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Abstract—A simulation based on a forward dynamical musculoskeletal model was computed from an optimal
control algorithm to understand uni- and bi-articular muscle coordination of maximum-speed startup pedaling.
The muscle excitations, pedal reaction forces, and crank and pedal kinematics of the simulation agreed with
measurements from subjects. Over the crank cycle, uniarticular hip and knee extensor muscles provide 55% of the
propulsive energy, even though 27% of the amount they produce in the downstroke is absorbed in the upstroke.
Only 44% of the energy produced by these muscles during downstroke is delivered to the crank directly. The other
56% is delivered to the limb segments, and then transferred to the crank by the ankle plantarfiexors. The
plantarflexors, especially soleus, also prevent knee hyperextension, by slowing the knee extension being produced
during downstroke by the other muscles, including hamstrings. Hamstrings and rectus femoris make smooth
pedaling possible by propelling the crank through the stroke transitions. Other simulations showed that pedaling
can be performed well by partitioning all the muscles in a leg into two pairs of phase-controlled alternating
functional groups, with each group also alternating with its contralateral counterpart. In this scheme, the
uniarticular hip/knee extensor muscles (one group) are excited during downstroke, and the uniarticular hip/knee
flexor muscles (the alternating group) during upstorke. The ankle dorsiflexor and rectus femoris muscles (one
group of the other pair) are excited near the transition from upstroke to downstroke. and the ankle plantarflexors
and hamstrings muscles (the alternating group) during the downstroke to upstroke transition. We conclude that
these alternating functional muscle groups might represent a centrally generated primitive for not only pedaling

but also other locomotor tasks as well. Published by Elsevier Science Ltd
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INTRODUCTION

Pedaling, though a constrained lower limb task, seems to
require complex muscle coordination, as evidenced by
recorded electromyographic (EMG) patterns (Jorge and
Hull, 1986; Ryan and Gregor, 1992). Because the relation
between the EMG and force is uncertain during non-
isometric cyclic contractions, how muscles coordinate
the delivery of energy to the crank still remains elusive.
Also, some potentially important muscles are difficult to
study experimentally (e.g. iliopsoas).

The function of muscles in pedaling is controversial
because no analysis of individual muscle contributions.
based on forward dynamic simulation, has been per-
formed. Analysis of net joint torques suggests that the hip
and knee extensor muscles produce much of the propul-
sive energy (27 and 39%, respectively: Ericson et al..
1986), in agreement with EMG activity recorded from the
uniarticular hip and knee extensor muscles (Ericson.
1988). Simulations produced by net muscle joint torques
have shown that the net hip joint torque primarily de-
livers energy to the limb segments, which is then trans-
ferred to the crank by the net ankle joint torque (Fregly
and Zajac, 1996). The knee torque supplies energy dir-
ectly to the crank at the beginning and end of the down-
stroke. However, because of the action of biarticular
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muscles, individual muscles may deliver energy to the
crank differently. Previous studies of biarticular muscles
(Andrews, 1987; Gregor et al., 1985; Hull and Hawkins,
1990; Ingen Schenau, 1990; Ingen Schenau et al., 1992)
have wide-ranging conclusions as to their functional role
in pedaling, with various explanations for the so-called
‘paradoxial’ co-activation of biarticular and anatom-
ically opposed uniarticular muscles. We therefore gener-
ated a forward simulation of muscle coordination of
pedaling, compatible with kinematic, kinetic, and EMG
measurements, to understand the fundamental muscle
coordination principles associated with the delivery of
energy to the crank. Maximum-speed pedaling was
chosen because it has a clearly defined goal, which allows
us to produce a simulation using optimal control, and
because this goal requires transferring as much energy as
possible from the muscles to the crank subject to the
specific frictional and inertial load encountered at the
crank.

METHODS

The linkage dynamics were modeled by two legs, each
moving in a parasagittal plane with its hip center station-
ary and its foot rigidly attached to the pedal, with the two
pedals connected by the crank. Each leg was thus
modeled as three segments: a thigh, a shank, and a foot
(which includes the ergometer pedal). All joints were
assumed to be pin joints, except the knee, which was
assumed to be a one degree-of-freedom planar joint with
the two translational degrees-of-freedom constrained to
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follow a path that is a function of knee rotation
{(Yamaguchi and Zajac, 1989). As an attachment site for
the quadriceps muscles, the patella was constrained to
follow a path that is a function of knee angle (Delp et al.,
1990). The load produced by the ergometer flywheel and
friction band was modeled using an ‘effective’ inertial and
frictional load (Fregly, 1993). The flywheel inertia and
friction matched those of a standard Monarch ergometer
with a 20 N frictional resistance. The linkage dynamical
equations were produced with SD/Fast software (Sym-
bolic Dynamics, Mountain View, CA). Passive ligamen-
tous structures at the joints were modeled as damped,
non-linear torsional springs (Davy and Audu, 1987), ex-
cept the ankle was made somewhat stiffer at the bound-
aries of its normal range of motion to prevent excessive
ankle dorsiflexion in the first downstroke, and the knee
a little less viscous to match better passive knee experi-
mental data (Hatze, 1976).

Muscle contraction dynamics were based on a generic
Hill-type model (Zajac, 1989), with passive damping
added to make the force—velocity curve invertible
(Schutte et al., 1993). Each individual muscle/tendon was
modeled by scaling the generic model with four para-
meters (Table 1; Zajac, 1989). Using SIMM (Musculo-
Graphics Inc., Evanston, IL) (Delp et al., 1990; see also
Hoy et al.,, 1990), muscles were partitioned into muscle
‘sets’ (Table 1). Four muscle sets (GMAX,IL, HAM, and
SOL) consisted of two muscles. One muscle set (VAS)
included three compartments with different slack lengths
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(Table 1; Schutte et al., 1993), representing the large area
of origin for this muscle, to match better maximum knee
extensor joint torque profiles (Eijden et al., 1987; Lindahl
et al.,, 1969; Murray et al., 1977). Where necessary, ‘via
points’ were included in muscle—tendon paths to preclude
muscle-tendons from traversing through bone (Delp
et al., 1990). Peak isometric force in each ‘equivalent’
muscle was chosen so that its torque-angle curve
matched the summed torque profiles generated by
SIMM of all anatomically similar lower limb muscles (e.g.
peak force of the muscle set TA was adjusted to match
the summed torque-angle capability of all dorsiflexor
muscles combined). Then, all peak forces were increased
by 25% (see Table 1) so the model could accelerate the
crank as quickly as the subjects. The computed muscle
coordination pattern that maximizes crank speed (see
below) was, however, found to be insensitive to this 25%
increase. Similar models of musculoskeletal geometry
have been used to study posture (Kuo and Zajac, 1993)
and electrical stimulation-induced pedaling (Schutte
etal, 1993). Activation dynamics were modeled by
a first-order differential equation with an activation time
constant of 11 ms and deactivation time constant of
68 ms (e.g. Winters and Stark, 1988).

An optimal control problem was formulated and
solved to find the muscle excitation trajectories. The state
equations (2)+4) were based on the models of the linkage
dynamics, the muscle contraction dynamics, and the
muscle activation dynamics. The performance measure

Table 1. Muscle/tendon parameters and muscle partitioning

Muscle set Fno Imo le Pennation
equivalent muscle(s) (N) (m) (m) (deg)
GMAX

Adductor magnus 1250 0.131 0.260 5

Gluteus maximus 1250 0.144 0.145 5
HAM

Medial hamstrings 1288 0.080 0.359 15

Biceps femoris long head 1312 0.109 0.341 0
RF (rectus femoris) 974 0.084 0.346 5
VAS (vastus)

Part 1 2125 0.087 0.239 3

Part 2 2125 0.087 0.146 3

Part 3 2125 0.087 0.061 3
GAS (gastrocnemius) 2225 0.045 0.408 17
SOL

Soleus 3549 0.030 0.268 25

Other plantarflexor 3250 0.031 0.310 12
TA (tibialis anterior) 1375 0.098 0273 5
BFsh (biceps femoris short head) 502 0.173 0.100 23
IL

Iliacus 788 0.100 0.130 7

Psoas 625 0.104 0.130 8

Note: The 32 muscles of each leg that can contribute significantly to sagittal-plane
motion, based on SIMM, were represented by 15 ‘equivalent’ muscles. These 15
muscles were further combined into nine muscle sets, with muscles in each set
receiving the same excitation signal. Adductor magnus, not commonly included in
experimental studies of cycling because it is impossible to study using surface EMG,
was included because it has a substantial hip extensor moment which can contribute
to pedaling. F,, is the peak isometric force the muscle can develop; I, optimal
muscle fiber length, is the length of the fibers when F,,, occurs; [, tendon slack length,
is the length of tendon beyond which force can be sustained; and pennation is the
effective angle of the muscle fibers with respect to tendon when F,, occurs. Individual
F ., values were adjusted as described in the text. The other muscle parameters are

identical to those in SIMM.
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chosen for this maximum speed pedaling task was crank
progress in a fixed time [Equation (1), i.e. proportional to
average pedaling speed]. Thus, the optimal control prob-
lem solved was the dual of the fixed-progress minimum-
time problem considered in earlier work (Levine et al.,
1989). The controls (excitations to the muscle sets) which
maximized crank progress were found using a con-
strained optimal control algorithm (Ma and Levine,
1993), which includes the FSQP optimization routines
{Zhou and Tits, Univ. Maryland). The initial state for the
simulation was found by allowing the musculoskeletal
model to come to rest with all muscles off.

The optimal control problem can then be stated as
follows: find the controls (muscle excitations) u (subject to
the bounds 0 < u < 1) that maximize the crank progress,
1.e. the cost function

J = q“ank(tﬁnal) - qcrank(tinitial) (1)
subject to the dynamical system equations

4=M""(q)[R™ F™g, ¢, 1™ a")

+ G(g) + V(g, ) + Dig, 9], )
M=f(M,q,4), (3)
. [u—a*]o[cyu+[ey - I"], u=d",
M _
“= {[u —a"*]-c,, u<aM, @)

where ¢ is a vector of generalized coordinates (e.g. crank
angle Gerani, right and left pedal angles); ™ and a™ are
vectors of muscle length and activation, respectively;
M(g) and RM are the system mass and moment arm
matrices, respectively; FM(q, 4, ™ a™) is a vector of
muscle forces; G(q), V (g, 4), and D(q, 4) are vectors of
gravity, motion-dependent, and frictional terms, respec-
tively. ¢; and ¢, are related to muscle activation/deacti-
vation time constants, with c¢; = 1.} — 750 and
€3 = Tgemer- Since muscle activation a™ is monotonic in
the control u, while the cost function and other equations
are not a function of the control, the optimal controls are
‘bang-bang’. For comparison with experimental data (see
below), the optimal controls were converted to functions
of crank angle rather than time. These controls provided
a robust initial guess for new simulations {e.g. with one or
more biarticular muscles not used).

From the trajectories generated by solving the optimal
control problem, the power contributed by each muscu-
lar and non-muscular force to each segment, as well as
their contribution to segmental accelerations and inter-
nal and pedal reaction forces, was computed (Fregly and
Zajac, 1996). The segments were grouped as the crank
(flywheel, freewheel, chainring, crank arms) and the limb
(foot segment, shank, and thigh of the ipsilateral leg). The
net mechanical energy produced by a muscle over a cycle
(the amount generated minus the amount absorbed) was
calculated by integrating the net power from the muscle
(tendon force times musculotendon velocity, net curve in
Fig. 5) over the crank cycle. Note that this is mechanical
energy (work), not metabolic energy (which would in-
clude muscle heat as well). A muscle can instantaneously
contribute to the power of a segment (or accelerate a seg-
ment), even when it does not touch (e.g. the crank), by
means of its contribution to the intersegmental reaction

forces. Thus, a muscle can generate mechanical energy to
the crank and/or the limb (e.g. when the net curve in
Fig. 5 is positive), or a muscle can absorb energy from the
crank and/or the limb (e.g. when the net curve in Fig. 5 is
negative), or a muscle can transfer energy between the
crank and the limb (e.g. when the limb and crank curves
are opposite in Fig. 5), perhaps while also either generat-
ing or absorbing energy (Fregly and Zajac, 1996).

Nine normal adult males (age 27 + 3.4 yr, height
1.8 +£0.04 m, and weight 714 + 59 N) gave informed
consent prior to participation. The protocol for the ex-
periments was approved according to the relevant laws
and regulations of Stanford University. With trunk in an
upright orientation (15° backward lean from vertical),
upper body secured to a backboard by straps, feet at-
tached to the pedals by cleats and toe clips, and with
arms on the chest, the subjects pedaled an instrumented
ergometer against a 20 N frictional load from rest to
their maximum achievable speed as quickly as possible.
Angular velocity was displayed to the subjects via
a digital meter. Subjects were asked to relax as much
as possible before starting, with the crank near hori-
zontal with the left leg forward, which was within 10° of
the initial position used in the model. Subjects first
warmed up by pedaling at 60 rpm for 2 mins. Subjects
rested for 5 mins, practiced the maximal startup task
once, then rested for another 5 mins. Before data collec-
tion, subjects were asked if they felt fatigued, and their
pulse rate was checked to assure it was within 10
beatsmin "' of the rate prior to the practice trial. A sec-
ond maximum-speed trial was then performed and data
collected for 10s starting just prior to the ‘go’ signal
given to the subject. All subjects reached their maximum
speed within 5 s.

Crank and pedal angles were measured with optical
encoders, and normal and fore-aft pedal reaction forces
from both feet with pedal dynamometers (Newmiller
et al., 1988). Crank angle data was filtered (Butterworth
third-order zero lag filter with a cutoff frequency of
15 Hz), allowing velocity to be estimated through differ-
entiation. Radial and tangential crank forces were cal-
culated by transforming the pedal reaction forces to
crank coordinates, then low-passed filtered (cutoff fre-
quency 25 Hz). Bipolar EMG electrodes with preampli-
fiers were attached to the right leg of each subject over
the bellies of five muscles: GAS (medial), TA, VAS (me-
dial), RF, and HAM (biceps femoris long head). All data
were sampled at 1000 Hz. In post-processing, the EMG
signals were demeaned and rectified. EMG on/off times
were selected with an automated waveform processing
program (Datapac, RUN Technologies Inc., Laguna
Niguel, CA) using the following procedure: first a base-
line EMG level was determined from the relaxed portion
of the trial, and a threshold for excitation set to at least
3 SD above this value; on—off times were determined
using a minimum on or off duration of 55 ms. The events
selected were checked manually, and on/off durations
adjusted as necessary ( + 20 ms) to best capture the EMG
bursts in the first five cycles. These were converted to
on/off crank angles. For comparison with the model, all
data were averaged among subjects as a function of crank
angle on a cycle-by-cycle basis (ie. first cycle, second
cycle, etc.).
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RESULTS

The pedaling simulation was found to reproduce the
major features of maximal startup pedaling exhibited by
the subjects. For the first two cycles, the crank angular
velocity of the model is generally within + 1 S.D. of the
subjects (Fig. 1). Simulation and experimental crank
forces (Fig. 2) are similar, except the simulation produces
a radial crank force near BDC that is more outward-
directed (i.e. negative). The crank phases corresponding
to the onset/offset times of the simulated muscle excita-
tion signals are consistent with the estimated onjoff
phasing of the muscles in the subjects [Fig. 3(b)],
derived from EMG signals [Fig. 3(a)]. However, the
simulated onset/offset times are later, except for RF off-
time. Simulations were run to assess the sensitivity to the
on/off phasing of the muscles. Using EMG phasing [Fig.
3(b)] to excite the dynamical model [Equation (2)+4)]
instead of the optimal controls, simulated performance
decreased but crank velocity was still within 1 S.D. of the
subjects.

Analysis of the net mechanical energy produced by the
muscles over the cycle (computed from the simulation;
Fig. 4) showed that VAS is the primary contributor,
providing 34% of the total (225 J). GMAX contributes
more than twice as much energy (21%) as HAM (9%),
though the two have similar force-generating capabilities
(Table 1), because GMAX’s moment arm at the hip is
greater than HAM’s. VAS generates energy to both the
crank (70J) and the limb (43J) throughout most of
downstroke (Fig. 5:0-160°, all VAS curves are > 0), but
then absorbs considerable energy (43 J) from the crank
during the upstroke while it relaxes (i.e. after excitation
ceases, 180-320°; net and crank curves are both < ( and
about equal). GMAX generates energy (54 J) mostly to
the limb in downstroke (Fig. 5, net and limb curves of
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Fig. I. Crank angular velocity measured in the subjects (gray.
ave + |1 S.D.) and generated by the aptimal control simulation of pedal-
ing (solid line). The right crank arm is vertical at 0 (top dead center,
TDC) and 180 (bottom dead center, BDC). The simulation and the
subjects started cranking from rest with the right crank approximately
90" before TDC (i.e. — 90 ). Detailed analysis (.g. Figs 2-7) focused on
the first complete cycle (0--3607) of the right leg, where simulation and
experiment matched most closely. Regardless, the biomechanics and
muscle coordination of subsequent cycles were found to be similar to
the first cycle.
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Fig. 2. Right crank forces computed from experimental data (gray and
cross-hatched regions, ave + 1S8.D.) and generated by the optimal
control simulation of pedaling (solid and dashed lines) in the first cycle.
Downstroke is from 0 to 180°; upstroke from 180 to 360°. Positive
tangential crank force accelerates the crank and positive radial crank
force is directed toward the crank axis of rotation. Left crank forces (not
shown) are similar but 180" out-of-phase with the right crank forces.
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Fig. 3. EMGs and optimal muscle excitation signals for the right leg in
the first cycle. (a) Typical unprocessed EMGs. Scale indicates maximum
EMG magnitude recorded, normalized to + | and — 1, respectively,
for each muscle. (b) Average on/off phasing of muscles after processing
the EMG (gray bar indicates muscle is ‘on™ lines indicate + 1S.D.)
compared with the on/off muscle phasing of the optimal control simula-
tion of pedaling (black bar indicates the muscle is ‘on’). EMGs were
not recorded for SOL. BFsh, IL, and GMAX. In later cycles. as crank
speed rises, both EMGs and simulated excitation signals advance in
crank phasing.
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Fig. 4. Mechanical energy produced by the muscles of the right leg over
the first cycle (0.6 s).

GMAX are both >0 and about equal), but absorbs
some energy (12J) from the crank while it relaxes in
upstroke (both net and crank curves are <0 and about
equal).

Energy generated to the limb in downstroke by VAS
and GMAX is transferred to the crank by SOL (91 J) and
GAS (36 J) (Fig. 5: SOL and GAS, 0-180°, crank curve is

> 0 and about equal to limb curve but opposite in sign).
SOL and GAS also generate some energy to the crank
(20 and 6 J; area under each net curve is > 0). Biarticular
GAS, in transferring energy from the limb to the crank in
the downstroke, acts primarily as an ankle extensor since
its ankle-to-knee moment arm ratio is high in pedaling
(Ericson, 1988; Spoor et al., 1990). TA acts as an antagon-
ist to SOL, mostly transferring energy to the crank in the
last part of upstroke.

IL and BFsh both generate energy to the crank
throughout upstroke (25 and 12 J; Fig. 5, 180-360°, net
curve and crank curves are both >0 and about equal).
However, as evidenced by the negative tangential crank
force in the simulated upstroke (Fig. 2, 180-360°, solid
line), the energy supplied by IL, BFsh, and other
sources in the upstroke is insufficient to overcome
the energy removed from the crank by the leg. This
energy removal is mostly by the relaxing VAS
and GMAX (Fig. 5, 180-360°, each crank curve is <0),
and somewhat by gravity and the joint/ligament
passive forces (not shown). Gravity and motion-depen-
dent forces were found to transfer a small amount of
energy between the crank and the limb (see also Fregly
and Zajac, 1996), with the amount increasing as crank
speed rose.

HAM and RF produced peak power near BDC and
TDC, respectively (Fig. 5). Before BDC and during the
early excitation of HAM (100-160°), HAM transfers en-
ergy (8J) from the crank to the limb while generating
energy to the limb (3J). Afterwards (160-190°), HAM
generates energy to both the crank and the limb (4 and
3 J). While still excited during upstroke (190-250°), HAM
mainly generates energy directly to the crank (11)J).
When first excited during upstroke, RF generates energy
to the crank (5J, 250-300°; Fig. 5). Later RF generates
energy to both the crank and the limb (1 and 21J,

+200 W - net
ow E = = crank

s limb

GMAX
0

'c..,..""u-" bl d

Lo 4 P oSNNI 1 -
BFsh P —
HAM . v

e
RF 0 M
L i 1 ! 3
0° 90° 180° 270° 360°
TDC BDC TDC
Crank angle

Fig. 5. Distribution of muscle mechanical power of the right leg in the
first cycle. Downstroke is from O to 180°; upstroke from 180 to 360°.
GMAX mostly generates energy to the limb in the downstroke (ie
during 0-180°, solid and dotted lines of GMAX are both > 0 and
about equal; thus the integral of each power curve, which is energy, is
> 0). VAS generates energy directly to the crank near TDC (i.e. near 07,
solid and dashed lines of VAS are both > 0 and about equal), then
more to the limb later in downstroke (i.e. during 135-160°, dotted line
increases, dashed line decreases), and absorbs energy from the crank in
the upstroke (i.e. during 180-320°, solid and dashed lines are both <0
and about equal). SOL, GAS, and TA mainly transfer energy between
the limb and the crank (i.e. dashed and dotted lines are about equal but
opposite in sign). BFsh and IL generate energy to the crank in the
upstroke. HAM and RF have complex patterns, but primarily contrib-
ute energy near BDC and TDC, respectively.

300-330°), and finally to just the limb (5 J, 330-10°). The
energy generated to the limb by RF is transferred to the
crank by TA and motion-dependent forces.

DISCUSSION

The nominal muscle coordination pattern [Fig. 3(b)]
was found to be insensitive to model parameters (e.g.
peak isometric active force, activation/deactivation time
constants, and initial state). Also, the simulation pro-
duced by using the on/off phasing of the measured EMGs
is virtually the same as that produced by the nominal
optimal muscle coordination pattern. (The difference is






