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Abstract—We performed this study to determine the feasibil-
ity of controlling and stabilizing seated posture with functional
electrical stimulation (FES) after paralysis from spinal cord
injury (SCI) using computer simulations and a 3-dimensional
model of the hip and trunk. We used the model to approximate
the range of postures in the sagittal and transverse planes
attainable by a seated subject and to estimate the maximum
restorative moment that could be produced in a neutral posture
in response to a disturbance. The simulations predicted that
approximately 28 degrees of forward flexion in the sagittal
plane (combined hip and trunk) and 9 degrees of lateral bend-
ing in the transverse plane should be possible with FES and
that a maximum disturbance rejection moment of approxi-
mately 45 newton meters could be expected with the chosen
muscle set. We tested a subject with a motor complete thoracic
SCI and implanted electrodes in a subset of the selected mus-
cles to compare the moments the subject required to maintain
various hip and trunk positions with those predicted by the
model. Although a significant range of seated postures was
possible with FES, the data demonstrated that more complete
activation of the paralyzed muscles would be needed for the
subject to fully achieve the theoretical range of motion. With
further refinements, we could apply these techniques to the
design of control systems for regulation of seated posture and
dynamic motion of the torso.

Key words: biomechanics, functional electrical stimulation,
maximum force output, moment of force, musculoskeletal
model, posture, rehabilitation, seating, spinal cord injury, trunk
muscles.
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INTRODUCTION

Paralysis as a result of spinal cord injury (SCI) can
severely compromise an individual’s ability to control the
movements of the limbs and trunk. Functional electrical
stimulation (FES) has a long history as a rehabilitation
tool for restoring mobility after SCI. While much
research has been directed toward providing individuals
with cervical or thoracic (T) level injuries with the ability
to grasp, reach, stand, transfer, and step with the applica-
tion of FES [1-5], relatively little attention has been
given the potentially useful and clinically relevant issue
of control of seated posture.

The lack of voluntary control of the trunk muscles
after SCI can have serious functional and health-related
implications. The inability to stabilize the spine and pel-
vis renders those with paralysis unable to vary seated
posture or maintain anything other than one passive

Abbreviations: 3-D = 3-dimensional, df = degrees of freedom,
FES = functional electrical stimulation, L = lumbar, S = sacral,
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Modeling, T = thoracic, VA = Department of Veterans Affairs.
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stable position, which can result in the adoption of
unhealthy seated postures for prolonged periods of time.
This can lead to skeletal deformities, increased risk for
development of decubitus ulcers, and imposition of large
and nonphysiological pressure on internal organs that
may compromise their function [6-7]. Furthermore,
paralysis of the hip and spinal muscles can dramatically
decrease workspace and limit an individual’s ability to
interact with the environment [8]. Wheelchair users often
rely exclusively on unilateral reach and adopt various
compensatory strategies to substitute for active trunk sta-
bility, such as leaning away from the object being
grasped to passively balance the imposed moments, hold-
ing on to the wheel rim, or crooking the elbow under the
push handle with one arm while reaching with the other,
which further limits the available workspace. Bilateral
reach is often impossible.

Clinical experience with the joint Case Western
Reserve University and Department of Veterans Affairs
(VA) implanted neuroprosthesis [9] indicates that activa-
tion of the paralyzed hip and trunk extensor muscles
allows different stable equilibrium positions in the seated
subject with motor complete paraplegia [10]. Electrodes
implanted at the T12 to first lumbar (L) spinal roots for
recruitment of the L erector spinae and stabilization of the
trunk over the pelvis improve standing postures; for
seated postures, they may also expand the bilateral work-
space of subjects seated without a backrest, provide a
more natural anterior pelvic tilt and L curve, and extend
forward reach by up to 8 cm. We hypothesized that addi-
tional activation of the hip extensor muscles (gluteus
maximus and semimembranosus) would likely further
improve seated reaching performance [11].

We performed this study to examine the feasibility of
controlling seated posture in individuals with SCI by stim-
ulating the hip and trunk musculature. The potential for
controlling pelvis and trunk position with FES was ana-
lyzed with computer simulations and a 3-dimensional (3-
D) model that included articulations of the L spine and
pelvis, as well as the erector spinae, rectus abdominis,
quadratus lumborum, gluteus maximus, rectus femoris,
and semimembranosus muscles. We took values for nor-
mal anatomy and force production from the literature and
modified them with previously established standards for
force output expected from electrically stimulated para-
lyzed muscle. We hypothesized that activating the muscles
of the torso and hips with FES would provide stability
over a clinically relevant set of seated postures and thus
allow subjects to manipulate objects in the environment
without leaning over or using their other hand for support.

METHODS

A 3-D biomechanical model of the trunk of a nondis-
abled person that incorporated the musculoskeletal struc-
tures of the trunk and pelvis was developed. We
approximated the inertial parameters for the model by
using standardized data for a human male and making
geometric assumptions for the different body segments.
For the experimental portion of the project, the inertial
parameters were reformulated based on measurements of
our subject with SCI. The muscle insertion points and
muscle cross-sectional areas were taken from the literature
and based on original, previously reported work in our lab-
oratory. Maximum force output of the muscles per unit of
cross-sectional area was determined for the model and
based on maximum voluntary back-extension moments
reported in the literature. We then scaled these maximum
force outputs to represent the expected output, based on
previous data, from an electrically stimulated paralyzed
muscle. All muscles in this model were represented as
simple force generators where force output was propor-
tional to activation level. We also conducted an experi-
ment with a subject with SCI to approximate the muscle
volume activated by the current FES system and compare
required joint moments calculated from the experiment
with muscle outputs predicted by the model. The subject
who participated in this experimental procedure signed
informed consent documents approved by the institutional
review board of the Louis Stokes Cleveland VA Medical
Center. The model was implemented with the Software
for Interactive Musculoskeletal Modeling (SIMM) pack-
age from MusculoGraphics, Inc, Santa Rosa, California
(http://www.musculographics.com),  which includes
graphical representations and routines for calculating mus-
cle-moment arms given different postures. We used the
SD-FAST dynamic engine (Parametric Technology Cor-
poration, Needham, Massachusetts) to generate dynamic
routines, including procedures for calculating the neces-
sary moment for a given posture (inverse dynamics), and
to apply external forces and moments to the model.

Model Development

Kinematic Constraints

The trunk component of the model focused on the
actions of the L vertebrae, which are responsible for a
majority of spinal movement in flexion-extension and
lateral bending. The T spine was assumed rigid, which
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represented a spinal fusion or other stabilizing instrumen-
tation common in people with SCI.

The L spine has six joints, each with 3 degrees of
freedom (df). To be able to individually control all 18 df
and achieve any arbitrary posture, an individual would
require a large number of independent muscle fascicles.
An example of such an approach is the model of the L
spine developed by Cholewicki and McGill [12], which
incorporated 90 independently controlled muscle fasci-
cles and preserved all 18 df. While some researchers
maintain that this level of independent activation of the
trunk musculature is needed for control of spinal position
[13], others contend that no experimental evidence exists
of the wide discrepancy in activation of different back-
muscle fascicles that one would expect from the activa-
tion patterns predicted by such models [14]. For this
study, we assumed that the trunk could be controlled with
a relatively small number of independent actuators that
represented discrete muscles (quadratus lumborum and
rectus abdominis) or muscle groups (columns of the erec-
tor spinae) that worked in synergy if certain kinematic
constraints were enforced. Our resulting formulation
assumed that all moments acting on the L spine resulted
in static equilibrium about the L5 to first sacral (S) joint
(where such moments would be the highest), while total
flexion-extension (pitch) and lateral bending (roll) were
distributed across all L intervertebral segments in fixed
proportions. Axial rotation about the spine (yaw) was set
to zero for these simulations, and the muscles were
required to output forces to keep the spine in this neutral
posture against applied loads and gravity. Thus, although
moments were only balanced about the L5-S1 joint, the
intervertebral angles for all the other L segments ()
were constrained to constant ratios of the L5-S1 joint.
These ratios were proportional to the given joint’s range
of motion as originally measured by White and Panjabi
[15]. Our technique is similar to that for distributing the
total bend of the spine to its segments used by McGill
[16]. These constraints are described in

L segment rotation (degrees) i = ¢; x total spine rotation (degrees), (1)

where for flexion-extension:
o551 =19.8%, o 41 5=18.6%, o 314 = 17.5%,
A o-13=16.3%, a1 2 =13.9%, and aryy_ 1 = 13.9%;
and for lateral bending:
o551 =8.1%, o4 15=16.2%, a3 |4 =21.6%,
Q213 =16.2%, a1 2= 16.2%, and arqp_ 1 = 21.6%.
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We also constrained the pelvic and femoral compo-
nents to simplify the computational structure of the bio-
mechanical model. We assumed the femurs were fixed to
the chair at a constant angle roughly parallel to the
ground (and perpendicular to the gravity vector). As a
result of this approximation, the model only allowed for
pelvic flexion-extension and included neither axial rota-
tion nor lateral bending of the pelvis. The full model,
therefore, has 4 df that must be controlled (flexion-
extension of the hip and flexion-extension, lateral bend-
ing, and axial rotation of the spine).

Inertial Parameters

The inertial parameters were calculated based on a
standard male as defined by the 1998 U.S. Army Male
Anthropomorphic Survey (http://ioe.engin.umich.edu/
i0e491/Datal/Ans88_m.pdf). The model we used for the
computations was 1.75 m tall and weighed 78 kg. We cal-
culated the geometric properties of the pelvis by assum-
ing it was a rectangular solid. The height of the pelvis
was calculated as a percentage of the total height of the
model as defined by Drillis and Contini (from Winter
[17]). The relative width and depth of the pelvis were
taken from the U.S. Army survey. The weight of the pel-
vis was calculated as a percentage of the subject’s total
weight as defined by Dempster (from Winter [17]). We
obtained inertial parameters for the head, trunk, and
upper limbs by the same method as for the pelvis, except
we assumed that the upper limbs and trunk were cylindri-
cal solids and the head was a sphere. The head and arms
were constrained to move with the T segment. The iner-
tial parameters we used are summarized in Table 1. For
calculations involving the subject with SCI, we reformu-
lated the intertial parameters of the model for his height
and weight. The relative dimensions of each of his body
segments were taken by direct measurements with cali-
pers. The data for this version of the model are summa-
rized in Table 2.

Hip and Trunk Musculature and Passive Moment

The bilateral erector spinae (lumped iliocostalis and
longissimus), quadratus lumborum, and rectus abdominis
were included in this model because these muscles are
either currently implanted in FES subjects, as in the case
of the erector spinae [9,18-19], or accessible via surface
stimulation and possible targets for future implantation
[18,20-23]. The quadratus lumborum was chosen
because of its large moment arm for lateral bending and
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Table 1.

Inertial parameters for male pelvis-trunk model. Coordinate system was defined such that Y was upward, X was forward, and Z (positive) was to
model’s right. Note that origin of proximal joints of arms was 0.2 m to right and left of top of torso.

Center Mass Location from

Parameter Hfrig)ht V\éekight Geometric Approximation Proximal End of Joint

9) Major Axis Minor Axis Y (m) X (m) Z (m)
Subject 1.75 78.0 — — — — —
Pelvis 0.08 8.3 0.34 0.24 0.04 0.06 0.00
L5 0.03 2.0 0.31 0.23 0.02 0.05 0.00
L4 0.03 2.1 0.31 0.23 0.02 0.03 0.00
L3 0.04 2.2 0.31 0.23 0.02 0.03 0.00
L2 0.03 1.8 0.31 0.23 0.01 0.04 0.00
L1 0.03 1.8 0.31 0.23 0.01 0.05 0.00
Thoracic Torso 0.34 20.6 0.32 0.24 0.17 0.06 0.00
Head 0.22 6.3 0.18 0.18 0.11 0.00 0.00
Right Arm 0.58 3.9 0.09 0.08 -0.29 0.00 0.00
Left Arm 0.58 3.9 0.09 0.08 -0.29 0.00 0.00

L = lumbar; numbers refer to vertebra number.

Table 2.

Inertial parameters for pelvis-trunk model modified to fit subject with spinal cord injury. Coordinate system was defined such that Y was upward,
X was forward, and Z (positive) was to model’s right. Note that origin of proximal joints of arms was 0.2 m to right and left of top of torso.

Center Mass Location from

Parameter Hfrig)ht V\éekight Geometric Approximation Proximal End of Joint

9) Major Axis Minor Axis Y (m) X (m) Z (m)
Subject 1.73 93.3 — — — — —
Pelvis 0.09 10.0 0.37 0.26 0.04 0.04 0.00
L5 0.03 2.4 0.37 0.30 0.02 0.05 0.00
L4 0.03 25 0.37 0.30 0.02 0.05 0.00
L3 0.04 2.6 0.37 0.30 0.02 0.05 0.00
L2 0.03 2.1 0.37 0.30 0.01 0.05 0.00
L1 0.03 2.1 0.37 0.30 0.01 0.06 0.00
Thoracic Torso 0.34 24.6 0.39 0.21 0.17 0.02 0.00
Head 0.22 7.6 0.18 0.17 0.11 0.00 0.00
Right Arm 0.58 47 0.08 0.09 -0.29 0.00 0.00
Left Arm 0.58 4.7 0.08 0.09 -0.29 0.00 0.00

L = lumbar; numbers refer to vertebra number.

the rectus abdominis for trunk flexion moment. Insertion
points for these muscles (Figure 1) were taken from
cadaver studies previously published by our laboratory
[24]. These parameters are summarized in Table 3.
Cross-sectional areas for these muscles were taken from
the imaging study by Tracy et al. [25].

A wide variety of values are given in the literature
for the maximum force per cross-sectional area of trunk
muscle. Granata and Marras list a physiologically feasi-
ble range of 30-100 N/cm? [26]. To determine a reason-
able value for our trunk model, we took the maximum

voluntary extension moment that can be generated by a
nondisabled male in a neutral standing position (125 N-m
[27]) and divided by the moment arm and cross-sectional
area of the muscle in that posture. This yielded a value of
78 N/cm?. The passive moments at the lumbrosacral joint
of the spinal column were taken from the review of the
literature by White and Panjabi [15]. For flexion of the
spine, they reported a 3° neutral zone (no passive elastic-
ity) followed by a passive elasticity of 1.0 N-m/° of flex-
ion of the L5-S1 joint. For lateral bending of the spine,
they reported a neutral zone of 1.8° followed by a passive
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Figure 1.
Representation of trunk musculature included in model shown from (a) anterior and (b) posterior.

Table 3.
Length of trunk muscles.
Muscle Length (cm)
Erector Spinae 30.0
Rectus Abdominis 36.0
Quadratus Lumborum 10.0

elasticity of 7.69 Nem/° of the L5-S1 joint. Passive
moment in the direction of axial rotation about the spine
did not come into play, since we constrained the muscles
to prevent any movement in that direction for these simu-
lations. Therefore, the passive moments included in the
simulations were for spine flexion

L5-S1 joint angle < 1.0° =0 N-m and 2
L5-S1 joint angle > 1.0° = 1.0 N-m/°® x (L5-S1 joint angle — 1.0°),

and for spine lateral bending

L5-S1 joint angle < 1.8° = 0 N-m and (3)
L5-S1 joint angle > 1.8° =7.69 N-m/° x (L5-S1 joint angle — 1.8°).

Previous experiments on lower-limb FES have
shown that optimal recruitment can yield approximately
50 percent of the force available to a muscle in a nondis-
abled individual [28]. To predict the workspace and
restorative force of a posture control system using FES,
we adapted the nondisabled model such that maximum
force output from each of the muscles would be 50 per-
cent of their nondisabled values.

In the experiment with the subject with SCI, we set
out to determine the actual force output of the electrically
stimulated erector spinae muscle bulk innervated by the
implanted electrodes. The volunteer with SCI was a male
with a T6 motor and sensory complete (American Spinal
Injury Association A classification)” injury. The volunteer
received an implanted FES system for exercise and stand-
ing approximately 15 months postinjury, in December

*American Spinal Injury Association has developed an impairment scale
for neurological classification of spinal cord injury. The scale is based
on test of key muscles and levels of dermatomes and describes intact
sensory and motor level. It consists of five categories (A to E). A =
complete injury with no motor or sensory response below injury level.
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2000, and was an experienced system user [9]. His FES
system included electrodes inserted bilaterally at the T12—
L1 spinal roots for as much activation of the L erector
spinae as possible, as well as epimysial electrodes sutured
to the primary nerve entry points of the gluteus medius
and semimembranosus bilaterally [19].

The subject was seated in a chair without a backrest
in a safety harness in the measurement area of a Vicon
360 (Oxford Metrics, Oxford, United Kingdom) optical
motion-capture system (Figure 2). We affixed reflective
markers to the skin over the bony prominence of the T1
vertebral process, the anterior superior iliac spines (to
estimate the location of the hip joints), and the sacrum.
Using these markers, we were able to calculate the sagit-
tal plane orientation of the pelvis (as estimated by the
motion of the sacral marker about the hip joint centers)
and the spine (as approximated by the motion of the T1
marker about the sacrum). All angles were measured rel-
ative to what they would be if the subject were standing
upright, based on a reference trial.

The stimulated responses of the erector spinae and
other muscles to the biphasic, charge-balanced pulses
generated by the implant were calibrated via standard
methods developed in our laboratory [18]. Stimulus
amplitude and frequency [29] were fixed at 20 mA and
20 Hz, respectively (values used in our laboratory based
on experience that they simultaneously maximize force
production characteristics and minimize the effects of
fatigue). We varied pulse duration to determine the mini-
mum value of pulse duration at which a stimulated con-
traction was first observed (threshold) and the maximum
value of pulse duration above which no additional force
was recruited or other muscles or undesired reflexes were
activated (saturation). The threshold and saturation val-
ues define an idealized linear recruitment curve, offset,
and the maximum values of the dynamic range of avail-
able input stimulus pulse durations (Figure 3). During
the experimental sessions, we varied stimulus pulse dura-
tion as a percentage of the available range of values
between threshold and saturation for each muscle, which
corresponded roughly to the percentage of contractile
output available from each electrode.

The posture of the subject was measured in three dif-
ferent conditions: a neutral posture with no electrical
activation of the erector spinae, a stable posture achieved
with pulse durations set at 50 percent of the effective
dynamic range of the implanted erector spinae electrodes,
and a stable posture achieved with stimulus values set at

Figure 2.

Experimental setup for spinal cord injury motion-capture experiment.
Markers are placed on bony landmarks as estimates of joint positions.
Harness is kept loose but available for safety purposes.

100 percent of the effective input range of the implanted
erector spinae electrodes (i.e., saturation). All three posi-
tions were measured four times (one data set for the 50%
condition was unusable because of technical difficulties),
with breaks of approximately 2 min between each trial
and several longer breaks for pressure relief scattered
throughout the experimental session. For each trial, the
subject was assisted in leaning far backward or far for-
ward before stimulation was applied (each set of three
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Figure 3.

Idealized linear recruitment curve (black dotted line) derived from
threshold and saturation values of stimulus pulse duration (defined as
values below which no noticeable contraction from primary muscle
exists and above which either no appreciable increase in force
production or recruitment of secondary muscle exists, respectively).
Gray vertical lines represent activation thresholds of primary and
secondary muscles. Solid black line indicates primary muscle
activation curve. Black dashed line indicates secondary muscle
activation curve. Horizontal, gray, dashed line represents recruitment
level at which muscle contraction becomes observable.

trials alternated between starting position leaning back-
ward or leaning forward). The subject was then given as
much time as necessary once stimulation was applied (or
not applied in the 0% case) to find a seated balance posi-
tion with his arms crossed in front of him. After he was
able to maintain the posture for 3 s, the position was cap-
tured by the camera system. The subject was then
instructed to steady himself with his hands and the stimu-
lation was removed.

For each stimulation condition, an average posture
was calculated across all collected trials. From the data
acquired with the erector spinae electrodes at maximum
stimulation (saturation or 100% of available output), the
maximum force output from the stimulated muscle bulk
of the erector spinae was determined. This maximum
force output was calculated by dividing the active
moment required for the subject to maintain the posture
(as calculated by inverse dynamics) by the moment arm
of the erector spinae in that position.

For the hip muscles, we took origins, insertions, and
force-generating capacities from Delp [30-31] as pro-
vided in SIMM. Our model included bilateral representa-
tions of the semimembranosus and the gluteus maximus
for hip extension and the rectus femoris for hip flexion.

WILKENFELD et al. Control of seated posture with FES

These muscles are also accessible by surface [20], intra-
muscular [18,21], and epimysial [9,19] stimulating elec-
trodes. The muscle lengths and cross-sectional areas of
the muscles of interest are shown in Table 4. SIMM rep-
resents large muscles with broad origins and insertions,
like the gluteus maximus, as groups of muscles with spe-
cific lines of action and discrete points of attachment. In
this case we assumed that all constituent components of
the muscle contracted simultaneously and at the same
level of activation.

We calculated passive moments at the hip using the
equations proposed by Amankwah et al. [32] for nondis-
abled subjects and subjects with SCI. For a seated, static
case, these simplified to

PT = 13e (-0.870+ O.OSHK)zr/18O —-6.3¢e (1.36—0.658K);d180 (4)

(for nondisabled subjects) and

PT = 22e (—l.49+0.16%)7z/180 —0.83e (2.9:9—1.3:9K)7z/180 (5)

(for subjects with SCI), where PT = passive torque about
the hip joint (N-m), & = hip angle (degrees), and 6y =
knee angle (degrees).

Comparison of Predicted and Experimentally
Derived Moments for Subject with Spinal Cord
Injury

The moments required for the subject with SCI to
balance himself using different amounts of electrical
stimulation of the erector spinae were compared with the
outputs of the muscles and passive spine elements pre-
dicted by the model. We calculated the moments required
for the subject to balance in the different postures by run-
ning the experimentally determined joint angles through
inverse dynamic calculations using the model, with iner-
tial properties calibrated for the subject with SCI. The
joint moments generated by the erector spinae were cal-
culated by multiplying the percentage activation (0%,
50%, or 100%) by the maximum erector spinae output
for the subject. The passive torques were calculated for
the experimentally determined lumbrosacral and hip joint
angles with Equations (2) to (5).

Maximum Stabilization Moments Attainable with
Functional Electrical Stimulation

After inertias and maximum muscle forces were cal-
culated for nondisabled and FES parameters (with maxi-
mum FES muscle force output equal to 50% of
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Table 4.

Length and cross-sectional area for hip muscles. Gluteus maximus has
multiple lengths listed because multiple attachments exist on each
bony segment.

Muscle Length Cross—SectignaI
(cm) Area (cm°)
Gluteus Maximus 15.0 51.8
13.0
14.0
12.0
17.0
15.0
Rectus Femoris 86.0 12.8
Semimembranosus 42.0 16.9

nondisabled), we used the model to predict the maximum
restorative moment that the hip and trunk could develop
in response to an externally applied disturbance. For
these simulations, the model was positioned in a neutral
seated posture and an iteratively growing external force
was applied at a point equidistant between the shoulders
from 0° (force from directly behind the model) to 180°
(force from directly in front of the model).

Each level of externally applied moment for each
angle was compared with the maximum moments that
could be generated by the muscles in that posture. The
maximum moment that could be resisted in each direc-
tion was then computed and tabulated.

Attainable Postures with Functional Electrical
Stimulation

We also used the model to approximate the range of
postures that could be elicited if all the modeled muscles
were actuated and no external disturbance forces existed.
For these calculations, we assumed that the trunk and hip
angles varied linearly with a variation of 1.15° of trunk
flexion for every 1° of hip flexion as reported in Lee [33].
For each candidate posture, we then determined if the
maximum muscle force that the FES-based model could
generate would allow that posture to be maintained
against gravity. We achieved this by running the activa-
tions to the different muscles through a nonlinear optimi-
zation routine designed to (if possible) minimize the sum
of squares of muscle stress across the full set of muscles,
while still keeping all muscles within the level of their
maximum force output [34].

RESULTS

Comparison of Predicted and Experimental Postures
for Subject with Spinal Cord Injury

The average posture and standard deviation for the
three different erector spinae stimulation conditions in
the SCI experiment are shown in Figure 4. As described
in the Methods section (p. 140), we used the position
attained when the erector spinae was stimulated at maxi-
mum values of pulse duration to approximate the force
output of the muscle bulk activated by the electrodes in
this subject. This yielded a value 202.6 N bilaterally. By
comparison, nondisabled muscle strength was calculated
at 1,562.5 N bilaterally. If the FES muscle force output is
50 percent of nondisabled, this result implies that only
~26 percent of the erector spinae bulk was activated by
the electrodes in this subject. Over the small range being
observed here, both spine and back position were roughly
linearly related to erector spinae activation level.

Comparison of Predicted and Experimentally Derived
Moments with Functional Electrical Stimulation

The hip and back moments needed to stabilize the
model at the experimentally measured postures are
shown in Table 5. This table also shows the calculated
muscle and passively generated moments at those same

40r
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Figure 4.

Mean hip and trunk angles (with standard deviations, dashed lines)
from spinal cord injury experiment for 0%, 50%, and 100% electrical
activation of erector spinae. Hip and spine angles are defined as zero
when standing. Hip flexion and spine flexion are in positive direction.
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Differences between experimentally determined moments required to maintain postures and moments generated by muscles and passive
structures for back and hip as predicted by simulations modified for experimental subject. Positive moments act to flex given joint.

Stimulation Experimental Predicted Back ABack Experimental Hip  Predicted Hip AHip
Coordination (%) Back (N-m) (N-m) (N-m) (N-m) (N-m) (N-m)
0 -3.0 -4.9 14.0 12.2 18
50 -8.4 -10.0 2.0 8.9 -6.9

experimental postures. The calculated value for the
100 percent condition is not shown because we used it to
determine the trunk muscle-force output for this subject
(therefore the calculated trunk muscle output and passive
moments are by definition identical to the moment
required to stabilize the model in that position). For the
0 percent condition, a good correlation existed between
the required and calculated moment for both the hip and
trunk, with experimentally determined values within
2 N-m. For the 50 percent condition, an excellent correla-
tion existed between required and calculated moment for
the trunk (<2 N-m), but predicted and experimental val-
ues for the hip joints deviated to a greater extent (~7 N-m
difference). The error for the hip joint is greater in the
model possibly because the hip supports the weight of the
trunk and any errors are magnified, whereas the trunk
only supports itself.

Maximum Stabilization Moments Attainable with
Functional Electrical Stimulation

Using the techniques described in the Methods section
(p. 140), we calculated the maximum predicted restorative
moment that could be applied to an external disturbance
assuming 50 percent of nondisabled maximum force out-
put of the muscles, which simulated the situation for para-
lyzed muscle activated with FES. These data are shown in
Figure 5 for the 180° of space to the model’s right side.
Because the model is symmetric about the sagittal plane,
the left-sided maximum moments are the mirror images of
those presented in the figure. The FES model shows a
maximum restoration moment of 25 to 45 N-m across the
workspace. The largest available restoration moments
were noted when the model was leaning directly forward
or directly backward, where the powerful erector spinae
and rectus abdominis could be used fully. Maximum avail-
able restorative moments with FES are 42 and 48 N-m in
the anterior and posterior directions, respectively and
28 N-m in the medial-lateral direction. Notably, although
the erector spinae can contribute to restoration moment in
the lateral direction, only half of the muscle bulk can be

used for this purpose. Also, the erector spinae has a small
moment arm for lateral moments.

Feasible Postures Attainable with Functional
Electrical Stimulation

Figure 6 illustrates the range of seated postures that
would be feasible with full activation of the muscles
modeled (i.e., nondisabled case) and FES activation of
the muscles modeled given the conditions described in
the Methods section (p. 140) (i.e., at best 50% of nondis-
abled maximum force output).

The ranges of motion predicted for nondisabled indi-
viduals by the model coincide with published data from
the literature. Specifically, Lee and Wong measured 20
nondisabled subjects while they were leaning forward
and sideways with an average maximum forward bend of
58° at the L spine and 56° at the hip [33]. They also mea-
sured an average maximum lateral bend of 20.5° at the L
spine. Although not a perfect match because of the differ-
ent experimental conditions and the reduced muscle set
in our model simulations, these data still correspond well
with the predictions made with the nondisabled model
parameters, which show a maximum forward bend at the
spine of 64°, a maximum forward bend at the hip of 58°,
and a maximum lateral bend at the spine of 20°.

Note that this experiment simulated a particular set of
hip-trunk angles that mimic biological behavior, whereas
in theory any relationship between the two angles could
be specified arbitrarily. For this configuration, the FES
simulation shows a forward leaning range of about 13° at
the hips and 15° at the trunk and a backward leaning range
of about 9° at the hips and 10° at the trunk (measured from
a neutral posture). The trunk has a lateral bending range of
about 9° maximum. The lateral range decreases signifi-
cantly as the model leans forward and imbalances
between left and right musculature cannot be maintained
while still providing sufficient extension against gravity.
These simulations indicate that the possibility exists to
stabilize the trunk and pelvis sufficiently with FES that up
to 51 percent of nondisabled leaning range of motion in
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the sagittal plane and 41 percent of nondisabled lateral
bending could be obtained. In general, the extent of the
posture space in the coronal plane theoretically possible
with FES is 28 percent of that predicted with all of the
available muscle force in the nondisabled case.

Figure 7 shows the predicted percentage of full acti-
vations (for the FES model) of the different muscles for

o

180

o

0

Figure 5.

Maximum torque (in newton meters) that can be generated in each
direction in model’s transverse plane (from neutral seated posture) by
simulated electrical activation of paralyzed muscles in response to a
disturbance torque. 0° represents force pushing from directly behind
midpoint between shoulders and 180° represents force pushing from
front.

the seated postures in the sagittal plain (no lateral bend-
ing) shown in Figure 6. Since the optimization routine
we used minimizes muscle stress, the larger erector
spinae are almost fully activated before the smaller
quadratus are recruited for forward-leaning postures. At
slightly higher required moments, the quadratus lumbo-
rum is rapidly recruited to make up the difference. The
trunk and hip flexor muscles (rectus abdominis and rec-
tus femoris) are used only for leaning backward from
neutral. The posture in the sagittal plane for which most
of the forces go to zero is similar to the neutral position
measured with the experimental subject with SCI
(between 30° and 40° of forward-trunk flexion).

DISCUSSION

The results indicate that a useful system for maintain-
ing and altering seated posture could be implemented
with the described muscles under FES control. The simu-
lations predict that such a system could provide 25 to
45 N of restorative moment in response to force distur-
bances applied to the trunk. Conceptually, this perfor-
mance is equivalent to holding a 5-10 Ib weight at arms
length, which has profound functional implications for
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Feasible seated postures with full muscle strength and half muscle
strength postulated by biomechanical model that assumes fixed ratio
between hip and trunk angular excursions.
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Figure 7.

Percentage of predicted maximum activation of muscle for different
trunk and hip muscles used to maintain different postures in sagittal
plane.

individuals with SCI who often struggle with simple
activities of daily living.

The maximum feasible posture simulation predicts
that approximately 28° of combined hip-trunk flexion for-
ward from a neutral posture may be possible with FES.
This corresponds to about 0.25 m of increased workspace
at the level of the shoulder. The model also predicts that
about 9° of lateral movement that would otherwise be
unavailable to a person with SCI could be possible with
FES, which would further expand the workspace and
improve the functional independence of FES system
users.

Although these theoretical results are encouraging
and support the feasibility of FES for controlling seated
posture and trunk position, a major obstacle to the devel-
opment of a practical system that achieves this level of
performance is obtaining sufficient stimulated force out-
put of the trunk musculature. The results of this study
indicate that for best control of hip-trunk position, stimu-
lating electrodes need to more completely recruit the tar-
geted muscles. Force output from electrically stimulated
muscle is a function of several factors, including stimula-
tion waveform and parameters, muscle atrophy, fiber
type, and electrode location relative to the targeted neural
structures. Clearly, from our results, the single intramus-

WILKENFELD et al. Control of seated posture with FES

cular electrode located at the T12-L1 spinal roots does
not fully activate the entirety of the erector spinae muscle
mass. Our simulations indicate that our subject with SCI
was using about 26 percent of his potentially available
muscle mass at maximum levels of stimulation. This is
unsurprising given that the erector spinae are segmentally
innervated and the current system has only a single pair
of electrodes at the L region. Clearly fibers of the erector
mass that are innervated from different vertebral levels
are not activated in this case. The result indicating that
only 26 percent of the available muscle force was being
recruited is reasonable given that the spinal root at T12—
L1 innervates a similar fraction of the L erector mass.
Multiple electrodes distributed over a number of segmen-
tal levels would be one possible way of more fully acti-
vating the target muscles.

Several assumptions were made in the creation of the
model employed in our analysis. In the FES model, we
assumed that a maximum of 50 percent of nondisabled
force could be generated by fully recruiting the entire
paralyzed muscle. Although the majority of data support-
ing this maximum percentage is in lower-limb muscle lit-
erature, no reasons exist that it would be significantly
different for trunk muscle. Also, we assumed that the
passive elasticity of the spine was linear over the range of
motion in question and with multiple muscle activations.
This is certainly not true [15,35-37], but since the values
involved were small, the assumption is unlikely to have
largely affected the results. Furthermore, since the pas-
sive elasticity is likely to increase at large angles and
large loads, this effect is unlikely to decrease the avail-
able workspace.

We also assumed that controlling moments about the
L5-S1 joint would be sufficient to control trunk posture
without independently actuating other spinal level mus-
culature. While the method of natural control of back
posture is still unclear, the fact that a single set of elec-
trodes in our experimental subject led to stable seated
postures supports this assumption.

CONCLUSIONS

Computer simulations and experimental results indi-
cate that control of seated posture via coordinated FES of
the hip and trunk musculature in individuals with paraly-
sis from SCI is feasible and may lead to improved work-
space, stability, and the ability to reject disturbances. A
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physiologically reasonable and anatomically based bio-
mechanical model of the hips and torso was constructed,
which yielded predictions in good agreement with the
experimental data. Analyses with the model indicate that
implanted FES systems with bilateral intramuscular
electrodes at the T12-L1 spinal roots appear to recruit
approximately one-quarter of the trunk extension force
expected by FES because of the segmental nature of the
innervations of the erector spinae. Practical FES systems
for stabilizing the torso and hips may need to include
electrodes and independent stimulus channels at multiple
vertebral segments. The simulations also indicate that an
FES system that includes the erector spinae, quadratus
lumborum, rectus abdominis, gluteus maximus, and
semimembranosus muscles can control the hip and trunk
and lead to improved disturbance rejection, which poten-
tially enhances a subject’s ability to manipulate objects or
perform bimanual tasks without loss of balance. Further-
more, activation of these muscles can increase the range
of available postures for seated individuals with SCI and
thus expand their access to and control of the environ-
ment. Although these results remain to be verified exper-
imentally with subjects equipped with the full set of
muscles described, significant changes in posture were
achieved experimentally by applying various levels of
stimulation to only the L erector spinae.
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