionally sensitive Post function. Phasing of rectus femoris (REpns of walking are, however, difficult to achieve because of
was also affected by pedaling direction; however, its ability to comihe instability associated with bipedal balance and weightbear-
tribute to the dlrectlonally sensitive Ant functlon may _onIy be &Xing (Yamaguchi and Zajac 1990). These instabilities are absent
pressed in forward pedaling. RF also contributed significantly to th pedaling, thus providing a rhythmic locomotor task that can

directionally insensitive Ext function in both forward and backwar ; . :
. . simulated and analyzed in isolation of the postural task
pedaling. Other muscles also appear to have contributed to more tl égutz and Brown 1998; Neptune et al, 1997; Raasch et al.

one function, which was especially evident in backward pedaling (i.e- L . .
BF, SM, MG, and TA to Flex). We conclude that the phasing of on|}997)- Pedaling is also an ideal experimental locomotor para-

the Ant and Post biomechanical functions are directionally sensiti’igm because cadence, speed, limb phasing, limb excursion,
Further, we suggest that task-dependent modulation of the expresgol workload can be kept similar. Further, because many
of the functions in the motor output provides this biomechanics-basguliscle coordination patterns can successfully produce forward
neural control scheme with the capability to execute a variety of lowpedaling (Raasch 1996), task biomechanics do not overly con-
limb tasks, including walking. strain the set of feasible control strategies. Thus insight into
neural control of locomotion is possible.

Simulations of pedaling offer insight into muscle coordina-
INTRODUCTION tion (Fregly and Zajac 1996; Raasch et al. 1997) by revealing
h@uscle contributions to joint torques and accelerations not

ossible from kinematic, kinetic, and EMG observations alone.

or example, the hamstrings (HAMS) do not accelerate the

The costs of publication of this article were defrayed in part by the paymelﬁpee into flexion to prevent knee hyperextensmn as the limb

of page charges. The article must therefore be hereby maskaeftisement approaches full extension (cf. Grego_r et al. 1985; van Ingen
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ Schenau 1990), but rather the knee is accelerated into exten-

Backward locomotion provides an opportunity to test t
adaptability of pattern generators in the control of locomoti
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sion and the crank is accelerated as well (Andrews 1987;A

Carlsoo and Molbech 1966; Raasch et al. 1997). The reason the Forward Backward
knee is not accelerated into flexion is that the hip extensor

torque produced by HAMS acts to accelerate the knee, as well

as the hip, into extension. Although the knee flexor torque orsl 0\’SI
produced by HAMS does indeed act to accelerate the knee into N‘t ?ost

flexion, the effect of the hip extensor torque dominates. In fact,

soleus (SL) is the muscle that prevents knee hyperextension i

pedaling (Raasch et al. 1997). Muscles (or joint torques) can Ext Flex

body-position dependent (Zajac and Gordon 1989). Such in-
sight can be gained from forward simulations, which show the p\a“ P\a“
spatiotemporal contributions of joint torques (or muscle forces)
to task execution, rather than from calculation of joint torques B
from external measurements, which are incapable of showing
directly such contributions. Specifically, knowledge of pedal-
ing biomechanics revealed through simulations was critical to ;
the elucidation of the basic biomechanical functions in pedal- Flex
ing (Raasch et al. 1997).

Simulations capable of reproducing kinematics, kinetics,
and muscle excitations in maximum-speed startup forward Post Ant &7 Dorsi
pedaling showed that muscles must execute six biomechanical
functions (Raasch et al. 1997). The functions are performed in
different regions of the crank cycle and can be organized into
three pa”‘S of a|ternat|ng antag0n|st|c functions to form a basig!c. 1. Biomechanical functions derived from simulations (Raasch 1996;

aasch et al. 1997) capable of producing a variety of forward and backward
for a control strategy capable of producmg a my”ad of pedé?edallng tasksA: phasing of the 6 biomechanical functions in forward and

ing tasks (Fig. 1) (RaaSCh 1996; Raasch et al. 1997). TiRgward pedaling. The functions are arranged into 3 pairs (Ext-Flex, Dorsi-
(1998) reformulated the six functions to be applicable to wallpiant, and Ant-Post), with each pair consisting of 2 antagonistic functions (e.g.,
ing as well as pedaling (FigB). The Ext-Flex biomechanical Ext function and Flex function). Backward pedaling can be produced with a

function pair is defined by its contribution to the acceleration @fase shift of 180° in the Ant-Post paB: Ext-Flex pair is defined by its
ontribution to the acceleration of the foot (or foot contact point with the

the foot (Or foot contact pomt with the enV|ronment) eltheinvwonment) either away from the pelvis (Ext) or toward the pelvis (Flex);
away from (Ext) or toward the pelvis (Flex). Thus a musclent-post pair by its contribution to the acceleration of the foot with respect to
which acts to accelerate the foot away from the pelvis, eventtig pelvis in the anterior (Ant) and posterior (Post) directions, orthogonal to

the |eg is ﬂex|ng contributes to the Ext function (e g.,a muscileat produced by the Ext-Flex pair; and Plant-Dorsi pair by its contribution to
F’T acceleration tending to either plantarflex (Plant) or dorsiflex (Dorsi) the
0

accelerate joints or body segments to which they do not attach”™ "gje Ext

or span because of joint reaction forces arising from the \I

multijoint dynamical properties of the body, which are task and ‘
e X X A o

Ext </Plant

performing an eccentric contraction whose force acts to dec
erate ongoing leg flexion). The Ant-Post pair is defined by its

contribution to the acceleration of the foot with respect to thf four of the biomechanical functions (Ext, Flex, Dorsi, and
pelvis in the anterior (Ant) and posterior (Post) directiong®lant) or muscles contributing to the execution of the functions
respectively (Fig. B), orthogonal to that produced by theis proposed to be pedaling-direction invariant with respect to
Ext-Flex functions. The Plant-Dorsi pair is defined by it§mb extension and flexion (Fig.A). Phasing of the other two
contribution to an acceleration tending to either plantarflégnctions (Ant and Post) are proposed to reverse in backward
(Plant) or dorsiflex (Dorsi) the foot. pedaling because they are related to anterior or posterior mo-
This theoretical framework of biomechanical functions wagon of the limb, which occur at the opposite limb extension/
used to analyze kinematic, kinetic, and EMG data observedfigxion transitions in backward pedaling. This study was to test
forward pedaling in healthy and neurological impaired indiyhether a simple biomechanics-based control scheme of alter-
viduals. Some muscles in healthy adult subjects pedalingriting muscle function pairs is sufficient to explain EMG phase
different cadences were found to contribute to one functioghifts in backward pedallng Because only a phase reversal of
such as vastus medialis to Ext, gastrocnemius to Plant, haamt and Post functions is theoretically sufficient to satisfy the
strings to Post, and tibialis anterior to Dorsi. Other musclégomechanical requirements of backward pedaling, only rectus
were found to contribute to two functions, such as rectyemoris (RF) and HAMS were hypothesized to change phasing
femoris to Ant and Ext and SL to Ext and Plant (Neptune et gkf. vastus medialis, gastrocnemius, tibialis anterior, and SL).
1997). Analysis of muscle activity of pedaling hemiparetic
individuals compared with healthy age-matched controls (kg tHoD s
derly adults) showed that impaired ability to produce work and
propel the crank is related to prolonged activity in muscldsxperimental setup
contributing to Ext function and to improper phasing in mus- sjxteen healthy subjects [8 male, 8 female; ag@4 + 7 (mean*
cles contributing to Ant and Post functions (Kautz and Browsp) years; height= 1.74+ 0.10 m; weight= 70 + 9 kg] participated
1998). in the study. Experienced cyclists who had riddeB0 miles per week
On the basis of pedaling simulations (Raasch 1996), phasimere excluded. This study was approved by the Institutional Review
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FIG. 2. Experimental setup and sample
electromyograms (EMGs)A: subjects ped-
aled a bicycle ergometer with a chain at-
tached to 1 of the 2 flywheels, allowing a
constant workload to be applied in forward
and backward pedaling. Pedal forces, crank
angle, pedal angles, and 7 EMGs bilaterally
were collected. Subjects used handlebars to
maintain a nearly upright posture. A restrain-
ing belt at the hip minimized pelvic motion.
B and C: representative EMGs from 1 sub-
ject in forward and backward pedaling. Vas-
tus medialis (VM), soleus (SL), medial gas-

B C trocnemius (MG), and tibialis anterior (TA)
) . ) ) ! maintained the same phasing in forward and
l—extension  —>f—— flexion —>} < extension T flexion backward pedalind: biceps femoris (BF),

semimembranosus (SM), and rectus femoris
(RF) exhibited different phasindCj.

0 90 180 270 360
Crank Angle (deg)

0 90 180 270 360 Il forward backward
Crank Angle (deg)

Board (Medical Committee for the Protection of Human Subjects in By the end of the practice session most subjects were able to pedal
Research) at Stanford University. Each subject signed a consent famoothly and consistently, maintaining a constant cadence between
before participation. 55 and 65 rpm. A few subjects did not perform consistently and were
Subjects pedaled a bicycle ergometer, modified to provide the sagieen additional practice time. Smoothness was determined by the
frictional workload (120 J/cycle) in both the forward and backwardbsence of freewheeling, a decoupling of the crank from the flywheel
directions (Fig. 2). Subjects were seated during all trials, with doad that occurs when the crank decelerates relative to the flywheel
restraining belt to minimize pelvic motion. Subjects grasped handl@-regly 1993; Raasch 1996).
bars that allowed them to sit upright with a forward lean of about 10°
from the vertical, consistent with trunk angles typically encounterggl)< :
during walking (Pozzo et al. 1990). Cleated cycling shoes provide apenmemaI protocol
rigid connection between the feet and the pedals. Data were collected in four 40-s trials, two forward and two
The force at each pedal spindle was measured with a pedal dybaekward pedaling trials, presented in random order. Subjects used a
mometer (Newmiller et al. 1988). Optical encoders measured cramietronome in the first 10 s, and data were collected in the last 15 s of
and pedal angles. Surface EMGs were collected bilaterally frogach trial. Subjects were instructed to maintain a constant cadence and
vastus medialis (VM), RF, biceps femoris (BF), semimembranosts pedal “smoothly and consistently.”
(SM), tibialis anterior (TA), medial gastrocnemius (MG), and SL. All
data were sampled at 1,000 Hz (similar to those of Ting et al. 199% . S .
inematic and kinetic data processing

Practice protocol Pedal force, crank angle, and pedal angle were downsampled to 200
Hz and low-pass filtered (10 Hz, zero-lag Butterworth filter). For each
Subjects were trained so that they could maintain a constant padal, crank torque, which is the component of the force that accel-
dence of 60 rpm without feedback. First, subjects pedaled forwarderates the crank multiplied by crank arm length, was calculated from
two 60-s trials, using a metronome for the first 30 and 20 s, respehe pedal force and the pedal and crank angles. Kinematic variables
tively. Subjects then pedaled backward in five 60-s trials, usingveere referenced to crank angle, with a reflected coordinate system for
metronome for the first 40, 30, 20, 10, and 10 s of each triddackward pedaling (Fig./8. By defining 0° as the position of the
respectively. Subjects were givenl min rest between each trial. crank parallel to the seatpost when the leg is most flexed (pedal closest
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90°
B % total Fic. 3. Coordinate systems, phase in-
EMG tervals, and mean iEMGSA: coordinate
10 system and crank phase intervals used in

analysis of forward and backward pedal-
ing. The coordinate system is reflected
about the seat tube in backward pedaling.
In both pedaling directions, a crank angle
of 0° occurs when the crank is aligned with

the seatpost at maximum limb flexion.

Crank angles increase in the direction of
motion (i.e., 0-180° corresponds to the
extension phase and 180—-360° to the flex-
ion phase). The crank cycle was divided

into 16 phase intervals of 22.5° each (i.e.,
crank phase intervals of 1-8 refer to ex-
tension and 9-16 to flexion). EMGs were
integrated over each of the 16 phase inter-

vals in forward and backward pedalirg.

mean (SD) of normalized iEMGs for for-
ward and backward pedaling in each of the
TA 16 crank phase intervals averaged over all
subjects. iIEMG in each of the 16 intervals
was normalized by the total IEMG. IEMG

distributions were generally consistent

l across subjects. VM, SL, MG, and TA
l displayed no change in phasing during
backward pedaling. BF, SM, and RF ex-
hibited significant changes in phasing. In
backward pedaling, secondary regions of

activity may exist (e.g., MG during flexion

T e Mﬁlﬁa '

RF 11T

12345678 910111213141516 1234567 8 910111213141516 Bin

|<— extension—>|<—flexion—>| l(—- extension—>|<— flexion—>|

to the pelvis) and defining positive crank angle in the direction MG data processing
motion in both forward and backward pedaling, crank angles between
0 and 180° always correspond to limb extension (pedal moving awayTo characterize the EMG profiles of each muscle, integrated EMG
from the pelvis) and crank angles between 180 and 360° to linffEMG) was calculated in 16 crank phase intervals of 22.5° over the
flexion (pedal moving toward the pelvis). Data from each trial werentire crank cycle (Fig.A). Intervals 1-8 correspond to limb exten-
ensemble averaged over 10 complete crank revolutierd® (s). sion, and 9-16 to limb flexion. Total IEMG activity was found by
To compare forward and backward crank torque generation, themming the IEMG activity over the entire crank cycle (i.e., 16
amount of work done by each leg was calculated during limb exteimtervals). Sixteen intervals were found to be adequate to represent
sion and flexion. The work done in any region of the cycle ishanges in EMG yet sparse enough to allow for meaningful compar-
proportional to the average crank torque during that phase. The was&ns. For each trial, the iEMG profiles were ensemble averaged over
done during extension was found by integrating the crank torque ovir crank cycles. For each muscle and subject, an average IEMG
0 and 180° and work during limb flexion by integrating over 180 anprofile for each pedaling direction was found by averaging each of the
360°. Total workload was found by integrating the crank torque frotmvo forward or two backward pedaling trials. Left and right legs were
both legs over the entire crank cycle (0—-360°). Work values weamalyzed independently.
compared with two-way analysis of variance (ANOVA) with subject To compare the phasing of iEMG profiles in forward and backward
and pedaling direction as factors. pedaling without regard to IEMG amplitude, each IEMG profile was
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— extension —yl¢—— flexion —— The shape and magnitude of the crank torque trajectories
50 from one leg in forward and backward pedaling were also
similar, exhibiting a large peak in crank torque during limb

-~ 40 extension, and negative torque generation during limb flexion
£ a0 (e.g., Fig. 4). Furthermore, no difference in the amount of work
=3 done during backward and forward pedaling was found during
“é 20 either limb extension (forward: 73 10 J, backward: 71 9
5 10 J; P > 0.05) or limb flexion (forward:—8 * 5 J, backward:
e -9+ 9 J;P > 0.05).
s 0
g
© .10 EMG phase shifts

20 J

0 90 180 570 360 D_uying both _forward and backwa_ro_l pedaling, each muscle
exhibited a major burst of EMG activity once per cycle (e.g.,
Crank Angle (deg) Fig. 2,B andC). Forward pedaling EMGs were similar to those
Il forward + 2SD  [] backward + 2SD previqusly reported (e.g., Ryan and Qregor 1992). Backward
FIG. 4. Crank torque generated by 1 leg during forward and backwapdeda“ng EMGs h.ave not been prewouslly' reported. ln.eaCh
pedaling. Shaded area represents the me&MD of the crank torque generatedeSdev the p_has'ng of the _burs_t of aC_t'V'ty was consistent
by 1 subject. The torque trajectory shapes were similar in forward a@€ross all subjects in both directions (Fid)3Of the seven
backward pedaling, with positive crank torque generated during leg extensigiuscles investigated, four exhibited the same phasing in for-
and negative torque generated during leg flexion. ward and backward pedaling (e.g., Fig3)2Three exhibited
altered phasing (e.g., FigC.

normalized by the total iEMG value for that trial. The Pearson : gl .
product-moment correlatiom)(was then calculated at all 16 possibl Phasing of activity in VM, SL, MG, and TA was the same in

phase shifts between the forward and backward pedaling profileeFQtrward and backward pedaling, as the mean phase Bhift

each muscle and subject was less than one bin (i.e522.5°, Table 1). VM and SL were
active only during limb extension (Fig.B3. TA was active
(f,— (b, — b) primarily at the flexion-to-extension transition and MG at the
re= E —_— (1) opposite transition (Fig.B).
— (- Dss Phasing of activity in BF, SM, and RF was different in back-

, _ward and forward pedaling (Table 1). BF activity in backward
where f; represents theéth element of the 16-element normahzecbeda”ng was delayed 166 74°. In forward pedaling peak BF
IEMG vector of a particular muscle in forward pedaling andin (pctivity occurred just before the extension-to-flexion transition
backward. pedallng: The sqbsprrptepresents the relative .phase shi d in backward pedaling just before the opposite (flexion-to-
tested, with a positive shift indicating a phase delay in backwal . o . ] ity in backward pedali
compared with forward pedaling and a negative shift a phase advarf¥€nsion) transition gFIgE. SM activity in backward pedaling
f andb represent the mean of the vectémndb, respectively, ang, Was delayed 10% 57°. In 22 of 32 SM EMG comparisons (one
ands, represent the standard deviation of the vectors. EMG comparison/leg in 16 subjects), the average shift was139

The phase shiffl,,,,, corresponding with the maximum correlation32°, closer to the shift found for BF (cf. SM with BF, FigB3 In
coefficient,r ., identifies the phase relation at which the forward anthe other 10 SM EMG comparisons, peak SM activity occurred at
backward iEMG profiles are most similar. The coefficient of detemidflexion during both forward and backward pedaling (com-
mination,r 7., represents the percentage of signal energy distributigrared with only 2 records in the BF), resulting in an average shift
common to both signals at the phase shiift,,, i.e., the degree to of just 36 + 39°. RF was active during the flexion-to-extension
which the backward pedaling iEMG profile could be explained by thgansition and into limb extension in forward pedaling, but in
forward iIEMG profile shifted byT,,,.,. The phase shifts found in this backward pedaling the burst, which occurred during limb exten-

manner can be used to determine whether muscle timing in backwar . .
and forward pedaling are similar or different. Only shifts of great% n, was Srlorter (FigB). In backward pedaling, RF was delayed
y 51 + 38° (Table 1).

than one bin, or 22.5°, are meaningful.
To compare overall IEMG amplitude between forward and back- ) .

ward pedaling, total IEMG was calculated for each muscle (left af48LE 1. Comparison between forward and backward pedaling

right) in each subject. The values were analyzed with an ANOVAtegrated electromyogram (iEMG)

with subject and side (left or right, nested within subject) as blocking

factors and pedaling direction as a factor. Change in
Muscle Shift, deg T ax Total IEMG
RESULTS VM (-2+11) 0.90=+ 0.06* NS
. _ _ SL (=7 +11) 0.85=+ 0.16* —10%t
Subjects successfully pedaled without freewheeling at th&G (+16 = 34) 0.64+ 0.21* —11%t
same cadence and against the same workload in both forwafé (0 =54) 0.62* 0.16* NS
and backward pedaling. The average cadenc_:es for forward apg 1166+ 74 0.66+ 0.17* —3204%
backward pedaling were not significantly different (621  SMm +107 =+ 57 0.67+ 0.20* NS
rom, and 61+ 2 rpm, respectivelyP > 0.05). No significant _RF +51+38 0.77x 0.10* NS

difference in total workload over the cycle. was found betweenVaIues are means: SD. VM, vastus medialis: SL, soleus: MG, medial
forward and backward pedaling (forward: 13014 J, back- gastrocnemius; TA, tibialis anterior; BF, biceps femoris; SM, semimembrano-
ward: 124+ 6 J; P > 0.05). sus; RF, rectus femorisP*< 0.01. P < 0.05.
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EMG correlation coefficients EMGs compared with predicted muscle excitations based on
_ biomechanical functions
In each muscle, the EMG signal energy common in forward

and backward pedaling was highly significaRt< 0.01, Table ~ Phasing of some muscles (VM, SL, MG, and TA) were
1). In VM and SL, the correlation coefficient of determinationdnaffected by pedaling direction, consistent with their role

r2.... was very high (0.90 and 0.85, respectively), indicatin ein%_to cor;]trib.utel }0 th? exelcutici;\Mof a(;dirSeLctgonélllty :\r/llsGert\S|-
that the signal energy distribution was essentially identic e biomechanical function (i.e., an 0 Xt 0

. nt; TA to Dorsi; see Fig.A). Data from simulations and
between forward and backward pedaling. Because the VM her experiments on forward pedaling are consistent with

SL have very d|§t|nct bgrsts.m fqrward pedaling, t.he SaMfese muscles contributing to these functions (Neptune et al.
pattern characterizes their activity in backward pedaling. In tri 97; Raasch 1996). However, at higher loads or cadences, at
other muscles (TA, MG, BF, SM, and RF), however, the signglaqt in forward pedaling, SL contributes significantly also to
energy distribution common in forward and backward pedalingsnt function (Neptune et al. 1997; Raasch et al. 1997; Ryan
was less (0.62 r2,, = 0.77). In the worst case, TA had,.. and Gregor 1992).

of 0.62, indicating that 38% of the signal energy distribution Phasing of the other muscles (BF, SM, and RF) were af-
was unaccounted for by a phase shift. The unaccounted sigiegked by pedaling direction, consistent with their role being to
energy probably results from these muscles having more thaontribute to the two directionally sensitive biomechanical
one region of activity in the crank cycle with, usually, unequdlnctions (i.e., BF and SM to Post; RF to Ant). The largest
activity in the regions. For example, it can be seen from tleanges in phasing were found in BF and SM, probably be-
ensemble iIEMGs of MG in backward pedaling (Fi®)3hat, cause these muscles contribute mostly to Post, although a
although the primary activity occurs at about the same crafRntribution to Flex probably occurs as well (Fig. 3). Indeed, a
phase as in forward pedaling, significant signal energy alS) burst during limb flexion is evident at high cadences
exists throughout limb flexion. In RF, the unaccounted signgeéptune et al. 1997). The smaller but still notable change in

energy probably results from the unequal burst durations in tBaSing in RF is due to its shorter burst in backward pedaling,
two pedaling directions. which may be due to RF only contributing to Ext rather than to

both Ext and Ant (Fig. 3). Neptune et al. (1997) also find RF
to contribute to both Ext and Ant in forward pedaling.
EMG amplitude Directionally sensitive expression of the biomechanical
_ ) ) _ functions in the motor output pattern may appear not only in
The total iEMG amplitude in BF decreased by 32% duringyscles showing large changes in phasing (e.g., SM and RF)
backward pedalingR < 0.01, Table 1). However, the level ofpyt also in muscles showing invariance in phasing. For exam-
BF activity in backward pedaling compared with forward pe%ule, TA and MG may also contribute to another biomechanical
aling varied greatly across subjects. Some had very little Bfinction (Flex) in addition to Dorsi and Plant functions, re-
activity during backward pedaling (8/32 hatb0% total en- spectively (Fig. B). The expression of Flex, primarily in the
ergy compared with forward pedaling), whereas a few demogackward direction, is consistent with the EMG signal energy
strated equivalent or higher total iEMG levels in backwargh hackward pedaling being unaccounted for by a phase shift.
pedaling (10/32 had~90% total energy compared with for-The ability of TA to contribute to Flex is consistent with the
ward pedaling). - _ . increase in crank torque and TA activity seen in one-legged
The only other muscles to exhibit a change in total IEMG iBedaling (Ting et al. 1998). These task-dependent expressions
backward pedaling were SL—10%, P < 0.05) and MG of hiomechanical functions in the motor output may arise from
(—11%,P < 0.01; Table 1). VM, TA, RF, and SM exhibited modulation of the neural elements responsible for the expres-
no change in total iEMG. sion of the functions in the output.

DISCUSSION Comparison to walking

As hypothesized, we found phasing changes in pedaling toActivity of muscles during forward and backward walking
occur in only those muscles (BF, SM, and RF) contributing twan also be categorized into similar biomechanical functions,
the execution of the Ant and Post biomechanical functiongith some having to change in phasing during a reversal in
(Neptune et al. 1997; Raasch et al. 1997). Our contention thedlking direction. Extensor muscles (e.g., vasti and gluteus
the phasing of only the Ant and Post biomechanical functiomsaximus) are active in stance in forward and backward walk-
are directionally sensitive is therefore supported. Howeveng to produce, putatively, limb extension (Ext function). Thus
these biarticular muscles did not necessarily contribute to tthee Ext function does not change phasing in walking, although
same function(s) in forward and backward pedaling. Alsburst durations in extensor muscles may be directionally sen-
other muscles were found to contribute somewhat to othsitive (Thorstensson 1986; Winter et al. 1989). lliopsoas and
functions in backward pedaling, which were not expressed iifacus are active during swing in forward walking to produce
forward pedaling. It is suggested that the ability of a muscle timb flexion (Flex function) and alternate with extensors (Perry
contribute to more than one function, with the expression @092; Rose and Gamble 1994). In walking, acceleration of the
each in the motor output under neural modulation, gives thimb in the anterior and posterior directions occur at opposite
biomechanics-based neural control scheme flexibility and thiirab extension/flexion transitions compared with pedaling be-
the capability to execute a variety of lower limb tasks, incluccause of differences in the biomechanics. For example, in
ing walking. forward walking the foot is accelerated anteriorly with respect
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to the pelvis at the extension-to-flexion transition, which ighase shift between either Ant-Post or Plant-Dorsi and Ext-
opposite to forward pedaling. Thus the Ant and Post functiofex (Fig. 1A) may be more complex than the mutually inhib-

in walking with respect to limb extension and flexion aréory connections proposed by Grillner (1981) to exist among
opposite compared with pedaling, although as in pedaling thgye unit burst generators (cf. schema for 25% phase shift in
reverse with direction. Consistent with RF and HAM contribswimmerets) (Skinner et al. 1997). Similar to the concepts of
uting to Ant and Post functions, respectively, they tend to kgriliner (1981), connections between the biomechanical func-
active at the appropriate transitions in forward walking (€.Gijon pairs must be reconfigured, depending on the locomotor
Nilsson et al. 1985; Perry 1992; Rose and Gamble 1994) apdy ‘and direction. In forward pedaling, Ant and Dorsi are

tend to shift phase in backward walking (Deursen et al. 199§§Cited concurrentl ;
X o y (and out-of-phase with Post and Plant),
Duysens et al. 1996; Thorstensson 1986; Winter et al. 198 ggesting possible mutually excitatory and inhibitory inter-

During walking, RF typically has another burst during stanc : : .
. 4 . A onnections between these functions. In backward pedaling,
which corresponds with Ext (Nilsson et al. 1985; Shiavi 199 ese interconnections must be opposite. The setting of the

Thorstensson 1986; Winter et al. 1989). Similar to pedalin nfiguration of the interconnections among the biomechanical

the RF burst during stance (Ext function) is emphasized nction elements is likely under supraspinal control with
backward walking (Deursen et al. 1998; Thorstensson 19§erent modulation (e.g., Grillner 1981; Grillner and Dubuc

Winter et al. 1989), although at higher forward walking spee 88; Rossignol et al. 1988).

and in forward_running_, the RF b_urst during anterior transit_ip The scheme proposed, although largely maintaining opposi-
may increase in prominence (Nilsson et al. 1985). In additio jon of traditional antagonistic elements, allows for the flexi-

reflex modulation in RF and HAMS appears to reverse t,hl_lity in muscle excitation often observed. Task-dependent

backward walking (Duysens et al. 1996). In contrast to ped dulation of the exoression of a function in the motor outbut
ing, however, phase shifts are typically seen in ankle muscfeg24:at Xpressi unction in e 1 outpu
rovides a muscle with the capability to participate in one

when walking direction is reversed (Deursen et al. 1998; Th Hpction at times and another function at other times. In con-

stensson 1986; Winter et al. 1989), which may be consist h : f X i
with the reversal in ankle power (Winter et al. 1989). rast, the strict extensor-flexor groupings proposec_i by Grillner
Backward walkina mav. therefore. require a reversal iﬂ981) cannot account for the sometimes “paradoxical” activity
phasing of two biogechgﬁical functio'n pcrlslirs (Plant/Dorsi a%f biarticular muscles classified as either extensor or flexor
well as Ant/Post) instead of just one (Ant/Post) as in pedalin gécS%r)dggetgifziacnaalllt;nt;)ét%eb?é{rt'i—lcﬁll\grsnlqnuggggl";gg); (%rg?r?[]j:n‘ih
with the phasing of the Ext/Flex pair immutable to walkin alking (Nilsson et al. 1985), ST in cat walking (Loeb 1984),

direction. A control scheme for walking composed of two mai . ; .
components (i.e., some biomechanical functions that changé?‘rl'{j RF in rat locomotion (Leon et al. 1994), and monoarticular

. . . S muscles, e.g., SL in pedaling (Neptune et al. 1997) and VL in
phasing with walking direction and others that do not) I'E;t locomotion (Leon et al. 1994), may have multiple bursts. In

ing can be characterized by just two features of the mot8H" scheme, multiple bursts (or bursts of differing durations)

output (Deursen et al. 1998). Similarly, in salamanders ofike to be expected as both biarticular and uniarticular muscles
. ’ i ! ean contribute to the execution of multiple functions. Others

rincipal feature, correlated with muscles undergoing a pha L e
ghift gan describe the EMG differences in forwzgrd agnd t?ac _rop_osed that biarticular ml.JSCIE.E activity is highly mutable
y mith 1987) and may receive inputs from both flexor and

ward walking (Ashley-Ross and Lauder 1997). extensor half-centers (Perret and Cabelguen 1980), compatible
) in concept with our scheme of muscles being able to contribute

Neural strategy for locomotion to multiple functions. Because multiarticular muscles develop

rques at more than one joint, they will tend to have multiple

The biomechanical function pairs (Ext-Flex, Ant-Post, ar]%?nctions, although loading conditions (e.g., interactions with

Dorsi-Plant) form a basis for a control strategy of forward agg:
i

backward pedaling, which may also apply to walking. Refle® €nvironment) can affect the functions of both mono- and
modulationpin peé;aling e.q., )IIBrown a?npdyKukqua 19993; fo articular muscles (e.g., Zajac and Gordon 1989). Modulation

review see Brooke et al. 1997) is very similar to that in walking! (€ neural elements controlling the expression of the func-
s in the motor output provides the control scheme with the

(e.g., Yang and Stein 1990) and suggests a common neur . ;

basis. On the basis of the hindlimb locomotion of decorticaf®?y 0 execute a variety Of tasks.

cats, a similar division of the locomotor cycle into flexion,

extension, and two overlapping transition regions was pr@onclusion

posed, with biarticular and more distal muscles acting primar-

ily during the transitions (cf. Fig. A with Fig. 10 from Perret A locomotor strategy based on control of biomechanical

and Cabelguen 1980). The three pairs of alternating functicissictions derived from computer simulations of pedaling was

are similar in concept to Grillner's (1981) unit-burst generatofsund to be compatible with forward and backward pedaling.

or other concepts of mutually inhibitory neuronal elementsach of the six functions is proposed to alternate with only one

(e.g., Stein and Smith 1997). However, the elements in oother function to form three biomechanical function pairs. This

scheme are organized by biomechanical function rather thandtyategy predicts well the phasing of muscles during these

muscle anatomy. Loeb (1984) also proposed compartmentalsks. In pedaling, a reversal in phasing of one biomechanical

ization of neuromuscular control based on function. function pair is suggested. Because some muscles can partic-
The phasing of the biomechanical function pairs could bpate in the execution of more than one biomechanical func-

achieved through three pairs of mutually inhibitory neuronaibon, complex changes in the phasing of a muscle can and do

elements. However, the neural circuitry producing the 25%gccur with a change in pedaling direction. Similarities between
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pedaling and walking suggest that a similar strategy may Besson, J., THORSTENssON A., AND HALBERTSMA, J. Changes in leg move-
operational in both tasks. ments and muscle activity with speed of locomotion and mode of progres-
sion in humansActa Physiol. Scandl23: 457-475, 1985.
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