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Abstract
A device to generate standing or locomotion through chronically placed electrodes has not been
fully developed due in part to limitations of clinical experimentation and the high number of
muscle activation inputs of the leg. We investigated the feasibility of functional electrical
stimulation paradigms that minimize the input dimensions for controlling the limbs by stimulating
at nerve fascicles, utilizing a model of the rat hindlimb which combined previously collected
morphological data with muscle physiological parameters presented herein. As validation of the
model we investigated the suitability of a lumped-parameter model for prediction of muscle
activation during dynamic tasks. Using the validated model we found that the space of forces
producible through activation of muscle groups sharing common nerve fascicles was nonlinearly
dependent on the number of discrete muscle groups that could be individually activated
(equivalently, the neuroanatomical level of activation). Seven commonly innervated muscle
groups were sufficient to produce 78% of the force space producible through individual activation
of the 42 modeled hindlimb muscles. This novel, neuroanatomically derived reduction in input
dimension emphasizes the potential to simplify controllers for functional electrical stimulation to
improve functional recovery after a neuromuscular injury.
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I. Introduction
Functional electrical stimulation (FES) devices are used to restore motor function after
impairment in the central nervous system. For example, there currently exist devices to
assist standing and to reduce foot drop [1]–[3] in individuals with a neural impairment.
However, a device to generate locomotion with chronically placed electrodes has not been
fully developed because of several complicating factors. Human studies are complicated by
variations in injuries, ethical considerations, and cost. Consequently animal models, and the
rat in particular, are widely used for the development and evaluation of rehabilitative
treatment strategies [4]–[6]. A second complicating factor in FES development is that the
number of muscles to be controlled is large. For instance, in the case of the human leg there
are five degrees of freedom corresponding to the joints and approximately forty inputs
corresponding to the muscles, many of which are redundant actuators. A controller of such a
high-dimensional system could suffer from high computational cost. Therefore, reducing the
number of inputs by stimulating groups of muscles at their common nerve would be
desirable. Stimulating motor nerves can also be desirable for achieving more natural patterns
of muscle fiber recruitment and potentially reducing muscle fatigue [7],[8].

Here we use a rat model to show that nerve-based FES strategies can reduce the number of
input dimensions needed to control the limbs. Specifically, we tested the hypothesis that
constraining muscles to activate in commonly innervated groups, as would be the case with
FES at nerve fascicles, does not substantially compromise the ability of the limb to produce
forces appropriate for locomotion.

The definition of commonly innervated, i.e., neuroanatomically derived, muscle groups
parallels current work investigating the simplifying effects of muscle synergies on the neural
control of movement [9]–[11]. Muscle synergies mediate motor task planning and execution,
acting as an abstraction layer to produce specific muscle activation patterns given goal-
based kinetic or kinematic demands. Muscle synergies could effectively reduce the
dimensions of the musculoskeletal system that must be controlled by the nervous system.
Similarly, neuroanatomically derived muscle grouping could simplify FES by reducing the
variables that must be controlled by an artificial controller.

To investigate the suitability of neuroanatomically derived groups for producing standing
and locomotion we have evaluated force production associated with stimulation of nerve
fascicles. To calculate the effects of individual muscle forces a model of the musculoskeletal
system of the hindlimb is required. Previous studies have characterized the musculoskeletal
morphology, segmental mechanics, and activation dynamics necessary for a dynamic
musculoskeletal model [12]–[14]. In addition to these parameters, models of contraction
dynamics must be chosen. We chose a lumped-parameter formulation [13],[14] that
adequately represents force production of the muscle while remaining computationally
efficient enough to allow modeling of the complete hindlimb. As an extension of model
validation, we compared model predicted muscle activation to measured EMG during a
dynamic task, i.e., locomotion. The close agreement between model predicted and measured
activations lends support to the use of lumped-parameter musculoskeletal models for
simulation of gait dynamics.

The purpose of the present study was to determine the effects of constraining muscle
activation to neuroanatomically derived groups on the space of forces producible by the
hindlimb. We studied four postures associated with locomotion. The space of forces
producible through idealized excitation of different groupings of neuroanatomically-derived
muscles was determined and compared among postures. We also quantitatively compared
the sizes of the producible force spaces associated with varying numbers of muscle groups.
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We found that activation of the muscles of as few as 7 nerve fascicles was required to
approximately reproduce the natural force space of the hindlimb during locomotion.

II. Methods
A. Muscle Physiology

Ethical approval—All procedures were approved by the UCLA Chancellor’s Animal
Research Committee and followed the American Physiological Society Animal Care
Guidelines.

Muscle measurements—Muscle physiological parameters were taken from rats of
similar size, age, and sex as those used previously to define the morphology of the limb [12],
and normalized to a rat body mass of 300 g. These data were used as parameter values for a
lumped-parameter model of muscle [15] with the following muscle-specific parameters:
maximum isometric force (P0), maximum shortening velocity (vmax), optimal fiber length
(l0), pennation angle at optimal length (θ0), and tendon slack length (lts).

Muscle architectural measurements—Four rats of matching mass (294 ± 7 g) were
used for muscle architectural measurements as described previously [15]. The rats were
perfused intracardially with 8% paraformaldehyde with the ankle, knee, and hip joints fixed
at ~90°, then the isolated and skinned hindquarters immersed in 4% paraformaldehyde for
three days. Individual muscles were dissected and submerged in 20% sulfuric acid solution
to soften connective tissue, then stored in phosphate buffer solution until measurement.
Whole muscle length (l′m) excluding the tendon was measured along the muscle line of
action. Fiber pennation angle (θ′) was measured relative to the line of action. Muscles with
multiple compartments were divided and the angle of pennation measured for each
compartment. Small muscle fascicles (10 to 20 fibers) were teased from several regions of
the muscle and their lengths (l′) measured. Individual fibers were teased from the fascicles
and mounted on slides. Sarcomere length (l′s) was measured under high magnification in
three locations on each fiber and averaged to account for non-uniform sarcomere lengths.
Because all measurements were taken at generally sub-optimal muscle length, corrections
were calculated to produce optimal fiber length and pennation angle. Optimal fiber length
was calculated from the measured fiber length and sarcomere length as

where l0s = 2.40 μm (see Discussion) is the optimal sarcomere length taken from the
literature [15]–[17] and assumed to be constant across all muscles. Pennation angle at
optimal fiber length was likewise corrected for the geometric effect of the sub-optimal
length as

Maximum isometric force and maximum contraction velocity were calculated as
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where ρ = 1.056 g cm−3 is muscle density and T = {15.70, 22.94} g mm−2 and vs= {13.4,
42.7} μm s−1, are specific tension and sarcomere shortening velocities for slow and fast
fibers, respectively. Muscle specific tensions and sarcomere shortening velocities were
assumed to be constant within fiber type [15],[18]. Furthermore, sarcomere shortening was
assumed to be homogeneous along the fiber length and fiber lengths were averaged across
the muscle breadth, as is consistent with the established lumped-parameter model [13], [14],
[19]. The architecture experiment produced all muscle-specific parameters defining muscle
force generation, i.e., P0, vmax, θ0, and l0.

Muscle electrophysiology measurements—Only fourteen muscles allowed direct
physiological experiments to be performed due to limitations in isolating the insertion of
proximal muscles, particularly those with broad or multipennate structure such as GMa.
Electrophysiological measurements were therefore taken not for model definition, but for
validation of the architectural measurement method used to define the model muscle
parameters. The mechanical properties of each muscle were determined in situ in two rats.
Up to two muscles could be measured in any one rat, and six rats yielded data from only one
muscle, resulting in a total of 17 rats (276 ± 15 g). Measurements were taken in the manner
described by Roy et al. [20]. The rat was anesthetized deeply (100 mg kg−1 ketamine plus 5
mg kg−1 xylazine, i.p., supplemented with ketamine as required), the muscle isolated, and its
distal tendon cut and attached via silk ligature to a force transduction lever (Model 305B-
LR; Aurora Scientific, Toronto, Ontario, Canada). Individual nerves were isolated and
stimulated with bipolar silver electrodes. Stimulus voltage was twice the minimum voltage
required to elicit a twitch, typically 4–6 V. Body and muscle temperatures were maintained
throughout the experiment at 34–36°C. The P0 was found by applying tetanic stimulation
(0.2 ms monophasic square wave pulses at 200 Hz, train duration 300 ms) at varying muscle
lengths. The muscle was stimulated with a single 0.2 ms pulse and allowed to freely contract
to a self-selected short length. It then was lengthened in 1 mm increments and a tetanic
stimulation applied at each length. Rest times of 2 min duration were maintained between
each stimulus, during which single 0.2 ms pulses were applied every 30 s. The peak force
measured during any tetanic stimulation was taken as P0, and the length at which it occurred
as the optimal muscle length l0m.

The vmax was found via the afterload technique, i.e., applying a tetanic stimulation to the
muscle at its optimal length l0m, and allowing the muscle to contract against a submaximal
isotonic load. Eight to ten contractions were elicited at loads ranging from the passive
tension at l0m to approximately one third P0. The measured forces and velocities were fit to
the Hill force-velocity equation [21] as

and the b parameters estimated using non-linear least-squares. Fv(v) was inverted and
evaluated at zero load to calculate the maximum shortening velocity:
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Mass normalization—Although the musculoskeletal geometry and muscle architecture
measurements were taken from rats of similar mass, i.e., within a 40 g range, additional
normalization to account for mass was required. Normalization is assisted by the assumption
that all components of the rat scale proportionately and that the densities are constant.
Following the square-cube law, P0 scales with the two-thirds power of mass ratio, while
vmax, l0 and lts scale with the cube root of mass ratio.

B. Musculoskeletal Model Validation
To validate the combined morphological and physiological parameters that define the
model, we performed locomotion experiments. Twelve rats matching the sex and body mass
of the rats used for the physiology experiments were implanted with intramuscular EMG
electrodes and made to walk on an instrumented trackway. EMG, kinematics, and ground
reaction forces were recorded. The experimental kinematics and ground reaction forces were
analyzed using inverse dynamics and static optimization to estimate individual muscle
activation levels. The estimated activations were compared to the experimental EMG to
validate the model.

Musculoskeletal model definition—The physiological parameters presented herein
were combined with morphological parameters defined previously and presented in [12].
Briefly, the hindlimb was modeled as a five degrees of freedom (DOF) linkage comprising a
three-DOF hip joint and single DOF knee and ankle joints. The hip segment was fixed to a
specified trajectory, and forces and torques could not alter its movement. Fixing the hip
segment was necessary, as an unconstrained hip segment would require modeling the
dynamics of the entire body, which was outside the scope of the present study. The foot-
ground interface was modeled as a spherical joint, with reaction forces applied to the model
as measured in locomotion experiments.

EMG electrode implantation—EMG electrode implant surgeries were carried out under
aseptic conditions as described previously [22]. Rats were anesthetized deeply using 1–3%
isoflurane gas. The dorsal aspect of the skull was exposed and dried thoroughly. Five screws
were driven into the skull and two 9-pin amphenol connectors were anchored to the skull
and screws with dental cement. Sixteen Teflon-coated stranded stainless steel wires were led
subcutaneously from the connectors to the right hindlimb. About 1 cm of the Teflon coating
was removed from the distal end of a seventeenth wire, which was embedded in the middle-
back region and served as a common ground. The ST, BFa, GMa, VL, RF, TA, Sol and MG
muscles were exposed (for muscle abbreviations see Table 2), and two wires were inserted
into each muscle by passing them individually through a 23-gauge hypodermic needle.
Recording electrodes were made by removing ~0.5–1.0 mm of insulation from each wire
and positioning the electrodes in the mid-belly of the muscle. Following stimulation of the
muscle through the electrode to ensure proper placement, each lead was secured with a
suture at its entry and exit from the muscle. The bared tips of the wires were covered by
gently pulling the Teflon coating over the tips to avoid recording extraneous potentials. Rats
were allowed to recover for at least five days before locomotion testing began.

Locomotion testing methods—Rats were tested walking quadrupedally on a level
trackway at a self-selected pace. Two days of testing were performed, on each of which the
rats were made to walk across the trackway five times. Trials in which the rat contacted the
force platform only with its right hindlimb were retained for a total of 47 trials. EMG signals
were amplified, recorded and displayed using a computer data acquisition system
(LabVTEW, National Instruments Inc., Austin, TX). Reflective markers were placed on the
right torso (iliac crest), hip (greater trochanter), knee (lateral condyle), ankle (lateral
malleolus), and foot (fourth metatarsal). Locomotion was filmed at 100 Hz using two
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cameras with angular offset. 3-D marker positions were tracked using stereophotogrammetry
as implemented by SIMI (SIMI Reality Motion Systems GmbH, Unterschleissheim,
Germany). Reaction force was measured with a commercial six-axis force platform
(HE6X6, AMTI, Watertown, MA) and recorded using the LabVIEW system.

Inverse dynamics and static optimization—Model analysis was performed in the
open source OpenSim musculoskeletal modeling environment [23]. Limb kinematics were
calculated from 3-D marker positions using a weighted least-squares method to mitigate the
effects of skin motion. Inverse dynamics was performed to find joint torques given the
experimental kinematics and ground reaction forces. Muscle physiology was modeled with a
lumped-parameter formulation [13],[14],[19]. Static optimization was used to distribute joint
torques across the redundant muscles while minimizing muscle activation as described in
[24]. The objective function in this case was

where n = 39 is the number of muscles and a is muscle activation at time t. The objective
function was minimized subject to the constraints that force production of individual
muscles was tensile and that joint torques balanced muscle moments:

where fi is the force produced by muscle i, rj,k is the scalar moment arm of muscle j about
joint k, and τk is the torque at joint k.

C. Force Envelopes
When activated, a hindlimb muscle produces a torque at each joint it crosses. The postural
configuration of the limb determines the resultant force (magnitude and direction) produced
at the foot. The magnitude of the resultant force is scaled by the activation level, which is
defined as varying from zero (no activation) to one (full activation). The space of producible
forces is the union of all force vectors produced by summing the resultant forces of the
individual muscles in all possible combinations and at all levels of activation. The space of
producible forces may be visualized as a 3-D volume about the foot. When muscles are
grouped, i.e., constrained to activate at equal levels, the net force produced by the group is
the sum of the force vectors produced by each muscle individually, scaled by the group
activation. Therefore, if the grouped muscles were allowed to activate independently they
would be capable of producing forces in a number of directions, but grouping them
constrains their net force to one direction and thus reduces the space of producible forces.

The effect of constraining the hindlimb muscles to be activated based on common
innervation was investigated at four postures corresponding to four points in the gait cycle:
toe off, mid-swing, toe contact, and mid-stance. The number of inputs, i.e., activations, was
reduced by grouping commonly innervated muscles and by constraining all muscles within
the group to have the same activation level. Muscle innervation patterns were defined
according to Greene [25] and confirmed by observation during dissection (Fig. 1). Muscles
were grouped with varying levels of specificity, from the trivial case in which each group
consisted of one muscle (ST and Per modeled as a single muscle each) to the general case of
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two groups corresponding to excitation of the sacral and caudal lumbar plexuses (Table 1).
For a given posture and for each level of group specificity, the space of producible forces
was defined as all linear combinations with coefficients between zero and one of the force
vectors generated at the ball of the foot by the muscle groups. In other words, the space of
producible forces is the set of all forces that could be produced at the foot by activating the
muscle groups in any combination.

Force space projections—Extremal points (i.e., vertices) of the force space are a subset
of all combinations of muscle force vectors at maximal activation. Because the number of
muscle groups and thus the number of force vectors was large, it was impractical to
analytically determine the space of all linear combinations of those vectors. For example,
there are 242≈4.4·1012 combinations in the individual muscle case. Instead a synthetic
method was used to closely approximate the polygons associated with projection of the force
space onto the anatomical planes. Bounding boxes defining the maximum extent of the force
space in the directions of the axes were found as the axes were rotated; the intersection of
the bounding boxes approximated the force space projection. The following formalization
uses the sagittal plane as an example.

First the set of resultant force vectors at the foot (vi, i ∈ {1, …,n}) was calculated, where n is
the number of muscle groups. The space of producible vectors is

Then a box (B0) bounding V was defined as the maximum and minimum values of the
combined vectors’ components,

where

The basis of the projection plane then was rotated by an arbitrary rotation matrix R,

extremal points found in the new basis,
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and the extremal points rotated back to produce a rotated bounding box (B1).

Finally the rotations R and bounding box definitions were repeated, filling the interval
[0,90°]. The intersection of all bounding boxes was the space of producible forces projected
onto the plane in question.

III. Results
A. Muscle Physiology

Architectural vs. electrophysiological parameters—The P0 values calculated using
architectural measurements were compared with the P0 values determined via
electrophysiological measurements (Table 2). The architectural properties of all 42 muscles
modeled were measured, and 14 of these muscles were tested in situ physiologically. Based
on the architectural data, P0 ranged from 25 g (EHL) to 1912 g (GMe) and vmax ranged from
65 mm s−1 (VI) to 775 mm s−1 (STp). Both the P0 and vmax values determined using the
architectural data and the physiological testing were highly correlated, i.e., r = 0.98 and 0.97,
respectively (Fig. 2A and B). The correlation for vmax, however, was affected by the choice
of sarcomere shortening velocity as described below and in the Discussion.

Consistency across specimens—The variation in the architecturally and
electrophysiologically determined muscle force and velocity measures for individual
muscles between rats was small relative to the mean values (Table 2). For the architecture
experiments, the maximum coefficient of variation (CV) for P0 was for the GS at 0.34, and
38 of the 42 muscles had a CV less than 0.20. For the electrophysiological experiments, the
maximum CV was for the FDL at 0.37, and 12 of the 14 muscles had a CV less than 0.20.
For the architectural experiments, the maximum CV for vmax was for the TP at 0.33, and 35
of the 42 muscles had a CV less than 0.20. For the physiological experiments, the maximum
CV was for PerQa at 0.16, and 11 of the 14 muscles had a CV less than 0.10.

Optimal sarcomere length—Optimal sarcomere length values for rat skeletal muscles
have been reported to be between 2.2 and 2.4 μm [15]–[17]. To determine the optimal
sarcomere length used in the model, the linear fit between electrophysiologically and
architecturally measured P0 values was examined. When optimal sarcomere length was
assumed to be 2.2 μm, the linear fit had a slope of 1.09, whereas at 2.4 μm the slope was
1.00. Therefore, optimal sarcomere length used in the model for all muscles was 2.4 μm.

Sarcomere shortening velocity—Although fiber type composition of the hindlimb
muscles as reported in the literature varies, the VI, Sol, and AL are reported in multiple
sources as composed of greater than 50% type I fibers [26]–[28]. Previous reports indicate
that the vs of type I fibers is 13.4 μm s−1 [29],[30]. Of the slow muscles only the Sol was
measured electrophysiologically and it was found that the 13.4 μm s−1 sarcomere shortening
velocity gave close agreement between architecturally and electrophysiologically measured

Johnson et al. Page 8

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



muscle shortening velocities (Fig. 2). The shortening velocities of the remaining 39 muscles
were assumed to be dominated by fast fibers. The vs of type II fibers has been reported to be
48.6 μm s−1 for rats aged 35 days and 42.7 μm s−1 for rats aged 100 days [31]. Architectural
and electrophysiological measurements were made in rats aged over 75 days, therefore type
II sarcomere shortening velocity was taken to be 42.7 μm s−1. Of the 13 fast muscles
measured electrophysiologically, only the architectural and electrophysiological muscle
shortening velocities of VM differed widely (Fig. 2). Using a value of vs midway between
those of type I and II fibers (vs = 28.05 μm s−1) for VM gave close agreement between the
muscle shortening velocities using the two methods.

B. Model Validation
Muscle excitation and activation as evidenced by experimental EMG and model-derived
optimal muscle activation levels, respectively, are shown in Fig. 3. There was close
agreement between experimental EMG and optimal muscle activation in all muscles. Both
the modeled and experimental data show that the BFa and ST are minimally active
throughout a typical gait cycle of slow locomotion. Also notable is the difference in
activation patterns of the two measured quadriceps muscles, i.e., the RF and VL. The former
is a biarticular muscle crossing the hip and knee and is active during both late swing and
mid-to-late stance, whereas the latter crosses only the knee and is primarily active during
stance. The model predicts some additional VL activity in late swing not seen in the EMG
records; this is consistent with the activation patterns reported by de Leon et al. [32]. In
addition, EMG shows the TA is active primarily during early swing, and ceases activity in
mid-swing, whereas the model-derived activation indicates it is active throughout swing.
Finally, the experimentally measured excitation of the ankle extensors exhibits a pronounced
lead of ~20% of the gait cycle compared to the model-derived optimal activation.

Overall, the modeled muscles behave as expected. The knee and ankle extensors are active
during stance to support the body weight, and the ankle flexors are active during swing to
elevate the foot. The RF, as noted above, performs the dual function of flexing the hip
during swing and extending the knee during stance. The GMa is active during stance, when
an abduction moment is required to elevate the contralateral hip.

C. Force Envelopes
Force production dependence on posture—Envelopes corresponding to the space of
forces producible at varying levels of excitation specialization were projected onto sagittal,
transverse, and coronal planes (Fig. 4). The shapes of the envelopes were dependent largely
on posture. For the following description of postural dependence of force space, we limit the
descriptions of force envelope shape to the envelope produced by excitation of individual
muscles. In the posture encountered at toe-off (Fig. 4A), the forces producible in the sagittal
plane were constrained on an axis allowing roughly equal propulsive and lifting force. The
axial constraint is due to the fully extended toe-off posture in which the leg acts as a
pendulum, supporting forces primarily in the tangential direction. Propulsive/braking forces
between −35.5 and 11.7 N and weight support/lifting forces between −9.9 and 31.0 N were
producible (see Fig. 4 for sign conventions). In the mid-swing posture (Fig. 4B), weight
support and lifting forces were producible with roughly equal magnitude (−9.6 to 7.6 N),
while large propulsive (−49.6 N) and moderate braking (21.3 N) forces also were
producible. At toe contact (Fig. 4C) the posture favored, but was not limited to, a
combination of high weight support and large propulsive forces (−17.9 to 7.1 N weight
support/lifting, −42.9 to 16.2 N propulsive/braking force). Finally in mid-stance (Fig. 4D)
the leg was capable of producing large propulsive and lifting forces and moderate braking
and weight support forces (−50.3 to 18.0 N propulsive/braking and −6.4 to 13.2 N weight
support/lifting). The force envelopes predicted in stance, particularly the preferential

Johnson et al. Page 9

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



generation of propulsive forces, are consistent with previously reported forces in cats [10].
The maximum weight support producible at mid-stance occurred in combination with a
slight braking force. The maximum weight support producible with no accompanying
propulsive/braking force, however, was 5.7 N. Producible forces in the direction normal to
the sagittal plane, i.e., left-right forces, were not as highly affected by posture and varied
between ±11 N for toe contact to ±15 N for toe-off.

Force production dependence on innervation specificity—The space of forces
producible by the leg is highly dependent on the number of muscle groups corresponding to
independently activated nerve fascicles. The force space envelopes corresponding to varying
levels of innervation specificity were projected onto the anatomical planes for four postural
states (Fig. 4). The areas of the projected envelopes were quantified and plotted as a function
of the number of groups (Fig. 5). As expected the area in every plane was greatest for the
case in which all muscles were allowed to activate individually (ST and Per modeled as a
single muscle each), and decreased as the number of groups was reduced. Initially there was
only a slight reduction in the producible force space as the specificity was reduced, and a
plateau existed between the individual activation case and the 7 to 11 group cases. There
was, however, a striking drop-off in area when the number of groups was reduced beyond 7.
Averaged across the four postural conditions, 11 muscle groups were sufficient to produce
82%, 7 muscle groups 75%, and 4 muscle groups only 39% of the sagittal plane forces
producible with individual muscle activation. In two particular postures, i.e., mid-stance and
toe-off, the sagittal plane areas were particularly sensitive to the number of muscle groups.
In these cases 11 groups produced 75% (toe off) and 78% (mid-stance), 7 groups 62% and
68%, and 4 groups 35% and 27% of the forces produced by individual muscle activation.
The transverse plane area was sensitive to the number of muscle groups at mid-swing, where
7 groups were capable of producing only 59% of the forces producible by individual muscle
activation. Averaging across all postures and anatomical planes, muscle groups
corresponding to just 11 nerve fascicles produced 85%, and 7 groups produced 78% of the
individually elicited forces.

IV Discussion
A. Muscle Physiology

Sensitivity to vs—Electrophysiological and architectural methods of calculating vmax
were in agreement in all cases except for the VM. Although the VM is considered a fast
muscle it nonetheless contains a region of type I fibers that is closely associated with the
slow VI. Its close association with the VI made both architectural and electrophysiological
measurements problematic. The consistency with which it is reported as a fast muscle [26]–
[28], however, supports the architectural method and the assignment as fast vs. In addition,
although the correlation between the architectural and electrophysiological vmax values was
high (r = 0.97), the linear regression had a non-unit slope of 0.85 when fast fibers were
assumed to have a sarcomere shortening velocity of 42.7 μm s−1 (Fig. 2). If the fast vs
associated with 35 day old rats (48.6 μm s−1) was used, the regression had a slope of 0.99
and an r = 0.96 (data not shown). The slower shortening velocity suggested by the literature
was used to calculate fast muscle values for the model because the small number of
electrophysiologically determined velocities were insufficient to justify deviating from that
value. In any case, the forces and activations calculated with the Hill model of in situ force-
velocity properties are insensitive to changes in the maximum vs [33], so the model
validation results are not substantively affected by the choice between these similar vs
values.
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Consistency of muscle physiology parameters—The agreement between
physiological parameters measured through architectural and electrophysiological methods
supports the simplifying assumptions that specific tension and sarcomere shortening velocity
were constant among muscles of the same fiber type, and that sarcomere shortening was
homogeneous along the length of the fibers. Additionally, the consistency across specimens
of the architecturally derived muscle physiology parameters suggests that the muscle
physiological properties used in the model may be generalized to rats of similar size under
the scaling assumptions outlined in the Methods. Combined with the consistency found
previously in musculoskeletal morphology [12], this allows the stereotypical rat hindlimb
model to be defined as the combination of muscle physiology and musculoskeletal
morphology. It, therefore, can be scaled to individual rats for analysis of experimental gait
dynamics.

B. Model Validation
Static optimization as validation method—The static optimization method calculates
the joint torques required to maintain equilibrium under the influence of a particular ground
reaction force, then applies an optimization rule to distribute the torques to the muscles.
Thus in validating the input-output relation of the model using static optimization we
support the validity of the musculoskeletal morphology and kinematic definitions in addition
to the optimization rule and static aspects of the muscle physiological measurements.

Model validation results—The only substantial difference between experimental EMG
and modeled muscle activation was that in three muscles (Sol, MG, and TA), the EMG
activity led the model-predicted activation. In fact for Sol and MG, EMG onset took place
before toe contact. This is consistent with the widely observed strategy of pre-activating the
calf muscles prior to touchdown to increase stiffness and minimize energy loss during stance
[34]. The static optimization algorithm does not take such a strategy into account, i.e., the
predicted activations simply balance the ground reaction forces and hence those muscles are
predicted to be active from toe contact to toe-off.

The TA EMG also differs from its model-predicted activation in that the model predicts the
muscle to be active throughout swing, initially to accelerate and then to hold the foot up
against gravity, while the EMG indicates the muscle is active only during early swing. A
possible explanation is differential activation of the TA and EDL. Observation of the video
consistently shows toe flexion during swing, followed by extension prior to ground contact.
This indicates that the EDL is active primarily during late swing. Because the model does
not include any articulations below the ankle, the TA and EDL share the ankle flexion
function and the static optimization method simply distributes the ankle flexion moment
between them roughly proportionate to their size and moment arm. Addition of a common
tarsometatarsal or metatarsophalangeal joint to the model may differentiate the function of
these two muscles.

An alternative explanation for the difference in phase and duration of the EMG and model-
derived activations of the shank muscles is the electromechanical delay (EMD) between
muscle activation and contraction, which is not accounted for in static optimization. The 44
ms delay between experimental and modeled activations is within the range of EMD
reported in the literature (approximately 5 ms to 75 ms) [35]–[37]; however due to the
variability of the activation-contraction coupling dynamic parameters between muscles and
as functions of shortening velocity [36], EMD of the hindlimb muscles was not incorporated
in the model validation analysis.

These differences in model predicted and measured activation strategies do not diminish the
capacity of the model to perform static and dynamic analyses. This is particularly true in the
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case of activation-driven analyses not requiring an optimization step, such as the aim of this
investigation, i.e., determining the space of producible forces at the foot.

C. Force Envelopes
Idealization of hindlimb innervation—The innervation map used to define commonly
activated muscle groups (Fig. 1) was derived from an anatomical atlas [25] and largely
confirmed through observation during dissection. This innervation map is an idealized and
simplified representation of the neuroanatomy of the rat hindlimb. The most notable
simplification is that many muscles are modeled as branching at the same level as the
nerves. For instance the muscles innervated by the tibial nerve are all grouped together. Both
the literature and our observation, however, indicate that TP, FHL, and FDL are commonly
innervated as a subgroup, as are the Pla, Sol, and LG. Similar and more complex subgroups
exist among the BFp, CF, SM, and ST. The constituent muscles of each group, however, are
functionally synergistic, i.e., all ankle extensors in the first case, and hamstrings in the
second, and their moment arms about the joints are similar due to their common locations.
Therefore, very little force space is sacrificed through their grouping due to the fact that
differential activation of the muscles within these groups can be approximated by sub-
maximal activation of the group as a whole.

Minimum requirements for determinacy—Although we have established that force
production at four postures typical of standing and locomotion is approximately
reproducible with reduced input dimension corresponding to relatively few nerve fascicles,
it is important to determine the minimum number of muscle groups required to ensure the
muscle groups constrain all degrees of freedom. There are five degrees of freedom during
swing, corresponding to three hip rotations, knee flexion, and ankle flexion. During stance
we may consider the three components of foot location constrained (assuming the foot does
not slip), in which case two degrees of freedom remain. Due to the ability of muscle groups
to produce force only in tension, at minimum N+1 groups are required to constrain N joint
degrees of freedom [38]. Consequently a minimum of three muscle groups during stance or
six groups during swing are required to constrain all degrees of freedom of the limb. The
seven group case does therefore fully constrain the degrees of freedom of the leg and as such
it is a candidate for evaluation of reducing FES input dimension.

Significance—Using a model of the rat hindlimb musculoskeletal system we have shown
that constraining muscles to activate in neuroanatomically derived groups reduces the space
of forces producible by the hindlimb, but that a relatively low number of commonly
innervated groups is required to approximate the force space producible by all muscles
activated individually. Specifically, seven groups, corresponding to activating the obturator,
femoral, tibial, gluteal, and peroneal nerves, and the proximal and distal branches of the
sciatic nerve, are sufficient to reproduce 78% of the forces producible through individual
excitation. This implies that idealized excitation of a relatively small number of nerve
fascicles may be sufficient to produce forces required for standing and locomotion. This
reduction in input dimension has the potential to simplify FES controller development in
attempts to improve functional recovery after a neuromuscular injury.
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Figure 1.
A map of the innervation pattern of the rat hindlimb muscles. Muscles are depicted as nodes
(abbreviations found in Table 2). Nerves and nerve fascicles are depicted as branches.
Labels of the branches correspond to the muscle groups used in constructing feasible force
envelopes in Table and 1. Grouping are derived from Greene [25] and direct observations
during dissection of the limbs.
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Figure 2.
Comparison of architectural and physiological methods of measuring maximum isometric
force (A) and maximum shortening velocity (B). Filled circles correspond to individual
muscles and error bars correspond to standard deviation in each measurement. The unfilled
square point in (B) corresponds to the architecturally derived maximum shortening velocity
of VM assuming an intermediate sarcomere shortening velocity (28.05 μm s−1; see
Discussion). The linear regression (dashed line) of the maximum isometric force data has a
slope of 1.00 and correlation coefficient r = 0.98. The linear regression of the maximum
shortening velocity has a slope of 0.85. When using the fast sarcomere shortening velocity
of VM (42.7 μm s−1, shown as filled circles) the correlation coefficient was r = 0.88, and
when using the intermediate sarcomere shortening velocity of VM (28.05 μm s−1, shown as
an unfilled square) or eliminating it the correlation coefficient was r = 0.97.
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Figure 3.
Mean muscle activation levels derived from experimental EMG (dotted bold) and predicted
by the model as optimal (solid bold) as a function of gait cycle phase. Means are taken
across all trials, and envelopes (dotted light, solid light) represent one standard deviation.
Swing takes place from 0–50% of the gait cycle and stance from 50–100%. Average swing
duration was 180 ms, and average stance duration was 340 ms. All model-derived optimal
muscle activations agree with the experimental EMG with exceptions in the TA, MG, and
Sol. EMG indicates the TA is active only in early swing, while the model predicts it is active
throughout. EMG also indicates that the MG and Sol exhibit pre-activation late in swing,
prior to toe contact, which is not predicted by the model.
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Figure 4.
Space of forces producible by the hindlimb in the sagittal, transverse and coronal planes.
Solid, dot-dashed and dotted envelopes correspond to muscles activated individually or in 11
or 4 groups, respectively. The black point indicates the origin of the force envelope, i.e., the
foot-ground interface. Force space envelopes are evaluated at toe-off (A), mid-swing (B),
toe contact (C), and mid-stance (D). Scales are in Newtons. In the x direction (rostro-
caudal), negative and positive forces correspond to propulsive and braking forces; in the y
direction (dorso-ventral) they correspond to weight support and foot lifting forces; and in the
z direction (medio-lateral) they correspond to forces propelling the rat to the right and left,
respectively.
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Figure 5.
Projected area of the force space producible as a function of the number of individually
excitable elements. Projections into the sagittal (solid), transverse (dashed), and coronal
planes (dotted) are shown. Area shown is relative to the area producible with individual
muscle excitation. The four plots on the left show the areas at four stages of gait while the
plot on the right shows the average across the four postures.
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Table 1

Muscle groupings used to generate feasible force envelopes. The number of individually excitable elements
(groups plus individual muscles not in a group) is shown above each group. If a group corresponds to
excitation of a particular nerve, it is listed to the left of the group. Prox = proximal; dist = distal.
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