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Modeling the muscle response to functional electrical stimulation (FES) is an essential step in the design
of closed-loop controlled neuroprostheses. This study was aimed at identifying the dynamic response of
ankle plantar-flexors to FES during quiet standing. Thirteen healthy subjects stood in a standing frame
that locked the knee and hip joints. The ankle plantar-flexors were stimulated bilaterally through surface
electrodes and the generated ankle torque was measured. The pulse amplitude was sinusoidally modu-
lated at five different frequencies. The pulse amplitude and the measured ankle torque fitted by a sine
function were considered as input and output, respectively. First-order and critically-damped second-
order linear models were fitted to the experimental data. Both models fitted similarly well to the ex-
perimental data. The coefficient of variation of the time constant among subjects was smaller in the case
of the second-order model compared to the first-order model (18.1% vs. 79.9%, p < 0.001). We concluded
that the critically-damped second-order model more consistently described the relationship between iso-
metric ankle torque and surface FES pulse amplitude, which was applied to the ankle plantar-flexors

during quiet standing.

© 2016 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Functional electrical stimulation (FES) has been largely utilized
to improve or restore the lost motor function in individuals with
spinal cord injury, traumatic brain injury, stroke or other neuro-
muscular impairments [1-3]. FES is referred to applying patterned
electrical pulses to intact motor neurons of paralyzed (or paretic)
muscle to artificially induce muscle contractions, and to restore
functional motor tasks [4,5]. Over the years various efforts have
been made to develop closed-loop controlled FES system for stand-
ing, i.e., neuroprosthesis for standing [6-9]. In these systems the
ankle flexor muscles were the primary targets for FES, as the ankle
joint primarily controls the body equilibrium during quiet stand-
ing. The dynamic response of these muscles to FES is an integral
component of a closed-loop controlled neuroprosthesis system and
precise modeling of this response is critical in the design of the
neuroprosthesis system.
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Several models have been suggested to represent muscle re-
sponse to FES. Linear [10] and nonlinear [8] static models were
considered to represent relationship between the ankle torque and
the FES pulse amplitude. A first-order linear model [11] and Ham-
merstein model [12,13] were used to represent the ankle torque
as a function of FES pulse duration where FES was applied on an-
kle flexors in quiet standing posture. Hunt et al. [12] used pseudo-
random binary sequences (PRBS) as input for model parameters
estimation and showed that multiple locally linear second-order
models, as applied elsewhere [7,14,15], are more accurate than a
second-order Hammerstein model. Other studies compared several
models (e.g., linear models of various orders, Hammerstein model
and Hill-Huxley model) for representing the torque generated by
plantar-flexors [16,17] or dorsi-flexors [18] as a function of FES
pulse intensity while subjects were seated. These studies applied a
dozen of single FES pulses (twitches) with various frequency mod-
ulation schemes and found that the fitting error obtained with the
second-order linear model was only around 4% [18] or up to 8%
[16,17] larger than that obtained with the most accurate nonlinear
model.

Although many complex models have been used to represent
muscle dynamic responses to FES, yet there is no consensus in the
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literature which model is the most optimal [18]. The model of the
muscle dynamic response to FES was often driven by the choice of
a closed-loop control strategy that researchers investigated. Linear
control strategies were frequently used to facilitate the linear con-
troller design because of their straightforward design and imple-
mentation [7,11,19-21] and their similarity to the physiological con-
trol strategies [6,10], even if their estimation may be slightly less
accurate than nonlinear models. Typically, first- and second-order
models have been considered, while higher-order linear models
were seldom recommended in the literature. Yet, a comprehensive
comparison of the performance of first- and second-order models
is lacking. Determining the most appropriate order for such linear
models is also beneficial in identification of nonlinear models that
have linear components (e.g., Hammerstein model or multiple lo-
cally linear models).

On the other hand, estimating the linear model parameters and
comparing their performance based on transient response of the
muscle can be challenging. Former studies, which compared mus-
cle dynamic response models, typically analyzed the transient re-
sponse of muscles to short input sequences (either a short PRBS
with modulating pulse duration or a dozen of single pulses with
modulating time interval among them). The estimation of model
parameter in this approach can be considerably affected by in-
voluntary (automatic) reflexes or voluntary activation of the mus-
cle [18,22], as evident by difference between the estimated model
parameters obtained with different short-term sequences as in-
put [12,22]. At the same time, reflexes are less likely to be trig-
gered by slowly changing stimulation signals, compared to a train
of twitches. Therefore, we assumed that identification of first- or
second-order linear models based on the steady-state response of
the muscle to sinusoidal excitation would reduce the likelihood of
voluntary activation or reflexes of muscles and would be more ac-
curate than evaluating the noisy transient response of muscles to
a train of twitches or short-term PRBS. As such, the present study
was aimed at developing a novel methodology to identify dynamic
responses of the ankle plantar-flexors to surface FES in standing
posture, with harmonically changing pulse amplitudes. We repre-
sented these relationships as first- or second-order linear transfer
functions between FES pulse amplitude (input) and the ankle joint
torque (output).

2. Methods
2.1. Measurement setup

We developed a measurement setup to isolate ankle plantar-
flexors from the physiological control system of standing, while
maintaining the standing posture [8,23]. In this measurements
setup, voluntary activation and involuntary (automatic) reflexes of
the plantar- and dorsi-flexors was minimized [24]. The subject was
supported in an upright, stationary standing position by a mechan-
ical frame (Ottobock, Germany) that locked the knees and hips ex-
tended (Fig. 2). Subject’s feet, positioned horizontally, were fixed
firmly to the foot-plates via foot straps over the toes (phalanges)
and midfoot distal to the ankle joint (navicular and cuneiform
bones). The foot-plates were attached to a shaft, orthogonal to the
subject’s sagittal plane. A torque transducer (TS11-200 Flange Style
Reaction Torque Transducer, Interface, USA) was mounted on this
shaft to record the isometric torque applied by the plantar-flexors
on the foot-plates. A programmable FES system, Compex Motion II
(Compex SA, Switzerland) was utilized to bilaterally stimulate to
the plantar-flexors through surface electrodes. 5.5cm x 9cm sur-
face electrodes (Stimtrode ST5090, Nidd Valley Medical Ltd, UK)
were placed bilaterally along the midline of the posterior calf, ap-
proximately 2 cm below the popliteal fossa over the gastrocnemius
and soleus muscles’ motor points, and above the Achilles tendon

and over the lower end of the gastrocnemius muscle belly. These
electrodes were used to stimulate the soleus and both gastrocne-
mius heads. Gel was applied beneath electrodes to increase skin
conductivity. A data acquisition device (DAQ Multifunction NI USB-
6211, National Instruments, USA) was utilized for regulating the
stimulator in real-time and to record the measurement data at the
sampling frequency of 100 Hz.

2.2. Experimental protocol

13 subjects (5 female, 24 +5 years old, 170 + 6 cm, 65 + 10 kg)
were recruited. All subjects were able-bodied individuals with no
known neurological or musculoskeletal disorders. Each subject
gave written informed consent to participate in the study, which
prior to the experiment was approved by the local Research
Ethics Board. The apparatus introduced in Section 2.1 locked each
subject in the neutral quiet standing posture. Trains of FES pulses
were bilaterally applied to the plantar-flexors and the exerted
isometric ankle torque was recorded. The stimulation pulses were
rectangular, balanced, biphasic and asymmetric, and were applied
at frequency of 20Hz (this frequency was chosen to minimize
the muscle fatigue [25]). Thus, the FES pulse amplitude could
be updated every 50 ms. The pulse amplitude was modulated
to produce sinusoids with frequencies of 0.07, 0.15, 0.3, 0.75 and
1.2 Hz. Sinusoidal varying FES amplitudes were between 20 and
60 mA. In our measurement setup, the generated torque with
FES amplitudes below 20 mA was negligible and with amplitudes
above 60 mA saturated. Therefore, linear relationship between FES
amplitudes and torque was not necessarily observed out of this
range of amplitudes. Out of 13 subjects, four reported discomfort
with FES amplitude of 60 mA in initial testing and thus maximum
amplitude was reduced to 55mA for three and 50 mA for one
of them. Notably, this reduced range does not affect the applied
linear system identification. The pulse duration was set to 300
psec to allow for a sufficiently gradual rate of change of torque
generation at the minimum FES amplitude step size of 1 mA. The
durations of each stimulation trial 10, 10, 11, 16, and 30s for
frequencies of 1.2, 0.75, 0.3, 0.15, 0.07 Hz with a rest time between
each two consecutive stimulation trials (see Fig. 1). This duration
was chosen to last at least 10s and long enough to record two
complete periods of pulse amplitude modulation sinusoids.

2.3. Data analysis

In order to avoid the influence of transient response of muscle,
the first 5s of each trial was disregarded when fitting the torque
output curves to sinusoids. We assumed that the ankles respond
bilaterally symmetrically to the synchronously applied FES pulses.
The sinusoid of FES pulse amplitude and the fitted sinusoid on
the exerted isometric ankle torque were considered as input
and output, respectively, to model the muscle dynamic response
(Fig. 2). The gain amplitude (A) and phase lag (¢) between the
input and output were calculated for each frequency of the ap-
plied input sinusoid and plotted the in Bode diagrams, as a total
of five points (Fig. 3). We previously applied step-wise FES pulses
with amplitude from 20 to 60 mA, with the same measurement
configuration and observed that, within this range of FES pulse
amplitudes, plantar-flexors respond virtually linearly to variation
of FES pulse amplitude [8]. Therefore, linear model for muscle
responses was an acceptable assumption in the present study. We
fitted first-order and critically-damped second-order models on
the five measured gain amplitude (A; to As) and phase difference
(p1 to ¢s) between input and output to identify the muscle
transfer functions, as follows:

Ky

M — —T71.8
15) =e x 1+a.s

(1)
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Fig. 1. Measurement setup: Subject stood on a standing frame that locked the knee
and hip joints in an extended position (see [23] for more details on this figure).
The ankle plantar-flexors were stimulated bilaterally through surface electrodes and
the generated ankle torque was measured. The stimulus waveform was rectangular
with fixed pulse frequency and pulse duration. The pulse amplitude was modulated
to change as a sinusoidal function with different frequencies. Amplitude gain and
phase lag were calculated for each frequency of the sinusoidal function.
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Fig. 2. The dynamics response of ankle plantar-flexors for a representative sub-
ject: In the plot the green dashed curve represents inputted sinusoidally-varying
FES pulse amplitude (0.3 Hz), whilst the blue curve represents the measured ankle
torque as output. The red curve depicts sinusoidal waveform of best fit to the torque
output curve. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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(2)
where K; and K, are static (DC) gains, oy and o, are time con-
stants, and 74 and t, are time delays. M;(s) and M(s) are the
first- and critically-damped second-order transfer functions, re-
spectively, for plantar-flexors. A custom-written program (Matlab,
Mathworks, USA) was used to estimate the parameters of each
model (K, Ky, aq, oy, 71 and 1,) for an optimized fit for the
each subject. Then, the estimated gain amplitude (A] to Af) and
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Fig. 3. Bode diagrams of the muscle response to FES for a representative subject:
Bode diagrams of gain amplitude and phase for the ankle plantar-flexors obtained
experimentally (black dots), and the fitted first-order (blue) and critically-damped
second-order (red) models. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

phase lag (¢} to ¢.) for the five measured frequencies based
on M(s) and M,(s) were calculated for each subject. The root
mean square (RMS) difference and correlation coefficients between
the experimentally measured and estimated gain amplitude and
phase lag were calculated for each subject and muscle group in
order to investigate the model fitting accuracy. Finally, the mean
and coefficient of variation (CV%=100 x SD/mean) for static (DC)
gains, time constants, and time delays, as well as RMS difference
and correlation coefficients of fitting among all subjects were
calculated for each model (first- and second-order) in order to
assess the consistency (inter-subject repeatability) of model fitting
among the subjects.

3. Results

The measured gain amplitude and phase lag for the five fre-
quencies, and the fitted first- and second-order models were plot-
ted in Bode diagrams (see Fig. 3, for a representative subject). Ac-
cording to Table 1, both models fitted well the experimental data
of plantar-flexors: correlation coefficient around 0.90 for amplitude
gain and 0.88 for phase lag (average among all subjects). One-way
ANOVA revealed that both first- or second-order models were not
significantly different in correlation coefficient and RMS difference
for both amplitude gain and phase lag.

The inter-subject variability of the model parameters was ex-
pressed as CV% (Table 1). The CV% of the time constants obtained
by the second-order model (18.1%) was significantly smaller than
that obtained by the first-order model (79.9%) (F-test, p <0.001).
Therefore, the time constant obtained by the critically-damped
second-order model was more consistent among subjects for
plantar-flexors. Table 2 shows the correlation coefficients between
the fitted sinusoidal curves and measured torques.
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Table 1

(a) Correlation coefficients and RMS differences between experimental and fitted amplitude gains and phase
lags in the transfer function between the FES pulse amplitude and the generated ankle torque by plantar-flexors.
(b) Estimated static (DC) gain, time constant and time delay in the fitted models for the transfer function
of plantar-flexors response to FES. In (a) and (b) the results are presented as mean + SD (standard deviation)
among the 13 subjects, for the first-order and critically-damped second-order models.

1st order 2nd order

(a) Fitting quality
Correlation coefficient

Amplitude gain (A) 0.92 + 0.14 0.90 + 0.19

Phase lag (¢) 0.88 + 0.18 0.89 + 0.30
RMS difference

Amplitude gain (A) 0.21 £ 0.29 0.20 &+ 0.21

Phase lag (¢) 14.6 + 18.8 16.4 + 22.7
(b) Estimated model parameters
Static (DC) gain (K) (N m/mA) 290 + 1.04 2.75 + 0.98
Time constant (&) (s) 0.26 £+ 0.21 0.11 + 0.02
Zero-frequency time delay (7) (s) 0.07 + 0.04 0.03 + 0.03

Table 2

Fitting accuracy of sinusoidal curves to the measured torques generated by plantar-flexors. Correlation coeffi-
cients are presented between measured and fitted torque time-series at five frequencies. Maximum and min-
imum of the measured torque (in 20 and 60 mA) are also presented. The results are presented as mean + SD
(standard deviation) among the 13 subjects.

f=007Hz  f=015Hz f=03Hz  f=075Hz f=12Hz

Correlation coefficient for fitting  0.96 + 0.03  0.96 + 0.02 097 +£ 0.02 097 + 0.02 0.97 + 0.02
Max. measured torque [N m] 122.7 £39.8 1199 £38.0 1113 £399 1019 +£354 90.1 & 32.6

1169

Min. measured torque [N m] 138 £ 160 151 £152 150+ 187 202 + 224 253 4227

4. Discussion

Identification of muscle dynamic response to FES is essential
in the design of closed-loop controlled FES systems that are used
to restore lost motor functions. The transient response of mus-
cles to short-term stimulation can be affected by voluntary acti-
vation or involuntary (automatic) reflexes of muscles [18,22]. In-
deed, although PRBS or twitch trains in short-term theoretically
excite many frequencies at the same time, the power of excitation
in each frequency may not be high enough for robust parameter
identification. The varying result for linear model parameters in
even one study obtained by different transient excitations supports
this shortcoming of transient excitations (for example, see [12,22]).
On the other hand, although a few sinusoidal excitations (in sim-
ilar periods of time to short-term excitations) are not enough to
identify the model order, they are able to accurately obtain am-
plitude gains and phase lags which can estimate the model pa-
rameters when a first- or second-order model is assumed. There-
fore, we proposed a novel methodology to identify this dynamic
response as linear models by evaluating the steady-state response
of muscles to a number of harmonic FES inputs. For this purpose,
we utilized a custom-made mechanical setup that isolated ankle
plantar-flexors by means of disrupting, to a large extent, the sen-
sory information that is used by the physiological control system
to regulate balance. At the same time, previous studies that com-
pared muscle response models usually applied modulation of FES
pulse duration or time interval between single twitches. However,
the muscle response to pulse amplitude modulation can be differ-
ent [18]. In the present study for the first time, we compared first-
or second-order models for muscle response to modulation of FES
pulse amplitude. This modeling is especially advantageous because
many closed-loop FES controllers apply continuous FES pulse trains
with modulating pulse amplitude rather than twitches.

4.1. Accuracy of fitting

Both correlation coefficient and RMS difference between the ex-
perimental and fitted amplitude gain and phase lag showed no sig-

nificant difference between first- and second-order models. There-
fore, none of the first- and second-order models was found a bet-
ter fit. We will further discuss the suitability of these models in
the following sections.

4.2. Consistency among subjects

The CV% for estimated static gain was around 35%. We did not
expect the estimated static (DC) gain (K) to be consistent (highly
repeatable) among subjects. The estimated static gain is a func-
tion of the individual’s muscle strength, electrode placement, and
soft tissue conductivity, thus and naturally varies among individ-
uals and experiments. However, the estimated time constant is a
function of physiological response of muscle to FES and can show
higher consistency among subjects. CV% of the time constants ob-
tained by the second-order model (18.1%) was significantly smaller
than that obtained by the first-order model (79.9%). We concluded
that the critically-damped second-order model obtained more con-
sistent time constant among subjects and thus, may be a better
choice for modeling the dynamic response of ankle plantar-flexor.
The inter-subject repeatability of the identified muscle model is
particularly beneficial in the design of closed-loop FES controllers.
Notably, the static gain of muscle response model considerably
varies among subjects and requires individualized FES controller
design. Nevertheless, a model in which the time constant is in a
similar range among a group of subjects, facilities re-designing and
tuning of the FES controller for each subject.

4.3. Model order and parameters

Previous studies usually considered muscle response to EMG as
a second-order system, particularly as a critically-damped second-
order system [26,27]. Our observations, as follows, confirmed suit-
ability of this model for muscle response to surface FES. Assum-
ing time constant of the critically-damped second-order model
as oy, the denominator of transfer function in Eq. (2), would be
142058 + 352, and the “first-order approximation” of this de-
nominator would be 1+ 2«,S. Therefore, if Eq. (1) approximates
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Eq. (2), we expect o1 ~ 25 in the first-order model. Table 1 shows
that oy is close to 2a;, that confirms our assumption. In addi-
tion, we further ran another optimization to fit an over-damped
second-order model to the response of muscles with a denomi-
nator of 1+815+8,5? instead of 1+ 2w,S+ «2S? in Eq. (2). Our
results for parameters among all subjects showed that f;~ 2«
and B, ~ a2 (1=0.21+£0.07s and B, =0.01+0.01s) that further
confirmed suitability of a critically-damped second-order model for
plantar-flexor muscles response to modulation of FES pulse ampli-
tude. Previous studies used general second-order models as linear
component of Hammerstein or multiple locally linear models for
muscle response to FES [13-15]. Others found little difference be-
tween performances of general and critically-damped second-order
models for the muscle response to FES [18]. Our observations sug-
gest that a critically-damped second-order model can accurately
represent a linear approximation for plantar-flexors response to
FES pulse amplitude modulation, and there is no need to estimate
additional model parameters in a general second-order model.

4.4. Comparison to previous models for muscle response to EMG or
FES

In the past, researchers considered the transfer function be-
tween measured EMG and muscle force as a second-order linear
model [28,29], particularly a critically-damped second-order model
[26]. This model represents the chemical dynamics in the muscle
fiber and the mechanical dynamics due to the sliding filament ac-
tion [27,30], and showed good fit to the experimentally obtained
data [27]. The muscle dynamics in response to applied FES and the
measured EMG can be different. This is because muscle fibers acti-
vated by FES and natural motor commands may be different due to
different activation modes [31]. Also, the natural motor command
activates entire muscle, while FES via transcutaneous electrodes
activates only muscle fibers underneath the electrodes. Neverthe-
less, our estimated time constants similar to those obtained for
transfer functions between measured EMG and muscle force. The
averaged time constants in a critically-damped second-order model
obtained in the present study was 0.11 s. Previous studies, cited by
Winter [26], reported similar time constants for the transfer func-
tions between measured EMG and muscle force: for soleus (100
and 116 ms). Masani et al. [27] obtained time constant of 152 ms
for the soleus, in response to EMG, in the voluntary standing task.
Tani and Nagasaki [32] obtained time constant of 86 ms for the
soleus, in response to EMG, during sitting, while they used a dif-
ferent experimental methodology. In comparing these times con-
stants among studies, it should be noted that the measured values
may vary among subjects, muscles, and experimental techniques
[26] and between standing and sitting postures [27].

On the other hand, previous studies that used different exper-
imental methodologies to fit a second-order model to muscle re-
sponse to FES, reported a natural frequency of w, =9.44, 8.17, and
7.75rad/s [15] for plantar-flexors. Our obtained natural frequencies
for critically-damped second-order models (w, = 1/ay) were close
to these results. In summary, our estimated model for plantar-
flexors response to FES pulse amplitude modulation confirmed the
previously suggested models for plantar-flexors response to FES
pulse duration modulation.

4.5. Time delay

In addition to frequency dependent phase lag (¢, in Egs. (1) and
(2)), some studies considered an additional frequency-independent
time delay (tz, in Egs. (1) and (2)) of 10-50 ms for muscle re-
sponse to FES [13,18,30,32,33]. In the present study, we defined
T as an independent parameter in the optimization procedure in
order to minimize its effect on the estimated « (see Egs. (1) and

(2)). Our measured T value was a summation of two time delays:
(1) frequency-independent time delay of muscles in responding to
FES, and (2) time delay of the stimulator device in producing FES
pulses (uniformly distributed between 50 and 100 ms, experimen-
tally measured and characterized prior to the current study). Our
estimated time delays (Table 1) were in the expected range of time
delay for the measurement setup. Because of the large trial-to-
trial variability of the stimulator’s time delay, we were not able
to separate it from the muscle’s time delay and thus we did not
further interpret the muscle’s frequency-independent time delays.
Stimulators hardware with more deterministic time delay would
be needed for this purpose.

4.6. Limitations

We showed the applicability of our proposed methodology to
model the dynamic response of plantar-flexors to FES for able-
bodied subjects and in quiet standing posture. Previous studies
[16,17,22,34] that investigated transient response of muscles to FES
suggested, in general, similar model structures for different mus-
culoskeletal muscle groups and individuals affected with spinal
cord injury, stroke, etc. Therefore, we expect that our proposed
methodology could obtain similar model structure for other mus-
cle groups and individuals with neuromuscular conditions. How-
ever, the model parameters can be different and should be esti-
mated for other muscle groups and clinical populations. For exam-
ple, application of our applied range of FES intensity that showed
almost linear response of muscle may show significant nonlinear-
ity in pathological condition. Further, the model parameters, espe-
cially static gain, would considerably vary among individuals and
muscle groups, because of muscle strength, muscle atrophy, and
other pathological conditions. Muscle fatigue and spasticity could
also cause additional challenges in the experiment. Therefore, the
number and duration of stimulation trials, the range of FES am-
plitude, and their frequencies may need to be altered for subjects
with pathological condition.

Nonlinear models such as Hammerstein and locally linear mod-
els suggest that the muscle response to FES is close to linear in
portions of the input range [12]. Therefore, estimating the muscle
response to FES as a linear model can be an acceptable assump-
tion for some ranges of FES pulse amplitude. In our measurement
setup, the ankle torque varied almost linearly with FES amplitude
between 20 and 60 mA, and thus, this range is practically sug-
gested in the design of closed-loop FES controllers using our setup.
Nevertheless, estimation of nonlinear or locally linear models for
outside of this amplitude range should be further studied.

Our other studies with the same measurement setup showed
that fatigue can be present after 30s of application of constant
stimulation at high intensity (e.g., pulse amplitude: 60 mA and du-
ration: 300 ps). Our observation showed that 30s of stimulation
with pulse amplitude oscillating between 20 and 60 mA did not
cause considerable muscle fatigue. The rest time between stimu-
lation trials also contributed to preventing muscle fatigue. Never-
theless, the influence of muscle fatigue on our proposed approach
should be further studied. In addition, the threshold and satura-
tion levels are in general individual-specific and must be assessed
for each subject, particularly for pathological cases.

5. Conclusions

We introduced a methodology to identify the dynamic response
of plantar-flexors to FES in standing posture, as linear models. We
proposed to isolate the muscles in the physiological control sys-
tem, evaluate their steady-state response to harmonic modulation
of FES pulse amplitude, and assess the amplitude gain and phase
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lag in the generated ankle torque. Both first-order and critically-
damped second-order models fitted well to the experimental data.
Nevertheless, the estimated time constant of the critically-damped
second-order model was more consistent among subjects than
the first-order model. Therefore, this model is particularly pre-
ferred for the design of neuroprostheses since it would require less
individual-specific tuning. Besides, comparing the time constants
of both models showed that the estimated first-order model was
an approximation of the critically-damped second-order model.
This latter model also agreed with those suggested for the mus-
cle force relationship with surface EMG. Therefore, we suggest a
critically-damped second-order model for plantar-flexors response
to FES, either as a linear model or the linear component of more
complex models.

Conflict of interest
The authors declare that there is no conflict of interest.
Acknowledgments

This work was supported by the Swiss National Science Founda-
tion Grants (no. PBELP3-137539 and P300P2-147865), Toronto Re-
habilitation Institute — University Health Network, Spinal Cord In-
jury Ontario Foundation, and Natural Sciences and Engineering Re-
search Council of Canada: Discovery Grant (no. 249669). The ethi-
cal approval related to this work was given by the Research Ethics
Board of the Toronto Rehabilitation Institute - University Health
Network (no. REB12-011-DE).

References

[1] Peckham PH, Knutson JS. Functional electrical stimulation for neuromuscular
applications. Annu Rev Biomed Eng 2005;7:327-60.

[2] Lynch CL, Popovic MR. Functional electrical stimulation. IEEE Control Syst Mag
2008;28:40-50.

[3] Popovic DB. Advances in functional electrical stimulation (FES). ] Electromyogr
Kinesiol 2014;24:795-802.

[4] Sheffler LR, Chae J. Neuromuscular electrical stimulation in neurorehabilitation.
Muscle Nerve 2007;35:562-90.

[5] Mushahwar VK, Jacobs PL, Normann RA, Triolo RJ], Kleitman N. New func-
tional electrical stimulation approaches to standing and walking. ] Neural Eng
2007;4:5181-97.

[6] Vette AH, Masani K, Popovic MR. Implementation of a physiologically identi-
fied PD feedback controller for regulating the active ankle torque during quiet
stance. IEEE Trans Neural Syst Rehabil Eng 2007;15:235-43.

[7] Holderbaum W, Hunt K], Gollee H. Robust discrete Hoo control for
unsupported paraplegic standing: experimental results. Eur ] Control
2004;10:275-84.

[8] Same M, Rouhani H, Masani K, Popovic M. Closed-loop control of ankle plan-
tarflexors and dorsiflexors using an inverted pendulum apparatus: a pilot
study. ] Automatic Control 2013;21:31-6.

[9] Kobravi HR, Erfanian A. A decentralized adaptive fuzzy robust strategy for con-
trol of upright standing posture in paraplegia using functional electrical stim-
ulation. Med Eng Phys 2012;34:28-37.

[10] Vette AH, Masani K, Kim ], Popovic MR. Closed-loop control of functional elec-
trical stimulation-assisted arm-free standing in individuals with spinal cord in-
jury: a feasibility study. Neuromodulation 2009;12:22-32.

[11] Mihelj M, Munih M. Unsupported standing with minimized ankle muscle fa-
tigue. IEEE Trans Biomed Eng 2004;51:1330-40.

[12] Hunt K], Munih M, Donaldson N, Barr FMD. Investigation of Hammertein hy-
pothesis in the modelling of electrically stimulated muscle. IEEE Trans Biomed
Eng 1998;45:998-1009.

[13] Ponikvar M, Munih M. Setup and procedure for online identification of electri-
cally stimulated muscle with Matlab Simulink. IEEE Trans Neural Syst Rehabil
Eng 2001;9:295-301.

[14] Jaime RP, Matjaci¢ Z, Hunt KJ. Paraplegic standing supported by FES-controlled
ankle stiffness. IEEE Trans Neural Syst Rehabil Eng 2002;10:239-48.

[15] Gollee H, Hunt KJ, Wood DE. New results in feedback control of unsupported
standing in palaplegia. IEEE Trans Neural Syst Rehabil Eng 2004;12:73-80.

[16] Bai E-W, Cai Z, Dudley-Javorosk S, Shields RK. Identification of a modified
Wiener-Hammerstein system and its application in electrically stimulated par-
alyzed skeletal muscle modeling. Automatica 2009;45:736-43.

[17] Frey Law LA, Shields RK. Mathematical models of human paralyzed muscle af-
ter long-term training. ] Biomech 2007;40:2587-95.

[18] Bobet ], Gossen ER, Stein RB. A comparison of models of force production dur-
ing stimulated isometric ankle dorsiflexion in humans. IEEE Trans Neural Syst
Rehabil Eng 2005;13:444-51.

[19] Vanoncini M, Holderbaum W, Andrews BJ. Control engineering practice electri-
cal stimulation for trunk control in paraplegia: a feasibility study. Control Eng
Pract 2012;20:1247-58.

[20] Hunt K], Munih M, Donaldson N, Barr FMD. Optimal control of ankle joint mo-
ment: toward unsupported standing in paraplegia. I[EEE Trans Automat Contr
1998;43:819-32.

[21] Matjaci¢ Z, Bajd T. Arm-free paraplegic standing-Part I: Control model synthe-
sis and simulation. IEEE Trans Rehabil Eng 1998;6:125-38.

[22] Le F, Markovsky I, Freeman CT, Rogers E. Identification of electrically stimu-
lated muscle models of stroke patients. Control Eng Pract 2010;18:396-407.

[23] Tan JF, Masani K, Vette AH, Zariffa ], Robinson M, Lynch C, et al. Inverted pen-
dulum standing apparatus for investigating closed-loop control of ankle joint
muscle contractions during functional electrical stimulation. Int Sch Res No-
tices 2014 Article ID 192097.

[24] Masani K, Sayenko DG, Vette AH. What triggers the continuous muscle activity
during upright standing? Gait Posture 2013;37:72-7.

[25] Agarwal S, Triolo R], Kobetic R, Miller M, Bieri C, Kukke S, et al. Long-term
user perceptions of an implanted neuroprosthesis for exercise, standing, and
transfers after spinal cord injury. ] Rehabil Res Dev 2005;40:241-52.

[26] Winter DA. Biomechanics and motor control of human movement. 4th ed.
Hoboken, New Jersey: John Wiley & Sons Inc.; 2009.

[27] Masani K, Vette AH, Kawashima N, Popovic MR. Neuromusculoskeletal torque-
generation process has a large destabilizing effect on the control mechanism
of quiet standing. ] Neurophysiol 2008;100:1465-75.

[28] Kearney RE, Stein RB, Parameswaran L. Identification of intrinsic and reflex
contributions to human ankle stiffness dynamics. IEEE Trans Biomed Eng
1997;44:493-504.

[29] Kiemel T, Elahi AJ, Jeka ]J. Identification of the plant for upright stance in hu-
mans: multiple movement patterns from a single neural strategy. ] Neurophys-
iol 2008;100:3394-406.

[30] Bobet ], Stein RB. A simple model of force generation by skeletal muscle during
dynamic isometric contractions. IEEE Trans Biomed Eng 1998;45:1010-16.

[31] Bergquist AJ, Clair JM, Lagerquist O, Mang CS, Okuma Y, Collins DF. Neuro-
muscular electrical stimulation: implications of the electrically evoked sensory
volley. Eur ] Appl Physiol 2011;111:2409-26.

[32] Tani H, Nagasaki H. Contractile properties of human ankle muscles determined
by a systems analysis method for EMG-force relationship. ] Electromyogr Kine-
siol 1996;6:205-13.

[33] Munih M, Hunt K, Donaldson N. Variation of recruitment nonlinearity and dy-
namic response of ankle plantarflexors. Med Eng Phys 2000;22:97-107.

[34] Cai Z, Bai EW, Shield RK. Fatigue and non-fatigue mathematical muscle mod-
els during functional electrical stimulation of paralyzed muscle. Biomed Signal
Process Control 2010;5:87-93.


http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0001
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0001
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0001
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0002
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0002
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0002
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0003
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0003
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0004
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0004
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0004
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0005
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0005
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0005
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0005
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0005
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0005
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0006
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0006
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0006
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0006
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0007
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0007
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0007
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0007
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0008
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0008
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0008
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0008
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0008
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0009
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0009
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0009
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0010
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0010
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0010
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0010
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0010
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0011
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0011
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0011
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0012
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0012
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0012
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0012
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0012
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0013
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0013
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0013
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0014
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0014
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0014
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0014
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0015
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0015
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0015
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0015
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0016
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0016
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0016
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0016
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0016
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0017
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0017
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0017
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0018
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0018
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0018
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0018
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0019
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0019
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0019
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0019
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0020
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0020
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0020
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0020
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0020
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0021
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0021
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0021
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0022
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0022
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0022
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0022
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0022
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0023
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0024
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0024
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0024
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0024
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0025
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0026
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0026
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0027
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0027
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0027
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0027
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0027
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0028
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0028
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0028
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0028
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0029
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0029
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0029
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0029
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0030
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0030
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0030
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0031
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0031
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0031
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0031
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0031
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0031
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0031
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0032
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0032
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0032
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0033
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0033
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0033
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0033
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0034
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0034
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0034
http://refhub.elsevier.com/S1350-4533(16)30159-X/sbref0034

	Identification of ankle plantar-flexors dynamics in response to electrical stimulation
	1 Introduction
	2 Methods
	2.1 Measurement setup
	2.2 Experimental protocol
	2.3 Data analysis

	3 Results
	4 Discussion
	4.1 Accuracy of fitting
	4.2 Consistency among subjects
	4.3 Model order and parameters
	4.4 Comparison to previous models for muscle response to EMG or FES
	4.5 Time delay
	4.6 Limitations

	5 Conclusions
	 Conflict of interest
	 Acknowledgments
	 References


