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Abstract 

Background.  Arm-free paraplegic standing via functional electrical stimulation (FES) has 

drawn much attention in the biomechanical field as it might allow an individual with 

paraplegia to stand and simultaneously use both arms to perform activities of daily living.  

However, current FES systems for standing require that the individual actively regulates 

balance using one or both arms, thus limiting the practical use of the proposed systems.  

The purpose of the present study was to show that actuating only six out of twelve degrees 

of freedom (DOF) in the lower limbs to allow individuals with paraplegia to stand freely is 

theoretically feasible with respect to multi-body stability and physiological torque 

limitations of the lower limb DOF.  Specifically, the goal was to determine the optimal 

combination of the minimum DOF that can be realistically actuated in the lower limbs by 

means of FES, while ensuring stability and able-bodied kinematics during perturbed arm-

free standing. 

Method of Approach.  The human body was represented by a three-dimensional dynamic 

model with twelve DOF in the lower limbs.  Nakamura’s method, a computationally 

efficient inverse dynamics method, was applied to estimate the joint torques of the system 

by means of experimental motion data from four healthy subjects.  The torques were 

estimated by applying our previous finding that only six out of twelve DOF in the lower 

limbs need to be actuated to facilitate stable standing.  Furthermore, it was shown that six 

cases of six active DOF (6-DOF) exist that facilitate stable standing.  In order to 

characterize each of these cases in terms of the torque generation patterns and to identify a 

potential optimal 6-DOF combination, the joint torques during perturbations in eight 

different directions were estimated for all six cases of 6-DOF. 
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Results.  The results suggest that the actuation of both ankle flexion/extension, both knee 

flexion/extension, one hip flexion/extension, and one hip abduction/adduction DOF will 

result in the minimum torque requirements to regulate balance during perturbed quiet 

standing. 

Conclusions.  To facilitate unsupported FES-assisted standing, it is sufficient to actuate 

only six DOF.  An optimal combination of 6-DOF exists for which this system can 

generate able-bodied kinematics, while requiring lower limb joint torques that are 

producible using contemporary FES technology.  These findings suggest that FES-assisted 

arm-free standing of paraplegics is theoretically feasible, even when limited by the fact 

that muscles actuating specific DOF are often denervated or difficult to access. 

Keywords:  balance, functional electrical stimulation, inverse dynamics, paraplegia, 

perturbed standing, quiet standing, torque estimation. 
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I. INTRODUCTION 

A paraplegic is an individual whose spinal cord has been injured below the thoracic 

vertebra No.1, resulting in partial or complete loss of motor function in the lower limbs.  

The lost ability to stand can be regained by artificially stimulating the skeletal muscles in 

the lower limbs that cannot be controlled voluntarily [1].  However, for this to be possible, 

muscles targeted to be electrically stimulated must not be denervated, i.e., the axons that 

connect the muscles to their motor neurons in the spinal cord have to be intact1.  Recently, 

arm-free standing of individuals with paraplegia using functional electrical stimulation 

(FES) has drawn much attention in the field of rehabilitation engineering as it might allow 

an individual with paraplegia to stand and at the same time use both arms to perform 

various activities of daily living (ADL) [2-4].  However, current FES systems for standing 

do not open up this possibility yet.  Instead, they require that the individual actively 

regulates balance using one or both arms, thus limiting the use of the proposed FES 

systems during ADL [5,6]. 

Estimating the torques required at the joints of the lower limbs to allow stable 

standing is an important first step towards determining the feasibility of FES-assisted arm-

free standing of individuals with paraplegia.  Once the amount of torques needed during 

arm-free standing are known, the muscles capable of generating these torques can be 

identified.  This would eventually assist in determining viable muscle stimulation 

strategies that an FES system for arm-free paraplegic standing should apply [7,8]. 

In general, there are two fundamental concepts in the field of biomechanics that are 

used to estimate the joint torques during human movement: forward and inverse dynamics.  

On the one hand, the forward dynamics method is used when it is of interest to determine 
                                                 
1 Denervated muscles cannot be activated using conventional FES technology. They also 
degenerate over time and convert rapidly into fat and connective tissue. 
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how each muscle contraction affects the movement of the body [9,10].  One of the main 

difficulties associated with this method is to specify the control input that generates the 

joint torques responsible for the motion of the body.  Additionally, in order to obtain this 

motion from the joint torques, the equations of motion of the dynamic model have to be 

integrated numerically [11,12].  On the other hand, the inverse dynamics method estimates 

the joint torques by solving a set of algebraic equations given the kinematics of the body 

[7,13].  As such, it is simpler to implement and computationally more efficient compared 

to the forward dynamics method. 

The inverse dynamics method has been applied extensively to estimate joint 

torques during standing, especially when the analyses did not specifically require an 

understanding of the muscle coordination patterns.  Although the precision of the inverse 

dynamics method has been improved by minimizing the error caused by imperfect 

kinematic measurement techniques [14,15], much work still remains to be done before the 

joint torques required for arm-free standing can be properly estimated.  In particular, most 

of the dynamic models used in the literature ignore some important aspects of the actual 

quiet standing dynamics.  First, almost all dynamic models neglect the three-dimensional2 

(3D), multi-body, closed-chain properties of quiet standing as described by Kim et al. 

[16,17].  Second, most joint torques estimated in the literature were determined for all 

degrees of freedom (DOF) of the model [11,13,15,18].  However, it may be difficult or 

even impossible to actuate all DOF in the lower limbs of individuals with paraplegia as 

some muscles may not be accessible or even denervated as described above.  Hence, the 

minimum joint torques that are needed and that can actually be elicited by an FES system 

to allow individuals with paraplegia to stand, have not been properly estimated yet.  That 
                                                 
2 Note that three-dimensional implies a model articulation in three-dimensional space with 
three positional and three rotational degrees of freedom (x, y, and z; roll, pitch, and yaw). 
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is, it is not known how large the torques in the lower limbs of individuals with paraplegia 

must be to achieve FES-assisted arm-free standing, while avoiding the actuation of all 

DOF. 

In our previous study [17], we developed a 3D dynamic model of the human body 

during double-support stance and found that only six out of twelve DOF need to be 

actuated in the lower limbs to facilitate stable arm-free standing despite moderate 

disturbances (i.e., disturbances that average healthy individuals should be able to 

compensate for without losing balance during standing).  A total of six different cases of 

six active DOF (6-DOF) have been identified that would facilitate stable arm-free standing.  

Those six cases of 6-DOF were proposed in order to minimize the number of DOF that 

must be actuated by a potential FES system for paraplegic arm-free standing.  However, it 

is certain that the six cases of 6-DOF will not generate identical torque patterns since each 

case consists of a different combination of DOF in the lower limbs. 

Accordingly, in this manuscript, the joint torques were estimated using the inverse 

dynamics method for all six 6-DOF systems.  The purpose was to show that actuating only 

six out of twelve DOF in the lower limbs to allow individuals with paraplegia to stand 

freely is theoretically feasible with respect to multi-body stability and physiological torque 

limitations of the lower limb DOF.  Specifically, the goal was to determine the optimal 6-

DOF combination that can be realistically actuated in the lower limbs by means of FES, 

while ensuring stability and able-bodied kinematics during perturbed arm-free standing. 

Four able-bodied subjects participated in experiments that provided kinematic data 

describing the motion of healthy individuals during perturbed arm-free standing.  The 

obtained time series were then used to calculate the joint torques for each case of 6-DOF 

by applying the inverse dynamics method.  The recorded kinematic data were assumed to 
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be good examples of the desired behavior that a potential FES system for standing should 

be able to emulate. 

The present study is organized as follows:  First, the dynamic model and its inverse 

dynamics solutions obtained from our previous publication [17] are briefly introduced. 

Second, the formulation used for the joint torque calculation is validated. Third, the 

experimental method for obtaining the kinematics of the able-bodied subjects during 

perturbed arm-free standing is presented.  Finally, the results of the joint torque estimation 

are presented and discussed. 
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II. METHODS 

A. Three-Dimensional Dynamic Model 

The 3D dynamic model of the human body during double-support stance, which 

has been developed in our previous study [17], is shown in Fig. 1.  The HAT (Head-Arms-

Trunk) was modeled as a rigid body with a constant mass and moment of inertia.  Each leg 

consisted of six DOF, which has been shown to be a reasonable approximation of the 

double-support stance in humans [19].  The feet were not included in the model since it 

was assumed that the feet were fully in contact with the ground.  Denavit-Hartenberg 

notation [20] was used for kinematic modeling, and Newton-Euler and Lagrange 

formulations were applied to the HAT and the legs, respectively, to obtain the dynamic 

model of the system.  The equations of motion of the dynamic model shown in Fig. 1 are 

provided in the form of a set of first order ordinary differential equations (ODE): 

                                                            48 1( )x f x ×= ∈ℜ                                                     (1) 

Refer to Kim et al. [16,17] for more details on the dynamic model and Eq. (1). 
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Fig. 1.  3D dynamic model of the human body during double-support stance [17].  The DOF of the 
joints are as follows: ankle inversion/eversion (lAIE, rAIE); ankle dorsiflexion/plantarflexion (lADP, 
rADP); knee flexion/extension (lKFE, rKFE); hip abduction/adduction (lHAA, rHAA); hip 
flexion/extension (lHFE, rHFE); and hip rotation (lHRT, rHRT).  The system was perturbed in eight 
different directions, D1 to D8. 

B. Inverse Dynamics Solutions 

By applying Nakamura’s method [21], the inverse dynamics solution for the 

dynamic model shown in Fig. 1 was obtained in [17] as 

                        ( ) 1aNT
a t t tW ×= + + ∈ℜτ M q C q N ,                                   (2) 

where 12
1: aN

p a

×
−

⎡ ⎤
= ∈ℜ⎢ ⎥−⎣ ⎦

I
W

J J
; I a aN N×∈ℜ : identity matrix; 12 1:

T

a p
×⎡ ⎤= ∈ ℜ⎣ ⎦q q q ; 

1q aN
a

×∈ℜ : active DOF; 1q pN
p

×∈ℜ : passive DOF, i.e., zero torque at the passive DOF; 

aN : number of active DOF; pN : number of passive DOF; 1aN
a

×∈ℜτ  : torque at active 

DOF; 6J aN
a

×∈ℜ : Jacobian matrix with respect to the active DOF; 6J pN
p

×∈ℜ : Jacobian 

matrix with respect to the passive DOF; 12 12( )M qt
×∈ℜ : inertia matrix; 12 12( , )C q qt

×∈ℜ : 
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Coriolis-centrifugal force matrix; and 12 1( )N qt
×∈ℜ : gravity vector.  The details of Eq. (2) 

can be found in [16,17]. 

According to (2), as long as 6aN ≥  and ( ) 6J prank = , the inverse dynamics 

solution of the model in Fig. 1 exists, i.e., unique τa  can be calculated for the given system 

kinematics.  The analysis conducted using kinematic data obtained in experiments with 

able-bodied subjects suggests that six combinations of 6-DOF exist for which the system 

J p  has a rank equal to six for any given able-bodied, arm-free standing kinematics.  

Hence, six DOF is the minimum number of DOF that need to be actively controlled during 

perturbations to facilitate stable arm-free standing.  The combinations of the six actively 

controlled DOF as shown in Fig. 2 were obtained based on the assumption that lAIE, rAIE, 

lHRT, and rHRT are always passive DOF.  This assumption is reasonable as these DOF are 

difficult to actuate with contemporary transcutaneous FES technology [5,6,22].  Due to the 

symmetry of the two legs, each case shown in Fig. 2 also represents the 6-DOF 

combination of its mirror image. Note that the presented findings have been initially 

reported in [17]. 

 
     Case I          Case III               Case V 
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    Case II         Case IV              Case VI 

Fig. 2.  Six cases of 6-DOF such that the passive Jacobian matrices are not singular [17].  Note that, 
due to the symmetry of the two legs, each case also represents the 6-DOF combination of its mirror 
image.  For example, Case I also stands for the combination of lKFE, lHFE, rADP, rKFE, rHAA, rHFE as 
active DOF. 

C. Internal Validity of the Model 

Due to its complexity, the formulation for estimating the joint torques (Eq. (2)) was 

validated using the internal validity test, i.e., by comparing the forward and inverse 

dynamics of the model [7].  However, the internal validity test is known to be of limited 

value if the same equations are used in the forward and inverse dynamics, since the two 

methods will still match theoretically in spite of potential errors in the formulation [23].  

Therefore, different methods were used for testing the internal validity.  That is, the 

Newton-Euler and Lagrange methods were used for the forward dynamics (Eq. (1)), and 

Nakamura’s method was used for the inverse dynamics (Eq. (2)). 

Even if the formulation is provided without an error, it is very likely that the 

forward and inverse dynamics during simulation will not match [9,11].  This phenomenon 

has been referred to as inverse dynamics simulation failure [23].  Although it is not clearly 

understood why such matching of ideal forward and inverse dynamics models may fail, 
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two potential causes have been suggested in the literature: (a) the insufficient 

dimensionality of the control signal and/or (b) the unstable equation of motion.  Both these 

phenomena are linked to the forward dynamics calculations [23].  To eliminate one 

potential source for mismatch in the inverse and forward dynamic calculations, a small, 

fixed simulation step-size of 0.001 s was applied to reduce the error introduced by discrete 

numerical integration. Additionally, the torque control algorithm [24] was applied to 

stabilize the unstable Eq. (1).  That is, the kinematics, i.e., the input of the inverse 

dynamics, were set as the reference trajectory that the dynamic system in (1) should 

generate in the forward dynamics.  Note that this scheme guarantees the asymptotic 

stability of the forward dynamics with respect to the reference trajectory [24].  As a final 

step of the internal validation, the input and output of the forward and inverse dynamics 

were compared.  In order to perform the numerical simulations, Adams’ method for 

solving ODEs was used.  However, since Adams’ method is a multi-step method, a single-

step method was needed to start up the simulation.  This was accomplished using a 4th 

order Runge-Kutta method.  Please refer to Kim [16] for details. 

In Fig. 3, the results of the internal validity test are shown for Case VI.  The inputs 

of the forward dynamics demonstrated the same patterns as the outputs of the inverse 

dynamics and vice versa.  The total average error between the test kinematics and the 

output of the forward dynamics was 5.6 · 10-5 degrees (12 DOF for six cases), whereas the 

total average error between the control input of the forward dynamics and the output of the 

inverse dynamics was 0.89 Nm (6 active DOF for six cases).  As such, the formulations of 

Eq. (1) and Eq. (2) were validated. 
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(a) Test kinematics and output of the forward dynamics. 
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(b) Output of the inverse dynamics and control input of the forward dynamics. 

Fig. 3.  Internal validity test for Case VI in Fig. 2.  The thick gray lines indicate the inputs and 
outputs of the inverse dynamics and the thin black lines indicate those of the forward dynamics.  
Note that the validation test was performed for all six cases of 6-DOF. 



Optimal DOF Combination for Arm-Free Paraplegic Standing 
 

 14

D. Acquisition of Able-Bodied Kinematics during Perturbed Standing 

In order to estimate the joint torques by solving Eq. (2), it was necessary to obtain 

the body kinematics during perturbed arm-free standing.  Since the purpose of the inverse 

dynamics problem was to estimate the joint torques in the lower limbs of an individual 

with paraplegia such that they generate the same standing motion as in healthy individuals, 

four healthy subjects were invited to participate in the experiments.  Table 1 describes the 

height, weight, age, and sex of each subject.  The experiments were approved by the ethics 

boards of the University of Toronto and the Toronto Rehabilitation Institute, Canada.  

Informed consent was obtained from the subjects prior to the experiments. 

Table 1.  Height, Weight, Age, and Sex of the Four Able-Bodied Subjects. 

Subject Height (m) Weight (kg) Age (yr) Sex 
S1 1.71 66.7 32 F 

S2 1.65 63.6 31 F 

S3 1.93 116.2 32 M 

S4 1.66 63.3 31 F 

During the experiment, each subject was asked to stand with bare feet in the most 

comfortable standing posture with his/her eyes closed and the arms folded on the chest.  In 

order to obtain an accurate 3D representation of the kinematics during standing, the subject 

was perturbed using an impulse-like force acting in eight directions (D1 to D8 in Fig. 1).  

The perturbation system consisted of a drop weight of 4.54 kg, a pulley and a rope that was 

attached to the subject at the level of his/her center of mass (COM).  The height of the 

pulley was adjusted depending on the height of the subject so that the perturbation 

direction was always parallel to the ground.  For each perturbation direction, the rope 

connected to the waist of the subject was cocked (zero slack), suddenly pulled by releasing 

the drop weight, and then slackened in order to generate impulse-like perturbations.  Note 
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that only those trials were accepted for which the perturbation force acting on the subject’s 

body lasted between 0.7 and 1 s, resulting in a force sum between 31.2 and 44.5 Ns.  This 

methodology was ensured by tracking the motion of reflective markers on the rope and 

drop weight using a motion analysis system (Optotrak 3020, Northern Digital Inc., 

Canada).  The subject was perturbed three times for each direction, resulting in a total of 

24 trials per subject.  During all trials, it was ensured that both feet of the subject remained 

in contact with the ground at all times. 

The aforementioned motion analysis system was used to record the joint angles of 

the body segments with a sampling frequency of 100 Hz.  Custom-designed rigid bodies 

were used to place the reflective markers on the body.  Five rigid bodies were attached to 

the shanks, thighs, and torso of the subject.  The joint angles were filtered using a fourth-

order, zero-lag Butterworth filter with a cut-off frequency of 2 Hz, which was determined 

by a power spectrum analysis of the measured joint angles.  The angular velocities and 

accelerations were then estimated by the finite differentiation technique [7].  Using this 

method in combination with a low-pass digital filter is known to be very efficient in 

estimating the derivatives of the measured joint angles [25,26].  The lengths of the body 

segments of each subject were measured before the experiments, whereas the mass, the 

moment of inertia, and the location of the COM of each body segment were estimated 

based on the subject’s anthropometric data [7].  The moments of inertia of the body 

segments that could not be obtained from the anthropometric data, e.g., trunk rotation 

about the vertical axis, were estimated by approximating the body segment using a 

cylinder.  By means of the kinematic data and the anthropometric parameters of the 

subjects, the joint torques of the minimum number of DOF were calculated for all eight 
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perturbation directions and all six cases shown in Fig. 2 by solving Eq. (2), i.e., the inverse 

dynamics method. 

E. Analysis of Joint Torques 

The analysis of the joint torques identified by means of the kinematic data and 

inverse dynamics method was focused on investigating how each case of 6-DOF shown in 

Fig. 2 was different from the other five cases.  Specifically, we identified differences in (a) 

the direction of and (b) the intensity of the stabilizing joint torques, as these were the 

primary factors that characterized each case of 6-DOF.  A norm based measure for each 

active DOF’s torque profile was determined by numerically integrating the norm of the 

torque as a function of time over an interval of five seconds, i.e., 
5

0
| |τa dt∫  (Nm·s), where 

τa  is the active DOF’s mean torque as a function of time obtained from the three 

perturbation experiments per subject.  An integration interval of 5 s was used since all four 

subjects regained balance and assumed a quiet standing posture within a time period 

shorter than 5 s.  The value of 
5

0
| |τa dt∫  is referred to in the paper as torque sum.  For each 

perturbation direction, the torque sums were first determined for each subject (three trials 

each), but then averaged over all four subjects, i.e., over twelve trials (referred to as 

average torque sum).  The average torque sums are given as mean ± standard deviation. 
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III. RESULTS 

A. Anterior-Posterior (A/P) Perturbations 

In the case of perturbations in the A/P direction (D1 and D5), it was discovered 

that Cases I and II (Fig. 2) generated equivalent torque profiles in response to each 

perturbation.  A similar behavior was observed for Cases III and IV as well as for Cases V 

and VI.  This can be explained by the fact that these pairs have the same combinations of 

those five active DOF that have their axes of rotation orthogonal to the sagittal plane (Fig. 

2).  Furthermore, the torque at lHAA was relatively small compared to the torques at the 

other DOF for the D1 and D5 perturbations.  Thus, the joint torques were analyzed for 

three groups: Group A (Cases I and II), Group B (Cases III and IV), and Group C (Cases V 

and VI).  The only difference between the two cases in each group was the number of the 

DOF per leg that have their axes of rotation orthogonal to the sagittal plane, i.e., the DOF 

corresponding to the movement in the A/P direction.  Therefore, the legs were labeled as 

3DOF-leg and 2DOF-leg such that the 3DOF-leg had three DOF and the 2DOF-leg had 

two DOF in the A/P direction.  For example, in Case I the left leg is the 3DOF-leg and the 

right leg the 2DOF-leg (Fig. 2). 

1) Perturbation in D1 Direction 

Group A 

As shown in Fig. 2, the A/P DOF in case of Group A consisted of one ankle 

dorsiflexion/plantarflexion DOF (ADP), two knee flexion/extension DOF (KFE), and two 

hip flexion/extension DOF (HFE).  In this group, the torques at ADP, KFE, and HFE in the 

3DOF-leg were first increased (+) at the onset of the D1 perturbation, then decreased (–), 

and then increased (+) again to generate the corresponding joint angles (Fig. 4.a and 4.b).  

However, the torques at KFE and HFE of the 2DOF-leg were suddenly decreased (–), then 
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increased (+), and then decreased (–) again.  Thus, the joint torques at the two A/P DOF of 

the 2DOF-leg were generated in the opposite direction to the ones at the three A/P DOF of 

the 3DOF-leg.  Although the results of only one subject (S1) are shown in Fig. 4, the above 

phenomenon was observed for all subjects. 

The average torque sums for Group A are shown in Fig. 5.a (upper values).  It was 

found that the overall average torque sum of the 3DOF-leg was much higher (5.2 ~ 6.7 

times) than the one of the 2DOF-leg.  The above results suggest that the 3DOF-leg in 

Group A must account for most of the torques that are necessary to stabilize the body after 

the D1 perturbation.  The torques at the two DOF of the 2DOF-leg, i.e., KFE and HFE, must 

be generated in the opposite direction in order to compensate for the internal kinematic 

constraints of the system. 

Group B 

In case of Group B, the A/P DOF consisted of two ADP, one KFE, and two HFE (Fig. 

2).  At the onset of the D1 perturbation, the torques at all DOF, except for HFE of the 

2DOF-leg, were suddenly increased (+), then decreased (–), and then increased (+) again 

(Fig. 4.a and 4.c).  As for the torque at HFE of the 2DOF-leg, it was first decreased (–), then 

increased (+), and then decreased (–) again (Fig. 4.c). 

The overall average torque sum for Group B was similar to the one for Group A in 

that most of it was generated in the 3DOF-leg, i.e., it was 5.7 ~ 7.6 times higher than the 

overall average torque sum of the 2DOF-leg (Fig. 5.b).  In comparison with Group A, only 

the torque at HFE in the 2DOF-leg acted in the opposite direction in Group B.  Note that 

there were two DOF in Group A that acted in the opposite direction.  In addition, it was 

found that Group B generated smaller torques as the overall average torque sum of all the 

A/P DOF in Group B was smaller by 7 % ~ 12 % than in the case of Group A (Fig. 5.b). 
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Group C 

In Group C, the A/P DOF consisted of two ADP, two KFE, and one HFE.  Note that 

in each of the other two groups two HFE were actuated, whereas in this case only one HFE 

was actuated.  Figure 4.d shows that all five DOF in this group had the same torque 

direction, i.e., the torque increased (+) at the onset of the perturbation, then decreased (–), 

and then increased (+) again.  As such, there were no torques at the 2DOF-leg DOF in 

Group C that counteracted the torques of the 3DOF-leg DOF.  Note that there was at least 

one 2DOF-leg DOF in groups A and B at which the torque was generated in the opposite 

direction. 

The average torque sum analysis demonstrated that the torques were distributed 

more evenly between the legs than in the other groups, i.e., the overall average torque sum 

of all A/P DOF in the 3DOF-leg was only 2.3 ~ 3.4 times higher than that of the 2DOF-leg 

(Fig. 5.c).  The overall average torque sum of all A/P DOF was reduced by up to 22 % ~ 

27 % compared with Group A.  Therefore, Group C produced the lowest overall torque 

sum for the D1 perturbation, whereas Group A generated the largest overall torque sum. 
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(a) Joint angles 
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(b) Joint torques for Group A (Case I) 
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(c) Joint torques for Group B (Case III) 
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(d) Joint torques for Group C (Case VI) 

Fig. 4.  Joint angles and joint torques of subject S1 at the six actuated DOF due to the perturbation 
given in direction D1.  The mean values with one standard deviation from three trials are shown as 
a function of time. 

2) Perturbation in D5 Direction 

Only two subjects (subjects S1 and S3) were able to maintain balance during the 

perturbation in the D5 direction.  Subjects S2 and S4 failed to keep their feet on the ground 

in all three perturbation trials.  Figure 5 shows that the average torque sum due to the D5 

perturbation was much higher than the one due to the D1 perturbation.  This explains why 

the two subjects S2 and S4 were unable to maintain balance in case of the D5 perturbation.  

Note that subjects S2 and S4 were not as tall as subjects S1 and S3 (Table 1). 

For the D5 perturbation, the characteristics of the torque direction for the three 

groups were consistent with the results of the D1 perturbation.  That is, Group A and B had 

the same DOF as for the D1 perturbation at which the torques were generated in the 

opposite direction, whereas in Group C all A/P DOF acted in the same direction.  Group B 

produced an overall torque sum that was 12 % ~ 18 % larger than for Group A.  The 

overall torque sum of all the A/P DOF in Group C was smaller than in Group A by 15 % ~ 



Optimal DOF Combination for Arm-Free Paraplegic Standing 
 

 21

17 %.  Therefore, Group C required the lowest overall torque sum to maintain balance 

during the D5 perturbation, whereas Group B required the largest overall torque sum (Fig. 

5, lower values). 

 
      (a) Group A (Case I)                   (b) Group B (Case III)                   (c) Group C (Case VI) 

Fig. 5.  The average torque sums for each A/P DOF and each group that were generated due to the 
A/P perturbations.  The average torque sum with standard deviation (Nm·s) from four subjects 
(twelve trials) is shown, i.e., the torque generated due to the perturbation in the D1 (upper arrow 
and torque value) and D5 (lower arrow and torque value) directions.  Notice the difference of the 
arrow directions. 

B. Medio-Lateral (M/L) Perturbations 

In the case of the M/L perturbations (D3 and D7 directions), all subjects moved 

predominantly in the M/L direction, whereas the movement in the A/P direction was 

relatively small (Fig. 6.a).  Since each group had only one M/L DOF, i.e., the hip 

abduction/adduction DOF (HAA) as depicted in Fig. 2, it could be expected that the torque 

pattern at this DOF was the same for all three groups during the M/L perturbations.  In 

fact, the torque at HAA exhibited similar characteristics for all subjects regardless of the 

location of HAA (left or right leg).  That is, at the onset of the perturbation in the D3 

direction, the torque was suddenly increased (+), then decreased (–), and then increased (+) 

again to obtain the specified joint angles (Fig. 6.a and 6.b).  Moreover, the six cases of 6-



Optimal DOF Combination for Arm-Free Paraplegic Standing 
 

 22

DOF shown in Fig. 2 did not demonstrate any differences with respect to the average 

torque sum and, and as such, the average torque sum did not depend on the location of 

HAA. 

However, the average torque sum of the A/P DOF depended on the combination of 

the active DOF.  That is, Group C generated as for the A/P perturbations the least torque 

sum at the A/P DOF compared to the other two groups.  As a result, Group C generated 

also the lowest overall torque sum among the three groups since (a) it generated the least 

overall torque sum at the A/P DOF and (b) the torque pattern at HAA (corresponding to the 

only M/L DOF) was equal for all three groups in the case of the M/L perturbations.  This 

suggests that the results of the torque analysis for the perturbations in the A/P directions 

also hold for the perturbations in the M/L directions. 
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(a) Joint angles 
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(b) Joint torques for Group A (Case I) 

Fig. 6.  Joint angles and joint torques of subject S1 at the six actuated DOF due to the perturbation 
given in direction D3.  The mean values with one standard deviation from three trials are shown as 
a function of time.  Since the torque characteristics at HAA where identical for all three cases, only 
Case I is shown. 
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C. Perturbations in Diagonal Directions 

For the perturbations in the diagonal directions (D2, D4, D6, and D8 in Fig. 1), all 

subjects moved along a trajectory that combined both the A/P and M/L directions (Fig. 

7.a).  That is, the movements observed in the subjects due to the perturbations in the 

forward (D2 and D8) and backward (D4 and D6) diagonal directions represented the 

combinations of those in the D1 and M/L directions and those in the D5 and M/L 

directions, respectively.  Thus, it was expected that the torque patterns in the case of the 

diagonal perturbations would be composed of the torque patterns observed during the 

disturbances along the A/P and M/L directions. 

In fact, the characteristics of the torque directions of the A/P DOF in the case of the 

D2 and D8 perturbations were the same as those observed in the case of the D1 

perturbations.  Similarly, the characteristics of the torque directions of the M/L DOF in the 

case of the D2 and D8 perturbations were the same as those observed in the case of the 

M/L perturbations (Fig. 7.b).  The same result was obtained for the perturbations in the 

backward diagonal directions (D4 and D6).  These characteristics were consistent for all 

trials of all four subjects. 

The analysis of the average torque sums revealed that Group C had the lowest 

overall torque sum at the A/P DOF for both the forward (D2 and D8) and backward (D4 

and D6) diagonal perturbations.  Group A and Group B produced the largest overall torque 

sums at the A/P DOF in the forward and the backward diagonal directions, respectively.  

Moreover, the average torque sums at the M/L DOF were the same for all three groups and 

all diagonal perturbations. 
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(a) Joint angles 
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(b) Joint torques for Group A (Case I) 

Fig. 7.  Joint angles and joint torques of subject S1 at the six actuated DOF due to the perturbation 
given in direction D2.  The mean values with one standard deviation from three trials are shown as 
a function of time.  Since the torque patterns were composed of the patterns during the A/P and 
M/L perturbations (Fig. 4 and 6), only Case I is shown. 

 

D. Summary 

In Fig. 8, the overall torque sums calculated for all eight perturbation directions 

(Fig. 1) and all six cases of six active DOF (Fig. 2) are presented.  As described, Group C 

(Cases V and VI) generated the lowest overall torque sum at all six active DOF.  

Moreover, Groups A (Cases I and II) and B (Cases III and IV) generated the largest overall 

torque sum at all active DOF for the forward perturbations (D1, D2, and D8) and the 

backward perturbations (D4, D5, and D6), respectively. 
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Fig. 8.  Torque sums of the joint torques at all active DOF, shown for each of the six 6-DOF 
systems (Cases I to VI) and all directions of perturbation (D1 to D8).  Note that subjects S2 and S4 
show overall torque sums for seven perturbation directions only as these subjects lost balance 
during the D5 perturbations.  Recall that Cases I and II represent Group A, Cases III and IV 
represent Group B, and Cases V and VI represent Group C. 
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IV. DISCUSSION 

The joint torque estimation is a crucial step in developing and implementing a 

practical FES system for paraplegic standing as it is necessary for determining feasible 

muscle stimulation strategies.  However, the joint torques that are needed in the particular 

application of FES-assisted paraplegic arm-free standing have not been properly estimated 

yet.  Most studies in the literature attempting to do so used planar instead of three-

dimensional dynamic models and did not consider some important dynamic aspects during 

quiet standing such as 3D multi-body closed-chain dynamics.  Others estimated the torques 

for all DOF occurring in the dynamic model.  The problem associated with this approach is 

that some muscles in the lower limbs are very difficult to access, whereas others might be 

denervated in individuals with paraplegia.  As a result, also the corresponding DOF such as 

the hip rotation or ankle inversion/eversion DOF might be very problematic to control.  

Furthermore, when the torques are estimated for all DOF, one has to assume a particular 

optimization method in order to resolve the redundancy problem associated with the 

system of bipedal stance.  However, it is not known which optimization technique should 

be applied since the activation patterns observed in experiments do not resemble the output 

of proposed optimization techniques [27].  Due to these limitations, the objective of the 

present study was to use a realistic, 3D nonlinear dynamic model of quiet standing to 

determine those combinations of the minimum number of active DOF that (a) facilitate 

stable arm-free standing and generate able-bodied kinematics during moderate 

disturbances; (b) can be activated and controlled in individuals with paraplegia using 

contemporary FES technology; and (c) minimize the muscle forces and energy spent to 

prevent fatigue and allow for prolonged periods of stable standing. 
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The most significant result obtained from the joint torque estimation is that there 

exist optimal cases among the 6-DOF combinations (Fig. 2) such that the overall torque 

sum was lowest and most evenly distributed among the two legs for all eight directions of 

perturbation.  These optimal combinations, Cases V and VI in Fig. 2, consisted of one HAA, 

one HFE, two KFE, and two ADP.  Note that these two cases actually imply four different 

optimal combinations as each case in Fig. 2 has a counterpart due to the symmetry of the 

two legs.  Cases I to IV on the other hand had two HFE, thus missing one A/P DOF to be 

actuated in either the ankle or knee joint.  The joint torque patterns of Cases V and VI were 

fundamentally different from the other cases in that the torque of all the active A/P DOF 

acted together in the same direction, whereas in the other cases at least one DOF existed 

that was actuated in the opposite direction due to the closed-chain dynamics.  Although the 

two legs generated almost the same motion (e.g. Fig. 4.a), counteracting torques were 

necessary in Cases I through IV to account for the existence of passive DOF in the closed-

chain dynamic system.  More specifically, when there was one passive A/P DOF at the 

ankle or knee joint, some DOF had to be actuated in the opposite direction to that of the 

remaining active DOF in order to allow the desired movement at the passive ankle or knee 

DOF.  Since this was not necessary in Cases V and VI, it seems plausible that these two 

cases require less amount of torque compared to the other four cases. 

Due to space limitations and the primarily theoretical nature of our study, we 

decided not to include an analysis of inter- and intra-subject variability in our methods.  

Nevertheless, it has to be said that the torque characteristics, i.e., the torque directions and 

torque sum distributions, were identical across trials and subjects for all directions of 

perturbation and all cases of 6-DOF.  Since this implies agreement in more than hundred 

conditions, it can be assumed that the results are not affected by inter- and intra-subject 
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variability.  Please refer to Kim [16] for the complete joint angle and joint torque profiles 

for all subjects, perturbation directions, and cases of 6-DOF. 

Due to the fact that only six out of twelve DOF would have to be actuated in a 

practical FES system, it must also be expected that larger torque peaks are necessary for 

asymptotic stability in comparison with the theoretical case where all twelve DOF are 

being actuated.  As such, it has to be ensured that the required torque levels in Cases V and 

VI can actually be generated by means of FES.  In order to do so, we determined the 

largest stabilizing torque peak at the A/P DOF during the D1 perturbation (Fig. 4.d) as well 

as at the M/L DOF during the D3 perturbation (Fig. 6.b) and discussed whether these 

torque levels can be generated by means of contemporary FES technology.  Note that these 

combinations represent the cases where the DOF act in the same direction as the 

perturbation, and therefore the largest torque peaks can be expected. 

During the D1 perturbation, ADP at the 3DOF-leg generated the largest stabilizing 

torque peak (negative peak of rADP in Fig. 4.d).  It had a value of –33 Nm and represented 

the maximum torque that the plantar flexors would have to generate for an equivalent 

subject to compensate for the perturbation force.  In previous experiments carried out in 

our laboratory, we tested whether this torque level can be generated using FES.  Our 

results show that the calculated torque maximum of 33 Nm (Fig. 4.d) could be elicited 

without difficulties in an untrained SCI subject (von Hippel-Lindau disease) using 

contemporary surface FES technology [28].  In our experiments, we applied asymmetric 

biphasic pulses with a pulse width of 300 μs, a frequency of 35 Hz, and amplitudes ranging 

from 20 to 48 mA.  The stimulation was applied using a Compex Motion surface FES 

system [29] and 10 cm × 5 cm self-adhesive transcutaneous electrodes.  During the 

experiments, the ankle torques were measured using a Biodex torque dynamometer 
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(Biodex Medical Systems, Shirley, NY).  For the above stimulation parameters, we were 

able to generate up to 52 Nm of plantar flexion torque in the SCI subject.  Since it is 

common in practical FES applications to use higher stimulation amplitudes and 

frequencies as well as smaller electrodes (5 cm × 5 cm) than the ones used in these 

experiments, even larger plantar flexion torques may be achieved if required. 

During the D3 perturbation, the compensating torque at HAA had a maximum value 

of –90 Nm (lHAA in Fig. 6.b).  Although this peak is specifically required for the 6-DOF 

system in Case I, it is also applicable for Cases V and VI since HAA was the only M/L DOF 

in all 6-DOF systems, generating similar responses to the D3 perturbation for all six cases 

(see B) Medio-Lateral (M/L) Perturbations).  Marsolais and Kobetic showed in 1988 that a 

percutaneous FES system stimulating the hip abductors of a subject with a neurologically 

complete T9 injury could generate more than sufficient torque to overcome gravity [30].  

Taking the mass and moment arm of the subject’s leg into account, we are confident that 

the aforementioned torque peak at HAA can be generated with more advanced, 

contemporary FES technology. 

Due to these findings, it is, in fact, feasible to generate the required torques at the 

six active DOF that are needed to maintain standing stability after moderate disturbances.  

Moreover, the required torque levels can be reduced by implementing a conservative 

torque control scheme that reduces the maximum torque output while retaining good 

perturbation rejection properties [17].  Such a control scheme would take the unique case 

into account that not all, but only six DOF are actuated.  As a result, also the generated 

kinematics would be unique and might not exactly represent the ones of healthy 

individuals where usually twelve DOF are actuated.  It has also to be noted that the torques 
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calculated in the present study represent conservative estimates, since the perturbation 

force used to obtain these torques is unlikely to be observed during natural quiet standing. 

Our theoretical analysis represents a crucial first step towards developing an FES 

system for arm-free standing.  It implies that the energy spent due to the FES-elicited 

muscle contractions can be minimized with the determined optimal combination of active 

DOF, and that four variations of this combination exist from which an appropriate set can 

be chosen for a particular individual with paraplegia.  However, many other challenges 

need yet to be addressed.  These include the development of a balance sensor for sensory 

feedback; the compensation for FES induced muscle fatigue; and the identification of an 

appropriate closed-loop control strategy to regulate FES induced muscle contractions.  Our 

team and many others are currently attempting to address these and other issues that stand 

in the way of the development and implementation of a system for FES-assisted standing. 

In conclusion, FES-assisted, arm-free standing is theoretically feasible with respect 

to multi-body stability and physiological joint torque limitations.  This is true even when 

only six out of twelve DOF in the lower limbs are actuated.  Our findings are especially 

relevant for individuals with paraplegia who are potential users of FES-assisted standing 

technology, since the muscles actuating specific DOF are often denervated or difficult to 

access.  Also, it is preferred to develop an FES system with less stimulation electrodes 

(i.e., an FES system for 6 DOF rather than for 12 DOF) in order to reduce system 

complexity and cost, but increase its reliability.  
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