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TABLE I. OPTIMIZATION AND VALIDATION OF NMS DYNAMICS MODEL AND MECHANICAL

Subject G K %Fit [%]
[ms] [Nm/V] [Nm/rad] [%TLoap] Optimization Validation
A 134 66 591 84 98.93 98.42
B 134 29 638 90 98.59 98.61
C 191 90 486 81 08.48 97.92
D 153 121 618 90 98.74 87.91
E 200 15 436 89 97.85 97.26
F 137 118 592 77 98.84 94.63
G 182 52 518 73 98.12 94.61
H 131 57 480 91 98.65 98.34
I 143 36 511 83 98.37 97.39
J 203 28 273 80 98.83 98.37
K 211 108 532 77 99.20 98.53
L 160 24 615 88 97.28 98.46
M 162 46 473 68 97.79 97.71
N 190 26 529 85 98.49 94.18
Mean 167 58 521 83 98.44 96.60
S.D. 29 37 95 7 0.52 2.96

STIFFNESS GAIN



TABLE II. OPTIMIZATION OF NEURAL CONTROL GAINS AND VALIDATION OF NEURAL-

Subject Kp Kd %Fit [%]
[Nm/rad] [Nms/rad] Optimization  Validation
A 142 158 98.75 98.27
B 73 37 98.48 98.71
C 125 102 98.18 98.53
D 103 119 98.70 85.29
E 94 129 97.73 96.67
F 162 180 98.73 97.59
G 185 123 97.51 97.22
H 86 71 98.79 98.16
I 105 156 98.63 98.05
J 83 146 98.29 97.19
K 155 204 98.94 98.19
L 87 227 97.67 98.31
M 231 273 97.50 97.97
N 109 286 98.87 92.63
Mean 124 158 98.34 96.63
S.D. 46 71 0.53 3.60

MECHANICAL CONTROL SCHEME



TABLE III.

SD)

COMPARISON OF AVERAGE STABILITY RESULTS FOR EACH TREATMENT (MEAN +

COM NOstim CONSTstim PDstim
MDIST sp* [cm] 0.832 +0.166 1.052 +0.243 0.690 + 0.154
I RDIST sp* [cm] 1.083 +0.231 1.253 +£0.269 0.871 + 0.217
RANGE p [cm] 6.003 + 1.382 5.701 £ 1.194 4.498 +1.030
0 MVELOp* [cm/s] 0.939+0.115 0.882+0.102 0.776 + 0.086
RVELOp* [cm/s] 1.237 £ 0.152 1.131 £ 0.136 1.019 + 0.091

cop NOstim CONSTstim PDstim
MDIST ap* [cm] 1.009 +0.136 1.158 £ 0.229 0.857 + 0.126
I RDIST zp* [cm] 1.308 £ 0.181 1.423 £ 0.270 1.095 + 0.169
RANGE p* [em] 8.399 + 0.898 7.767 £ 1.390 6.723 + 0.862
" MVELOp [cm/s] 2.607 + 0.444 2.691 +0.478 2.759 + 0.740
RVELOp [cm/s] 3.542 + 0.550 3.582+0.608 3.761 + 1.099
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Fig. 1. Neural-mechanical control concept of quiet standing. The passive torque depends on the
rotational ankle joint and muscle properties (stiffness and viscosity), whereas the active torque is
regulated by the CNS and generated by the plantar flexor contractions via the body kinematics.
Since the sensory-motor time delay within the neural feedback loop (tr + v + Tg) threatens the

stability of the system, it has to be compensated for by the neural controller.
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Fig. 2. Model of the NMS dynamics and the mechanical controller. A critically damped,
second-order low-pass system was used to model the NMS dynamics between muscle activity
and active ankle torque (upper dashed box). The mechanical controller with gains for the
rotational stiffness (K) and viscosity (B) generated the passive ankle torque based on the body

angle fluctuation during quiet standing (lower dashed box).
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Fig. 3. Feedback model of the neural-mechanical control scheme of quiet standing. The neural
PD controller (upper left dashed box) generated the motor command for the plantar flexors
(upper right dashed box) based on sensory information about the body kinematics. The resulting
active ankle torque in addition to the passive ankle torque from the mechanical controller (lower

dashed box) yielded the total ankle torque fluctuation.
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Fig. 4. Experimental data and passive and active ankle torque contributions predicted via the
NMS model and the mechanical controller shown in Fig. 2 (validation for subject K). A:
Fluctuation of body angle; B: Fluctuation of passive ankle torque predicted from A; C:
Fluctuation of right EMGgor; D: Fluctuation of active ankle torque predicted from C; and E:

Fluctuation of total ankle torque (bold gray line: experimental; thin black line: predicted).
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Fig. 5. Ankle torque fluctuation from experiments (bold gray lines) and predicted via the model
of the neural-mechanical control scheme (thin black lines). The dashed and dotted lines represent
the predicted passive and active torque components, respectively. Fig. SA shows the ankle torque

fluctuation from the optimization trial and Fig. 5B from the validation trial (subject K).
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Fig. 6. Comparison of the optimization results between the young and the elderly. Left top:

Natural frequency of the muscle model; Right top: Normalized ankle stiffness; Left bottom:

Normalized neural proportional gain; Right bottom: Normalized neural derivative gain.



———————————

1
1
™! Recording
L_.I____.I__

1Y 2 W a PPN |

Torque —

For

\aoltage Isalatoyr

Fig. 7. Schematic of the experimental setup. The laser measurements representing the
fluctuation of spontaneous body sway were sent to the controller, which determined the level of

active ankle torque that was needed to stabilize the system.
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Fig. 8. Excerpt from the COM fluctuation in PDstim (Fig. 3), related to the PD controlled level
of stimulation current (MSTIM). The stimulation fluctuation (thin line) preceded the COM

fluctuation (thick line).

10



POSTURE MEASUREMENT

horizontal displacement
LabVIEW Code

4

convert laser signal [cm] to angular displacement [rad]

angular displacement

Y

convert angular displacement [rad] to total desired torque [Nm]‘

total torque

divide by 2

torque per leg

convert desired torque [Nm] to output signal [V] ‘

output signal

Y COMPEX
convert LabVIEW signal [V] to stimulation intensity [mA]

stimulation intensity

) J
STIMULATION

Fig. 9. Diagram of FES Neurorehabilitation System
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Fig. 10. Front pannel of FES Neurorehabilitation System

Fig. 11. Photo of artificial inverted pendulum for FES Neurorehabilitation System
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