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Dynamic Modeling and Torque Estimation
of FES-Assisted Arm-Free Standing
for Paraplegics
Joon-young Kim, Milos R. Popovic, Member, IEEE, and James K. Mills

Abstract—This paper presents an application of recent findings in the field of redundant robotic systems’ control, toward
investigating the feasibility of functional electrical stimulation
(FES) assisted arm-free standing for paraplegics. Twelve degrees-of-freedom (DOF) forward and inverse dynamic models of
quiet standing have been developed. These models were used to
investigate the minimum number of DOF that would need to be
actuated in order to generate stable quiet standing in paraplegics
despite internal and external disturbances. The results presented
herein suggest that the proposed nonlinear dynamic model could
achieve guaranteed asymptotic stability with only six active DOF,
assuming that the remaining six DOF are passive, i.e., there is
no active or passive torques applied to those DOF. The stability
analyses were performed using a proportional and derivative
(PD) controller coupled with gravity compensation. The results of
this analysis suggest that if only six particular DOF are actively
controlled in a paraplegic subject, this individual should be able
to achieve stable quiet standing despite disturbances. This result
has both clinical and system-design implications for the development of a device that will facilitate FES-assisted arm-free quiet
standing. The clinical implication is, if a paraplegic patient can
exert voluntary control over specified six DOF in the lower limbs,
that patient, after intensive physiotherapy, will have the potential
to perform quiet standing unassisted. The system-design implication is that FES-assisted arm-free standing for paraplegics is
theoretically plausible if one would actively control only six out of
12 DOF in the lower limbs. The proposed solution does not require
the locking of joints in the lower limbs (commonly applied in the
field) or voluntary control of the upper body to compensate for
the internal and external disturbances. Another important finding
of this study is the existence of six different combinations of six
active DOF able to facilitate stable quiet standing. This dynamic
redundancy of the biological bipedal stance allows the selection
of an ideal subset of six DOF in designing a neuroprosthesis for
standing. This further implies that a considerably less complex
FES system than previously anticipated needs to be developed for
FES-assisted standing.
Index Terms—Bipedal stance, control, functional electrical stimulation (FES), nonlinear dynamics, system redundancy.
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I. INTRODUCTION

T

HE APPLICATION of functional electrical stimulation
(FES) for the purpose of facilitating quiet standing in
individuals suffering from paraplegia is a well researched topic
[1]–[8]. These FES systems are also known as neuroprostheses
for standing. Although the majority of the FES systems for
standing developed thus far use an open-loop control strategy,
[3], [6], [9], [10], closed-loop control of paraplegic standing
via FES has drawn much attention in recent years. This is primarily because closed-loop control exhibits good disturbance
rejection properties and would enable a paraplegic individual,
standing with the FES system, to maintain a stable posture
despite disturbances. In addition, a closed-loop controlled FES
system would allow an individual, who is standing with the
help of the device, to use both arms freely to perform activities
of daily living during standing, i.e., arm-free standing [1], [2],
[4], [5], [8].
Jaeger [1] has suggested that if the body could be approximated as a single degree-of-freedom (DOF1) inverted
pendulum, then the FES-assisted arm-free standing is at least
theoretically possible. This result represents an important
milestone in the field of FES-assisted standing that is only
recently being tested experimentally [11]. Khang and Zajac
[2] used a planar three DOF inverted pendulum model, which
included muscle activation and contraction dynamics, to study
the optimal control problem in which the energy spent by
the muscles is minimized during FES-assisted standing. The
outcome of this study was an algorithm which calculated the
muscle activation pattern that minimizes energy expenditure
for the proposed three DOF model. Matjacic et al. [4] have
developed a two DOF sagittal plane, dynamic model of quiet
standing. They used this model to demonstrate that as long as
an appropriate passive stiffness is applied to the ankle joints the
model could be stabilized by controlling only the lumbosacral
joint, which some paraplegics can control voluntarily. Soetanto
et al. [8] suggested that a simple proportional and derivative
(PD) controller could stabilize the upright posture in the sagittal
plane, assuming that the body was modeled as a three DOF
inverted pendulum. Mihelj et al. [5] extended the work of

1In this paper, a joint refers to an articulated point where two rigid bodysegments meet, such as at the ankle, knee, or hip joints, whereas a DOF denotes
the dimensionality of movement of a joint, e.g., “the ankle joint has two DOF.”
Additionally, DOF was also termed to indicate certain degrees of freedom of
joints, e.g., “flexion/extension is the only DOF of the knee joint.”
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Matjacic et al. [4] and demonstrated that by applying optimal
control theory, the ankle torque could be minimized.
Before a practical FES system for paraplegic standing can
be developed, some limitations in the above-mentioned studies
need to be addressed. For example, most of the quiet standing
studies describe paraplegic standing as a task performed in
the anterior-posterior (sagittal) plane alone. Although a planar
model can be used to investigate various relevant phenomena,
such as the control strategy of the ankle joint in the sagittal
plane during quiet standing [12], it cannot adequately represent
the actual dynamics of quiet standing. In particular, it was
assumed that during quiet standing both lower limbs generate
identical movements and that there is no movement in the
frontal plane. Experiments carried in our laboratory, for the
purpose of this study, clearly show that this assumption is incorrect. Development of a more realistic dynamic model, although
desirable, is a complex task. For example, the standing human
body exhibits six-dimensional (6-D) multibody dynamics.
The lower limbs consist of a large number of DOF and the
orientations of the various joint axes are not constant during
limb motion. During limb movements, the muscles move,
thus changing the moment of inertia of the body segments.
Moreover, during quiet standing, the healthy subjects maintain
stable stance without ever moving the feet on the ground.
This implies that the body-segmented dynamic system during
stable standing is virtually a closed-chain mechanism, i.e., all
segments in the lower limbs, such as shanks, thighs, and pelvis
are linked together with two feet attached to a rigid surface
(the ground). This condition presents a considerable challenge
when one attempts to model a closed-chain mechanism of
human bipedal quiet standing. Therefore, it is not surprising
that the majority of the quiet standing models, available in the
literature, avoids addressing the closed-chain mechanism of
human bipedal stance and typically assumes that during quiet
standing both lower limbs generate identical movements.
Let us for a moment focus on the closed-chain mechanism
of quiet stance and discuss what additional complexity it introduces in modeling of kinematics and dynamics of quiet stance.
Let us assume that the head-arms-trunk (HAT) can be represented as single rigid body, then in order to regulate its position and orientation in the 6-D space independently an actuator
that has six independent DOF is required [13]. However, during
quiet stance HAT is actuated by lower limbs that individually
comprise of six DOF, i.e., HAT is “actuated” by a 12 DOF dynamic system. During quiet stance, both feet are fully in contact
with the ground generating a closed-chain mechanism with a
total of 12 DOF. Theoretically, only six independent DOF are required to actuate the HAT. Hence, the discussed dynamic system
exhibits redundant dynamics property [14], which implies that
no unique set of six DOF torques exists such that the specified
kinematic output of the body is generated, i.e., there may be an
infinite number of solutions for joint torques that will generate
the same kinematic motion of the HAT. In other words, we do
not know the minimum number of DOF that has to be actively
controlled to facilitate stable quiet standing.
The focus of this paper is on the application of dynamic modeling and control of closed-chain rigid body robotic systems
to investigate the minimum dynamic requirements for FES-as-
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sisted quiet standing. The modeling and control of the closedchain mechanism was extensively studied in the robotics field to
address an issue of a single objects being manipulated with multiple robotic systems, such as dual arm cooperative manipulators
and parallel robots [14]–[19]. In fact, quiet standing and manipulation using dual arm robotic system are two very similar systems because two legs for quiet standing can be regarded as two
robot arms that manipulate the HAT cooperatively. Motivated
by this similarity, the dynamics and control of such closed-chain
robotic systems were examined and the results were applied to
FES-assisted quiet standing in paraplegic patients.
Various optimization techniques are commonly applied
within the robotics field to address dynamic redundancy. In
particular, the problem is posed to find the optimal torques of
the joints such that the torques satisfy some condition under
which the applied joint torques can be minimized (assuming
that all joints are actuated [18], [19]). Instead of applying an
optimization technique to address the redundancy problem,
we decided to identify the minimum number of DOF that
have to be actuated to facilitate stable quiet standing. The
issue of minimum number of DOF is even more relevant if
one takes into consideration that in paraplegics a number of
muscles in the lower limbs are difficult to access or they may
be denervated due to spinal cord injury, i.e., not all DOF in
FES-assisted quiet standing may be actuated. Recently, Liu
et al. [16] showed that a nonlinear dual arm manipulation
system that has passive joints (not all joints are actuated) could
achieve guaranteed asymptotic stability with a PD plus gravity
compensation controller. Cheng et al. [15] also developed new
control schemes for a nonlinear closed-chain mechanism with
passive (nonactuated) joints. The results published by Liu et al.
[16] and Cheng et al. [15] have important implications for our
study because they suggest a theoretical framework which can
be applied to investigate the feasibility of FES-assisted quiet
standing. In our study, this theoretical framework was applied
to demonstrate that it is theoretically possible to develop a
control strategy for FES-assisted standing in 6-D space (no
restrictions to planar motions) requiring less than 12 DOF to
regulate balance. In addition, a novel method for calculating
the inverse dynamics of a rigid-body closed-chain mechanism
with passive joints, as proposed by Nakamura et al. [17], was
applied to determine the minimum number of DOF that is
needed for stable FES-assisted standing.
The primary contributions of this study are as follows. First,
we developed a nonlinear dynamic model of quiet standing that
describes human body motion in 6-D space. Second, through inverse dynamics analysis, we found the minimum number of actuated DOF of the proposed dynamic model such that we could
find the unique torque inputs which lead to stable quiet standing.
Finally, we demonstrated that these torque inputs can achieve
guaranteed asymptotic stability of FES-assisted quiet standing
for a complete paraplegic patient in 6-D space. Theoretical stability analysis was performed and simulation results were presented further confirming our theoretical analysis. It is important
to mention that this study did not investigate muscle contraction
dynamics, muscle response to FES, and the impact of time delays on the system’s performance of the FES-assisted standing.
These and other issues have been investigated by our team since
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2001 and some relevant findings pertaining to these issues were
already published in [12] and [20]. The sole focus of this study
was the investigation of the dynamic properties of the human
body during quiet standing and how this dynamically redundant
system could be used to develop an FES system for standing that
requires a minimum number of active DOF. To the best of our
knowledge, this question has not been addressed previously in
the literature.
II. DYNAMIC MODELING
The dynamic model proposed herein has two purposes. First,
the model allows kinematic and dynamic analyses of the lower
limbs during human bipedal quiet standing. Second, the model
permits investigation of the mutual dependencies and interactions of different DOF in the lower limbs during quiet standing
and their overall contribution to quiet standing. The model was
used to identify the minimum number of active DOF that are
needed to facilitate FES-assisted quiet standing in paraplegic
individuals and to demonstrate that such a system can achieve
asymptotic stability. The proposed dynamic model includes all
significant DOF in the lower limbs. The activation and contraction dynamics of muscles were not considered in the proposed model because this study focused on the analysis of the
body-segmented dynamics in order to study the dynamic redundancy and the control problem with the minimum number of active DOF.
The following assumptions were made when the dynamic
model was developed.
1) The ankle joint was assumed to have two DOF: a) dorsiflexion/plantarflexion and b) inversion/eversion. The knee
joint was assumed to have one DOF: a) flexion/extension.
The hip joint was assumed to have three DOF: a) abduction/adduction, b) flexion/extension, and c) rotation about
the vertical axis. In fact, while all of the above joints individually have six DOF that allow some translational and
angular movements [21], the above assumptions reasonably approximate a human biped stance when both feet
are fully in contact on the ground [22].
2) The HAT was assumed to be a rigid body. The gravity effect of the movements of the arms and head and the flexibility of the trunk were regarded as internal disturbances
to the HAT. Furthermore, it was assumed that these disturbances and the external forces, e.g., forces that push
and pull the body, applied to the HAT, could be combined
into a single force vector and moment vector applied at
the center of mass (COM) of the HAT.
3) The mass, inertia, and the location of each segment COM
were assumed to be constant with estimates obtained from
[23]. This assumption was made to simplify the analysis
of the dynamics of the model, although it is known that
the above parameters vary with time due to the movement
of skin and muscles during quiet standing.
In Fig. 1, the free body diagram of the HAT and the lower
limbs, annotated with Denavit–Hartenberg notation [13], are
,
shown, with definitions of variables given subsequently.
,
, and
represent the world reference frame, the
reference frame fixed at the HAT COM, the reference frame at

Fig. 1. Body-segmented, closed-chain model of quiet standing.

the center of the ankle joint of leg , and the reference frame
that rotates with the last coordinates of leg , respectively.
and
denote the
joint variables, or the generalized coordinates, of the right and
is the position vector from
left leg, respectively.
. Since there were more
the HAT COM to the origin of
than one reference frame used in the dynamic model, the following notation is used to express vectors explicitly. For indenotes vector with respect to reference frame
stance,
.
represents the constraint force and moment
between the HAT and leg .
is the external force
and moment applied at the HAT COM.
The equation of motion of the dynamic model shown in Fig. 1
was derived symbolically by applying the Newton–Euler equations for the HAT and the Lagrange’s equation for the lower
limbs, and is given with the following expression:

where
legs,
legs,

(1)
is the inertia matrix of the
is the Jacobian matrix of the
is the inertia matrix of the HAT,
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,
,

: matrix product, i.e.,

,

is the acceleration term of

is the constraint forces and moments
the HAT,
is the joint torque
between the legs and the HAT,
includes Coriolis-centrifugal and
of the legs,
gravity terms of the legs,
includes gravity term
is the
and gyroscopic moment [24] of the HAT,
external force and moment applied to the HAT COM. See [25]
for more details about (1).
Equation (1) is the dynamic equation of motion of the system
shown in Fig. 1 and it describes the complete kinematic and dynamic characteristics of the model. The limited range of joint
motion [26] was implemented in numerical simulation by applying passive joint torques [8]. This prevented the joint from
moving beyond typical anatomical joint limits.
III. INVERSE DYNAMICS
Inverse dynamics analysis can be used to calculate the joint
torques required for the proposed model to maintain balance
during quiet standing. The fact that the joint variables are not independent, because we are dealing with the closed-chain mechanism, and that the system is dynamically redundant introduces
additional challenges with respect to calculation of inverse dynamics. The recursive Newton–Euler algorithm (RNEA) [27] is
the most commonly used in the robotics literature to calculate
the inverse dynamics for a serial-link manipulator because it is
known to be very efficient [28]. However, the RNEA algorithm
is much less efficient for closed-chain mechanisms due to the
fact that the constraint forces coming from the kinematic constraint must be calculated [28].
The efficient calculation of inverse dynamics is often necessary for real-time control, e.g., computed torque scheme [13],
[29]. To overcome this problem, Nakamura et al. [17] developed an efficient method to calculate the inverse dynamics for
closed-chain mechanisms involving passive joints. This method
is based on the Lagrange–D’Alembert principle to formulate
inverse dynamic model. The advantage of this method is that
it uses dependent coordinates and does not require calculation
of the constraint forces. Because of these two attractive features, we adopted Nakamura’s method to calculate the inverse
dynamics.
By utilizing Nakamura’s method, the inverse dynamics solution is obtained as
(2)
where
matrix,
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,

: identity

,
: active DOF,
: passive DOF (zero torque is applied at the passive
: number of active DOF, : number of passive DOF,
DOF),
: torques at active DOF,
: Jacobian
: Jacobian
matrix with respect to the active DOF,
: inmatrix with respect to the passive DOF,
: Coriolis-centrifugal force maertia matrix,
trix, and
: gravity term.

Fig. 2. Animation with stick figures of test q . Dots represent ankle, knee and
hip joints, and the HAT COM.

Note that
is skew-symmetric matrix [13]. It should
be also noted that the right side of (2) is a function of only , ,
and . Thus, we need only kinematic and anthropometric information of the system to calculate , i.e., torque at active DOF
and the ground reaction forces are not required.
, there is a unique solution
According to (2), when
as long as
is not singular.
is referred to as passive
of
Jacobian matrix. The number of active DOF was chosen as six
because we were interested in controlling paraplegic standing
with the minimum number of DOF. Therefore, before we calculated the inverse dynamics of the (2), we had to find out under
what conditions the passive Jacobian matrix is singular.
We investigated which combinations of six active DOF (out
of 12 DOF) in the lower limbs could be used to provide a unique
torque solution for paraplegic quiet standing (see Fig. 1). This
was done by investigating the singularity of the passive Jacobian
matrices, i.e., obtaining the rank of the passive Jacobian matrix
with respect to the combinations of six active DOF. Since the
dynamic model had a total of 12 DOF, there were a total of
924 possible combinations of six active DOF. However, here we
assumed that , , , , which were the DOF corresponding
to ankle inversion/eversion and hip rotation about the vertical
axis, were passive. This assumption was made because these
DOF are rarely actuated by contemporary FES technology. It is
also known that the flexor-extensor muscles of ankles, knees,
and hips are the dominant muscles used by the central nervous
system (CNS) to control balance in the anterior/posterior (A/P)
direction while the hip abductor-adductor muscles are used to
control balance in the medio/lateral (M/L) direction [30], [31].
Therefore, the number of cases of active DOF combinations to
be tested could be reduced to 28 cases.
The investigation of the singularity of the passive Jacobian
matrices was performed numerically. Since the passive Jacobian
matrix is a function of , we obtained the test by the forward
dynamic simulation of the dynamic model shown in Fig. 1 by
perturbing the model in three different directions, that is A/P,
M/L, and one diagonal (D/L) direction. To prevent the modeled
dynamic system from falling over, gravity compensation was
applied to the HAT COM during simulation. Typical animation
results of these simulations are shown in Fig. 2.
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TABLE I
TOTAL OF SIX POSSIBLE COMBINATIONS OF SIX ACTIVE DOF FOR WHICH
PASSIVE JACOBIAN MATRIX HAD A FULL RANK, WERE IDENTIFIED: CASES I TO
VI. (D/P: DORSIFLEXION/PLANTARFLEXION, F/E: FLEXION/EXTENSION
AND A/A: ABDUCTION/ADDUCTION)

Table I illustrates six cases of the six active DOF combinations for which the corresponding passive Jacobian matrix obtained a full rank. The results in Table I hold for asymmetric
leg configurations, in terms of mass and moment of inertia, because the passive Jacobian matrix is a function of , not of mass
or moment of inertia.
The results shown in Table I suggest that there exists a unique
and finite set of torques in the lower limbs that generates feasible quiet standing as long as five DOF are used to generate
movement in A/P plane and one at the hip that is used to generate movement in M/L plane. Note, ankle D/P, knee F/E, and
hip F/E generate motion in the A/P plane, while only the hip
A/A generates motion in the M/L plane. This finding suggests
that it is theoretically possible to control the quiet standing of
a complete paraplegic in 6-D space with only six DOF, which
are decoupled into two primary directions, i.e., A/P and M/L directions. Although the results shown in Table I were obtained
in simulations, these results were also confirmed by examining
the singularity of
with the joint angles obtained from experiments with healthy subjects [25].
IV. FES CONTROL STRATEGY
In this section, we discuss how to control quiet standing using
the model shown in Fig. 1. Here, we apply the results obtained
in Section III to the control problem of paraplegic standing. We
are testing whether the six sets of active six DOF, described in
Table I, can be used for quiet standing of paraplegics when the
active DOF are assumed to be actuated by an ideal FES system.
In this particular case, the ideal FES system is assumed to be
a system that elicits muscle contractions such that it generates
the exact amount of desired torque at the corresponding DOF
without time delay. To learn more about control of FES-assisted standing under conditions of significant time delays and
muscle contraction nonlinearities, we recommend reviewing
manuscripts [12] and [20]. In these manuscripts, it was shown
that a robust PD controller can compensate for time delays up
to 185 ms and that the same controller can cope with some
muscle nonlinearities such as fatigue and inconsistent response.
In what follows, we propose a PD plus gravity compensation
[32]. The controller was used to maintain the upright posture of
the paraplegic model in Fig. 1 during quiet standing when six

DOF out of 12 in the lower limbs are actively controlled. Note
that the dynamics of the system to be controlled is nonlinear. A
nonlinear control problem was considered because perturbation
experiments during quiet standing have shown that the joint angles’ displacements are not small enough to assume a system’s
linearity. Also, by addressing a nonlinear control problem and
demonstrating that the system is asymptotically stable for a wide
range of nonlinear operating points, we can easily guarantee a
system’s stability for individual linear operating points.
Contemporary motor control theory suggests the central nervous system applies at least two distinctive control strategies
to regulate target-tracking tasks. Namely, one control strategy
is used to track the desired trajectory of the limb and the other
one is used to compensate for gravity. Our recent findings, with
respect to balance control during quiet standing, suggest that a
PD control may be applied to regulate muscle contractions and
target-tracking tasks [12], [20]. In the field of neuroscience, it is
well established that the neuronal tracts exist in the spinal cord
that provide independent/additional control signals which sole
purpose is to compensate for gravity. Therefore, it was a natural
choice to use a PD control with a gravity compensation scheme
to test if our six combinations of six active DOF, presented in
Table I, could generate stable quiet standing. In what follows, it
has been shown that a PD control with a gravity compensation
scheme can regulate balance during quiet standing.
Equation (2) can be written as
(3)
where

It can be shown that
is also a symmetric, positive semidefinite matrix and
is a skew-symmetric matrix [15].
We propose the following control law to apply to the paraplegic
dynamic model given by (3)
(4)
where
: error between the
and the
equilibrium point and
,
: gain matrices.
We now introduce a Lyapunov function candidate
(5)
is positive semi-definite, is still posiNote that although
because
and
tive at
. Differentiating (5) with respect to time, we obtain
(6)
Substituting (3) and (4) into (6), we obtain
(7)
Since

is skew-symmetric, we obtain
(8)
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Fig. 3. Simulation results (solid line: computed torque; dashed line: PD plus gravity compensation).

Therefore, is only negative semi-definite. However, is actually negative definite because cannot be zero except at the
equilibrium point. In other words, since
is nonzero except
at the equilibrium point,
and
are also nonzero except at
the equilibrium point. Thus,
at
. In addition, if
, then
. Thus,
. Therefore, the system with

PD control and gravity compensation is asymptotically stable in
the large, i.e., for all states, in the sense of Lyapunov stability.
V. SIMULATION OF THE CLOSED-LOOP CONTROL
In this section, we performed simulation using the dynamic
model in Fig. 1 and the controller discussed in Section IV, i.e.,
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PD plus gravity compensation control scheme. The purpose of
the simulations was to investigate how well this controller regulates balance and if its responses to disturbances matched the
one observed in able-bodied individuals.
The equation of motion (1) was used to represent the dynamics of paraplegic standing, i.e., the system that needs to
be controlled. The fixed step-size (0.0002 s) Adams method
was used to numerically solve the first order ordinary differential equation (ODE) (1). The fourth order explicit Runge–Kutta
method was used to start the simulation [33]. Baumgarte stabilization method [34] was applied to prevent the kinematic constraints from being violated [33]. The paraplegic dynamic model
shown in Fig. 1 was assumed to be controlled by both ankle
D/P, both knee F/E, and left hip F/E, i.e., case VI in Table I.
Due to space limitation, case VI was chosen to present the findings of this phase of the study. The remaining six DOF were
assumed to be completely passive, i.e., zero torque was applied
to those DOF. The paraplegic subject was assumed to have a
mass of 66.7 kg and a height of 1.72 m. The property of each
element of the body was obtained based on the anthropometric
table [23]. It was assumed that the initial condition of the modeled paraplegic subject was the upright quiet standing, i.e., desired equilibrium state. The equilibrium state of the proposed
dynamic model is defined by

, where

It was further assumed that the system is perturbed by a sudden
at the HAT COM of the subject in
external force of 100
and
axis (see Fig. 1).
the direction of 45 between
Additionally, the gravity effects resulting from movement of
the head, arms, and trunk were also included in the simulation
as internal disturbances. These disturbances were assumed to
be applied for 0.5 s. Thus, the following internal plus external
disturbance forces and moments were used in the simulations,
.
The total simulation time was 5 s. The error tolerance of
the numerical simulation was set to 0.0001. Gain matrices
for the PD controller were chosen from [20] and were:
,
.
The results of simulations are shown in Fig. 3. The joint variables converged to the equilibrium state within 2 s after the
model was perturbed. Furthermore, displacements of individual
joint variables except for hip rotations about the vertical axis
and
did not exceed 5 , and for
and
they reached
values up to 10 . These joint displacements generate COP displacements which were within low preference zone discussed in
[35], i.e., the system was stable and did not lose balance at any
instant.
Note that only six DOF were actively controlled by the
controller. To model the occurrence of a joint reaching an
anatomical limit, passive torques at these joints were generated
to model physical joint limits. For instance, the anatomical
. Thus,
limit of the knee joint angle was set to ,
these angles were pushed back to zero by the passive torque
whenever these joints tried to exceed the anatomical limits. In
simulations, few joints reached their anatomical limits except
for the knee joints. Since all knee joints’ DOF were set as

active DOF in these simulations, none of the passive six DOF
reached the anatomical limits. Therefore, the six passive DOF
were not controlled actively by the controller or reached their
anatomical limits, i.e., zero torques were applied to these joints
at all times. The maximum control torque was generated at the
hip A/A DOF, i.e., approximately 88 Nm at .
In ongoing experiments currently being carried on in our
laboratory with SCI and able-bodied individuals, we tested
whether the obtained maximum torques can be generated using
FES. Our preliminary results suggest that the calculated torque
maximums in Fig. 3(b) can be achieved without difficulties
with the contemporary surface FES technology. For example,
in Fig. 3(b), we have shown that the maximum ankle flexion
torque of 45 Nm is required to facilitate stable quiet standing.
In our experiments, we applied asymmetric biphasic pulses,
with pulsewidth 300 s, frequency 35 Hz, and amplitudes in
the range from 20 to 48 mA. The stimulations were applied
using Compex Motion surface FES system [36] and 10 cm
5 cm self-adhesive transcutaneous electrodes. During the
experiments, the ankle torques were measured using the Biodex
torque dynamometer (Biodex Medical Systems, Shirley, NY).
The results obtained suggest, that for the above stimulation
parameters, one can generate up to 52 Nm of ankle flexion
torque, which is higher than in Fig. 3(b). Please note that in
practical FES applications, it is common to use higher stimulation amplitudes and frequencies, and smaller electrodes
(5 cm 5 cm) than the ones used in these experiments with
human subjects. This suggests that even higher ankle flexion
torques may be achieved if required.
From the simulation results, the proposed controller demonstrated good perturbation rejection properties. That is, the states
converged to equilibrium very quickly after the dynamic model
was perturbed by the external forces. This property indicates
that the proposed controller is capable of stabilizing the system
in the absence of muscle nonlinearities and neuronal delays.
Knowing that the PD controller is capable of compensating for
significant neuronal delays (up to 185 ms) [20], and since our
preliminary experiments indicated that sufficient joint torque
could be generated using conventional FES system, we feel
confident that at the proposed multi-input–multi-output PD
plus gravity compensator has good potential to be used for
FES-assisted standing applications.
VI. CONCLUSION
In this paper, we have addressed the problem of multibody,
closed-chain dynamics of quiet standing and have determined
the necessary minimum number of DOF that have to be actuated to achieve stable quiet standing, despite internal and external disturbances. We have demonstrated analytically that at
least six DOF have to be actively controlled to successfully regulate balance during quiet standing. These six DOF cannot be arbitrarily selected. There exist exactly six sets of active six DOF
such that if they are actively controlled one could successfully
regulate balance during quiet standing. It is important to mention that five active DOF, out of six, are used to generate movement in A/P plane and the remaining active DOF at the hip is
used to generate movement in M/L plane. The remaining six
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passive DOF do not have to be actuated at all. Please note that it
is not necessary to apply passive stiffness or damping to the passive joints to assist active DOF in maintaining balance. To further validate these results, simulations were performed in which
quiet standing was regulated using only six active DOF (suggested in Table I) coupled with a PD plus gravity compensation
control scheme. In simulations, it was assumed that the muscle
can generate desired torque output and that there is no delay in
the muscle response to a command to generate a desired torque.
We are aware that these assumptions simplify the problem, however, our previous studies have already addressed these issues
successfully using a PD controller [20] and for the purpose of
this study, we feel confident that these assumptions were acceptable. The results presented herein have shown that the system
can be controlled using the proposed control strategy. Furthermore, the controller generated system’s behavior that resembles
one observed in able-bodied subjects during quiet standing, and
was able to reach the steady state condition as fast as able-bodied
subjects do. Therefore, we have concluded that by actuating specific six DOF, one can regulate balance during quiet standing
in paraplegics such that it appears to have same properties/behavior as quiet standing observed in able-bodied individuals.
The results presented in this paper have two important scientific implications. First, clinically it suggests that if a paraplegic
individual is able to voluntarily control six DOF, and these six
DOF belong to one of the six sets described in Table I, it is
reasonable to expect that an intensive physiotherapy may help
this individual relearn how to perform stable quiet standing.
The second implication of these results is that it is not necessary to actuate all DOF in the legs to regulate balance during
quiet standing; it is only necessary to control those six DOF described in Table I. This suggests the possible development of a
simpler FES system than previously anticipated (a system with
less active stimulation channels) to regulate balance during quiet
standing. Furthermore, this study suggests that if a particular
combination of six DOF cannot be applied to a patient due to
deneravation of certain muscle groups or to inaccessibility of
the muscles for FES application, there exist another five combinations for six DOF that could provide an equally efficient
way of performing FES-assisted quiet standing. This feature is
critical because many patients have some lower limb muscles
denervated (cannot be contracted using contemporary FES technology) due to injury.
Our future work is aimed at combining the results from this
study with the findings published in [20] and developing an integrated FES system that would be able to generate arm free quiet
standing.

REFERENCES
[1] R. J. Jaeger, “Design and simulation of closed-loop electrical stimulation
orthoses for restoration of quiet standing in paraplegia,” J. Biomech., vol.
19, pp. 825–835, 1986.
[2] G. Khang and F. E. Zajac, “Paraplegic standing controlled by functional
neuromuscular stimulation. I. Computer model and control-system design,” IEEE Trans. Biomed. Eng., vol. 36, no. 9, pp. 873–884, Sep. 1989.
[3] A. Krajl, T. Bajd, R. Turk, and H. Benko, “Posture switching for prolonging functional electrical stimulation standing in paraplegic patients,”
Paraplegia, vol. 24, no. 4, pp. 221–30, 1986.

53

[4] Z. Matjacic and T. Bajd, “Arm-free paraplegic standing. I. Control model
synthesis and simulation,” IEEE Trans. Rehabil. Eng., vol. 6, no. 2, pp.
125–138, Jun. 1998.
[5] M. Mihelj and M. Munih, “Unsupported standing with minimized
ankle muscle fatigue,” IEEE Trans. Biomed. Eng., vol. 51, no. 8, pp.
1330–1340, Aug. 2004.
[6] P. H. Peckham, “Functional electrical stimulation: Current status and
future prospects of applications to the neuromuscular system in spinal
cord injury,” Paraplegia, vol. 25, pp. 279–288, 1987.
[7] R. Riener, “Model-based development of neuroprostheses for paraplegic
patients,” R. Phil. Trans., Biol. Sci., vol. 354, pp. 877–894, 1999.
[8] D. Soetanto, C. Y. Kuo, and D. Babic, “Stabilization of human standing
posture using functional neuromuscular stimulation,” J. Biomech., vol.
34, pp. 1589–1597, 2001.
[9] H. J. Chizek, R. Kobetic, E. B. Marsolais, J. J. Abbas, I. H. Donner, and
E. Simon, “Control of functional neuromuscular stimulation systems for
standing and locomotion in paraplegics,” Proc. IEEE, vol. 76, no. 9, pp.
1155–1165, Sep. 1988.
[10] P. H. Veltink and N. Donaldson, “A perspective on the control of
FES-supported standing,” IEEE Trans. Rehabil. Eng., vol. 6, no. 2, pp.
109–112, Jun. 1998.
[11] H. Gollee, K. J. Hunt, and D. Wood, “New results in feedback control of
unsupported standing in paraplegia,” IEEE Trans. Neural Syst. Rehabil.
Eng., vol. 12, no. 1, pp. 73–80, Mar. 2004.
[12] K. Masani, M. R. Popovic, K. Nakazawa, M. Kouzaki, and D. Nozaki,
“Importance of body sway velocity information in controlling ankle extensor activities during quiet stance,” J. Neurophys., vol. 90, no. 6, pp.
3774–3782, 2003.
[13] H. Asada and J. J. Slotine, Robot Analysis and Control. New York:
Wiley, 1985.
[14] R. M. Murrary, A Mathematical Introduction to Robotic Manipulation. Boca Raton, FL: CRC, 1994.
[15] H. Cheng, Y. K. Yiu, and Z. Li, “Dynamics and control of redundantly
actuated parallel manipulators,” IEEE/ASME Trans. Mechatronics, vol.
8, no. 4, pp. 483–490, Dec. 2003.
[16] Y. H. Liu, Y. Xu, and M. Bergerman, “Cooperation control of multiple
manipulators with passive joints,” IEEE Trans. Robot. Autom., vol. 15,
no. 2, pp. 258–267, Apr. 1999.
[17] Y. Nakamura and M. Ghodoussi, “Dynamics computation of closed-link
robot mechanisms with nonredundant and redundant actuators,” IEEE
Trans. Robot. Autom., vol. 5, no. 3, pp. 294–302, Jun. 1989.
[18] H. Xie, I. Bryson, F. Shadpey, and R. V. Patel, “A robust control scheme
for dual-arm redundant manipulators: Experiment result,” in Proc. IEEE
Int. Conf. Robot. Autom., vol. 4, May 1999, pp. 2507–2512.
[19] M. Zefran, V. Kumar, and Y. Xiaoping, “Optimal trajectories and force
distribution for cooperating arms,” in Proc. IEEE Int. Conf. Robot.
Autom., vol. 1, May 1994, pp. 874–879.
[20] K. Masani, A. H. Vette, and M. R. Popovic, “Controlling balance
during quiet standing: Proportional and derivative controller generates
preceding motor command to body sway position observed in experiments,” Gait Posture, to be published.
[21] T. Grabowski, Principle of Anatomy and Physiology. New York:
Wiley, 2003.
[22] F. R. Sias and Y. F. Zheng, “How many degrees-of-freedom does a biped
need?,” in Proc. IEEE Int. Workshop Intelligent Robots Syst., vol. 1, Jul.
1990, pp. 297–302.
[23] D. A. Winter, Biomechanics and Motor Control of Human Movement. New York: Wiley, 1990.
[24] H. Baruh, Analytical Dynamics. New York: McGraw-Hill, 1999.
[25] J. Y. Kim, “3D dynamic modeling, control synthesis, controllability
analysis for FES-assisted paraplegic standing,” M.A.Sc. thesis, University of Toronto, Toronto, ON, Canada, 2005.
[26] C. C. Norkin and D. J. White, Measurement of Joint Motion: A Guide to
Goniometry. Philadelphia, PA: F. A. Davis, 1995.
[27] J. Y. S. Luh, M. W. Walker, and R. P. C. Paul, “On-line computational
scheme for mechanical manipulators,” Trans. ASME J. Dynam. Syst.
Meas. Control, vol. 102, no. 2, pp. 69–76, 1980.
[28] M. Takegaki and S. Arimoto, “A new feedback method for dynamic control of manipulators,” ASME J. Dynam. Syst. Meas. Control, vol. 102, pp.
119–125, 1981.
[29] J. J. Slotine and W. Li, Applied Nonlinear Control. Englewood Cliffs,
NJ: Prentice Hall, 1990.
[30] Z. Matjacic, M. Voigt, D. Popovic, and T. Sinkjaer, “Functional postural responses after perturbations in multiple directions in a standing
man: A principle of decoupled control,” J. Biomech., vol. 34, pp.
187–196, 2001.

54

IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 14, NO. 1, MARCH 2006

[31] D. A. Winter, F. Prince, J. S. Frank, C. Powell, and K. F. Zabjek, “Unified
theory regarding A/P and M/L balance in quiet stance,” J. Neurophys.,
vol. 75, pp. 2334–2343, 1996.
[32] M. Takegaki and S. Arimoto, “A new feedback method for dynamic control of manipulators,” ASME J. Dynamic Syst. Measure. Control, vol.
102, pp. 119–125, 1981.
[33] J. G. Jalon and E. Bayo, Kinematic and Dynamic Simulation of Multibody Systems: The Real-Time Challenge. New York: Springer-Verlag,
1993.
[34] J. W. Baumgarte, “Stabilization of constraints and integrals of motion
in dynamical systems,” Comput. Methods Appl. Mech. Eng., vol. 1, pp.
1–16, 1972.
[35] M. R. Popovic, I. P. I. Pappas, T. Keller, K. Nakazawa, V. Dietz, and
M. Morari, “Stability criterion for controlling standing in able-bodied
subjects,” J. Biomechan., vol. 33, no. 11, pp. 1359–1368, 2000.
[36] M. R. Popovic and T. Keller, “Modular transcutaneous functional electrical stimulation system,” Med. Eng. Phys., vol. 27, no. 1, pp. 81–92,
2005.

Joon-young Kim received the B.Eng. degree in
mechanical engineering and mechatronics from the
Chung-Ang University, Seoul, Korea, in 2002, and
the M.A.Sc. degree in mechanical engineering from
the University of Toronto, Toronto, ON, Canada,
in 2005. His M.A.Sc. thesis was on 3-D dynamic
modeling, control synthesis, and controllability
analysis for FES-assisted paraplegic standing.
Since receiving his M.A.Sc. degree, he has been
working as a Researcher for the Electro-Mechanical
Research Institute, Hyundai-Heavy Industries, Co.,
Ltd., Yong-in, South Korea, where his work is focused on the research and development of efficient trajectory generation methods and tracking control problems for industrial robots. The areas of his interest include the kinematic and
dynamic modeling, dynamic simulation, and nonlinear control for robotic and
biomechanical systems.
Mr. Kim received the Government of Canada Award in 2003.

Milos R. Popovic (M’96) received the Dipl.
electrical engineer degree from the University of
Belgrade, Belgrade, Yugoslavia, in 1990, and the
Ph.D. degree in mechanical engineering from the
University of Toronto, Toronto, ON, Canada, in
1996.
Since 2001, he has been an Assistant Professor in
the Institute of Biomaterials and Biomedical Engineering, University of Toronto, and Scientist at the
Toronto Rehab, Toronto. From 1997 until 2001, he
was leading the Rehabilitation Engineering Team at
the Swiss Federal Institute of Technology (ETH) and the Paraplegic Center of
the University Hospital Balgrist (ParaCare), both in Zurich, Switzerland. From
1996 until 1997, he was with Honeywell Aerospace, Toronto, previously known
as AlliedSignal Aerospace Canada, Inc. His fields of expertise are functional
electrical stimulation, neuro-rehabilitation, modeling and control of linear and
nonlinear dynamic systems, robotics, power systems, signal processing, and
safety analysis. His interests are in neuro-rehabilitation, physiological control
systems, assistive technology, and brain–machine interfaces.
Dr. Popovic, together with Dr. T. Keller, received the Swiss National Science
Foundation Technology Transfer Award—first place, in 1997.

James K. Mills received the B.Sc. degree in electrical engineering from the University of Manitoba,
Winnipeg, MB, Canada, in 1980, and the M.Sc. degree in electrical engineering and the Ph.D. degree
in robotic control, from the University of Toronto,
Toronto, ON, Canada, in 1982 and 1987, respectively.
He was appointed to Assistant Professor in the
Department of Mechanical Engineering, University
of Toronto, in 1988, and became a Full Professor
in 1997. His research interests have encompassed
a number of related areas, including robot control,
control of multirobots, control of flexible link robots, design of actuators,
localization, development of fixtureless assembly technology, design and
control of high speed machines, development of neural network controllers,
etc. He has published over 250 journal and conference papers and supervised
over 50 M.S. and Ph.D. students.

