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Closed-loop controlled functional electrical stimulatio (FES) applied to the lower limb
muscles can be used as a neuroprosthesis for standing balare in neurologically
impaired individuals. The objective of this study was to pmose a methodology
for designing a proportional-integral-derivative (PID)oatroller for FES applied to the
ankle muscles toward maintaining standing balance for seval minutes and in the
presence of perturbations. First, a model of the physiologal control strategy for
standing balance was developed. Second, the parameters of &@ID controller that
mimicked the physiological balance control strategy were etermined to stabilize
the human body when modeled as an inverted pendulum. Third,his PID controller
was implemented using a custom-made Inverted Pendulum Staing Apparatus
that eliminated the effect of visual and vestibular sensorynformation on voluntary
balance control. Using this setup, the individual-speci cFES controllers were tested
in able-bodied individuals and compared with disrupted valntary control conditions
in four experimental paradigms: (i) quiet-standing; (iijudden change of targeted
pendulum angle (step response); (iii) balance perturbatie that simulate arm movements;
and (iv) sudden change of targeted angle of a pendulum with dividual-specic
body-weight (step response). In paradigms (i) to (iii), aatdard 39.5-kg pendulum
was used, and 12 subjects were involved. In paradigm (iv) 9 &jects were involved.
Across the different experimental paradigms and subjectsthe FES-controlled and
disrupted voluntarily-controlled pendulum angle showed aot mean square errors
of <1.2 and 2.3 deg, respectively. The root mean square error (alparadigms),
rise time, settle time, and overshoot [paradigms (ii) andvjl in FES-controlled
balance were signi cantly smaller or tended to be smaller thn those observed with
voluntarily-controlled balance, implying improved steagstate and transient responses
of FES-controlled balance. At the same time, the FES-contited balance required
similar torque levels (no signi cant difference) as voluatily-controlled balance. The
implemented PID parameters were to some extent consistent mong subjects for
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standard weight conditions and did not require prolonged idividual-speci ¢ tuning. The

proposed methodology can be used to design FES controllersdr closed-loop controlled

neuroprostheses for standing balance. Further investigatn of the clinical implementation
of this approach for neurologically impaired individuals ineeded.

Keywords: functional electrical stimulation, balance contr ol, neuroprosthesis, inverted pendulum, neuromuscular
modeling

INTRODUCTION using multi-segment models of the bodyagger, 1936Kim
et al. have found the optimal choice of lower limb joint

In various neurological conditions, including spinal cord angles that should be controlled by FES application to maintain
injury, stroke, and traumatic brain injury, a diminished ity 3D standing balanceK(m et al., 200). Abbas and Chizeck
to maintain balance during stance is common. Facilitatingjesigned and implemented an FES controller for hip angle
a stable stance in these populations could oer importantcontrol in the frontal plane using percutaneous intramuscular
bene ts, including increased independence and quality &, lif electrodesAbbas and Chizeck, 19R1An open-loop controlled
as well as decreased risk of secondary complications, such ffgically implanted 8-channel neuroprosthesis for standiag
osteoporosis, urinary tract infections, spasticity, presailcers, been developed, and clinical studies have shown signi cant
and cardiovascular diseaselafkema et al., 2008; Vette et al.,improvement in the quality of life of individuals with spinal
2009; Triolo et al., 2032 cord injury when they used itfohde et al., 2012; Triolo et al.,

By applying functional electrical stimulation (FES) to cawr  2012). Nataraj et al. showed the e ciency of a comprehensive 3D
lower limb muscles Fopovt, 2013, multiple groups have multi-joint closed-loop control of an implanted FES systenda
attempted to facilitate or improve the standing ability of $ge the feasibility of its clinical implementation through siration
clinical populations. Initial attempts at developing such aNataraj et al., 2010, 2012, 2013, 20They proposed a method
technology, termed standing neuroprosthesis, utilized efp®p  for tuning FES controller parameters for individuals with isai
control strategies in which various muscles were stimulatecord injuries and showed that this system could minimize
through either transcutaneous or implanted electrodesr(est  the loading of the upper limbs needed for standing balance
et al., 2007; Fisher et al., 2008owever, open-loop FES against disturbances. However, a recent review showed that
systems contract the muscles continuously, resulting ifhe clinical implementation of the currently available impled
rapid muscle fatigue, an inherent limitation to the degree ofheuroprostheses is limited. As such, function restoratidn o
achieved stabilization. As a result, aected individuals chee |ower limbs using commercially available surface stimutasmd
to use their upper limbs for support, diminishing their ability clinical implementation of such a closed-loop controlled FES
to perform the activities of daily living while standing. In system for standing is still needeldq et al., 2011
order to improve stability and minimize muscle fatigue, a At the same time, previous studies have suggested that
closed-loop feedback controller is required, which turns o the central nervous system (CNS) likely utilizes a feedback
or down the stimulation intensity when it is not required mechanism based on changes in both center of mass (COM)
based on uctuations in balance. A number of FES closeddisplacement and velocity to modulate standing balantes@ani,
loop control strategies have been investigated, predontiyjan 2003; Masani et al., 2006; Welch and Ting, 2009; Vette et al.,
focusing on plantar exion/dorsi exion control of the ankle 2010. In order to mimic the control strategy employed by
joints during stance. These have included linear quadratiehe CNS to maintain standing balance, the proportional and
Gaussiankfunt et al., 1997; Munih et al., 190 pole placement derivative components of a proportional-derivative (PD) cantr
design funt et al., 2001; Gollee et al., 200H-innity  strategy may be employed to account for COM displacement
(Holderbaum et al., 2004 articial neural network, and and velocity, respectively. In a closed-loop FES system, a
sliding mode Kobravi and Erfanian, 20)Zontrol techniques. proportional-integral-derivative (PID) controller model ©a
However, these control techniques suer from limitations, also minimize the accumulated error in the measurement of
including the need for voluntary trunk control, the lack COM displacement. Our group has already employed PD/PID
of a strong physiological basis and/or high computationakontrollers to model the neural control component of able-
complexity limiting the operating frequency of the bodied stance\(ette et al., 2007, 2009; Tan, 2)Ghd have
controller. experimentally veri ed the potential of PD/PID controllers to

The ankle joint plays a major role in standing balance inregulate FES amplitudes applied to the ankle exoBar(e
the sagittal plane, and thus controlling its muscles is thst r et al., 2013; Same, 2014; Tan et al., p0ld the present
step in the design and implementation of neuroprosthesis fostudy, we proposed a methodology to determine PID controller
standing balance. Nevertheless, the clinical implemestiatif  parameters and implement a PID controller for FES regulation
such a neuroprosthesis requires consideration of the balantoward maintaining standing balance for several minutes] a
in the frontal plane as well as closed-loop controlled FE$h the presence of balance perturbations and inter-subject
applied to multiple joints of the body. Simulations havevariability. In the present study, we hypothesize that a PID
demonstrated the feasibility of FES-controlled standia¢phce controller could mimic the intact physiological control stegy
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for standing balance, e ectively modulate FES amplitude evel This upright, stationary position of the body decreased
applied to the ankle plantar exors and dorsiexors, and vestibular and proprioceptive sensory contributions. Visual
maintain standing stability for several minutes. This hypegis feedback was also removed by utilizing an eyes closed comditi
was examined both through simulations and in experiment®s such, while sway of the physical inverted pendulum mimicked
using a custom-made apparatus. This study can be the rdhe subject's body during quiet stance, natural activitieshe
step toward clinical implementation of a neuroprosthesis foranti-gravity muscles of the lower limbs could be signi cantl
improving the standing balance of neurologically impairedreduced. We have previously shown that, when a subject
individuals. stands in this posture, his/her natural muscle activities rii-a
gravity muscles are automatically diminishelfigsani et al.,
2019. Although reducing the natural activity of the anti-gréyi
muscles does not have clinical pertinence, our experimental

All of the data collection as well as the closed-loop controi?'(atulo using IPSA minimized the contributions of natural roles

: V\flctivities, and thus allowed assessment of the performaiice o
were performed using a custom-made program (LabViE the controller employed in standing neuroprosthesis, even when
2011, National Instruments, USA). All subsequent analysés al ploy g P '

. . . ) he subject was an able-bodied individual. As such, di cedt
computational simulations were performed using Matlab an related to testing in patient populations were avoidédr( et al
Simulink (Mathworks, USA). gmnp pop y

MATERIALS AND METHODS

2019.
The Inverted Pendulum Standing Control Strategy
Apparatus (IPSA) The PID control strategy employed is summarizediigure 2

The human body exes during static standing at several @intAn error signal was obtained by comparing the angle of the
along its longitudinal axisAramaki et al., 20001 However, it inverted pendulum to a reference angle of 5 deg in real-time.
is known that an inverted pendulum model can approximateThis reference angle was selected to simulate a typicalisgand
the human body rotating around the ankle joints in the posture where the whole body COM is located approximately
sagittal plane during bipedal static standingiiter, 1995. This 5 deg anterior to the ankle jointasani, 2008 The error signal
model does not account for movements at the knee and higvas fed into individual PID controllers for the plantar exsand
joints, or in the medial-lateral direction. However, Gageak  dorsi exors (Equation 1):

showed that during quiet standing and in the sagittal plane

(i) the ankle angl.e is highly correlated with the movement C.9D Kp 1C KpN s c Ki )

of the body COM; (ii) COM displacement for each segment sCN S

increased linearly with its height relative to the anklenjoi

and (iii) the body COM acceleration correlated strongly lwit where C(s) is the transfer function of the PID controlleKp

the di erence between the center of pressure and the COMs the proportional gain,K; is the integral gainKp is the
displacements. These observations all together indicated tderivative gain, and N is the derivative lter gain, incorpoed
validity of this model during quiet standingdage et al., 2004 to avoid ampli cation of high-frequency nois&p was de ned

To investigate standing balance based on this model, a humaim proportion to Kp since its ratio toKp is often a more relevant
sized inverted pendulum apparatus, hereafter referred to admdicator of its relative contributionfng et al., 200p

Inverted Pendulum Standing Apparatus (IPSA), was created in- The gravity compensator provided the torque required to
house {Tan et al., 2014Figure 1A). In the IPSA, the subject compensate the gravity toppling torque at the reference angle
was supported in an upright, motionless standing position usingf the inverted pendulum. For controlling only ankle joint

a mechanical frame which locked the person's knees and hipsotion while others are locked, the gravity support can be
in an extended posture. In this posture, the subject's feeeweprovided by a constant level of FES amplitude applied on ankle
placed and xed via straps on foot plates whose rotational axigxors. The output of the PID controller gave the FES amplitude
was shared with a physical, human-sized inverted pendulunthat generates the ankle torque required for compensatirgy th
The closed-loop controlled FES was bilaterally applied on thdeviation of the inverted pendulum angle from the reference
ankle plantar exors and dorsi exors that generated clodedp angle. The pre-determined dynamic response of muscles, in
controlled ankle torque. In this way, the subject's anklmt® terms of ankle torque, to FES amplitude was used to convert the
directly controlled the swinging of the inverted pendulum in FES amplitude into ankle torque (see subsection Target Muscles)
the sagittal plane. The angle of the inverted pendulum wa¥he summation of the gravity toppling torque and the PID
measured by a laser displacement sensor (LK500, Keyenas, Jagantrolled torque provided the torque required for stalitig the
repeatability: 50m€m, equivalent to 0.07 deg for the pendulum inverted pendulum at the reference angle.

angle in our measurement setup) and fed back in real-time. To mimic the reciprocal activity between the ankle
The joint torque exerted by the subject's ankle joints ontgplantar exors and dorsi exors, only one muscle was active
the foot plate was measured using a torque transducer (TS1atany given time. Since the reference angle was 5 deg (singula
200 Flange Style Reaction Torque Transducer, Interface, USthe body COM anterior to the ankle joint), the controller nibs
combined error: 0.1 %FS; repeatability: 0.02 %; sensitivity: required to generate positive torque and thus the plantarmexo
1.0 mV/V-N.m). were supposed to mostly control the ankle joint torque. The FES
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FIGURE 1 | Experimental setup:(A) Subject standing in the Inverted Pendulum Standing Apparagi(IPSA) $ame et al., 2013; Tan et al., 2014; Rouhani et al., 201
(B) Electrode placement for bilateral application of FES for ahding balance. For plantar exors, 5 9 cm electrodes were applied bilaterally along the midlinefdahe
posterior calf. One electrode was placed approximately 2 cnbelow the popliteal fossa over the gastrocnemius and soleumuscle motor points so as to activate both
gastrocnemius heads as well as the soleus muscle. The otherlectrode was placed around the lower end of the gastrocnemis muscle belly just above the ankle joint.
For dorsi exors, 5 5 cm electrodes were applied. One electrode was placed overtte motor point of the tibialis anterior, just lateral to the hla, and the other
electrode was placed approximately 8 cm below the anode(C) Experimental setup for testing the FES controller's respase to postural balance perturbation. A
perturbation bar is added with weights at its two ends. Dropjing of each weight at random instants induces perturbationdrque applied on the inverted pendulum.
This mechanism could simulate the torque induced due to arm mtion in the sagittal plane during standing.

Gravity Compensation
[m x g x h x sin(5°) / Ker

Plantarflexors controller

FES Plantar-
PID Amplitude flexors
s | *| Controller [ Dynamics [\, |
|
YES [ 0
& oyt
—(N >0 g +
A NO |
PID Dorsi- Vad
> p———————>]
Controller FES flexors
B " Dynamics Inverted
Dorsiflexors controller Amplitude [ =Y Pendulum
|m x g x h x sin(5°) / Kpr
Gravity Compensation

FIGURE 2 | Block diagram depicting the PID plus gravity control strateg

applied to the dorsi exors was activated only when the corirol

required generating negative torque.

Participants

to participate in the experimental study, in accordance with
the Declaration of Helsinki. The protocol was approved by the
Rehabilitation Medicine Science Research Ethics Board of the
University Health Network.

Twelve able-bodied (24 5 years old, 64 11 kg, 169 6

cm, ve females and seven males) with no known neurologicalarget Muscles

or musculoskeletal disorders participated in this study.oBef Stimulation electrodes were applied bilaterally and on both
experimentation, each participant gave written informed @ts posterior and anterior sides of the lower leg to facilitate
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stimulation of the gastrocnemius/soleus muscles (plargaors) the 100 Hz operating frequency of the LabVIEW program. Next,
and tibialis anterior muscles (dorsi exors), respectivebed a 10 ms constantdelay to account for the internal delay of &8 F

Figure 1B). stimulator. Finally, another 50 ms Hold block was incorporhte

to model the worst-case scenario, since the frequency of FES
Identi cation of the Muscle Dynamic pulse trains was 20 Hz and, thus, an additional delay of up to 50
Response ms could be present.
Before the main experimental trials, we experimentally idedt We also added a “Passive Torque” component to account for

the dynamic response of ankle plantar exors and dorsi exars t the e ect of the intrinsic mechanical sti ness of the ankle, s
FES pulse amplitude modulation. For this purpose, the subjedtas been previously incorporated in models for standing baanc
was placed in a standing position in IPSA with the footplatecontrol, in combination with an active componenf¢terka,
xed horizontally, the knees and hips locked in extensiont®lo 2000, 2002; Masani et al., 2008; Vette et al., ROA Gt ness

that the subjects' muscle showed no activation in this positi gain and a viscosity gain were included which varied in fefato

as mentioned above. A programmable functional electricathanges in the inverted pendulum angle and rotational vé&Joci
stimulator (Compex Motion 1I, Compex SA, Switzerland) wasrespectively. The values of these gains were selected baesl on
used to provide stimulation through surface electrodes.iriga literature Peterka, 2000, 2002; Loram and Lakie, 2002; Masani
of rectangular, balanced, biphasic and asymmetric FES pulsesal., 2008; Vette et al., 2010; Di Giulio et al., J0E8llowing
were applied at xed frequency (20 Hz), xed duration (368), these studies, we used identical gains for all subjectslatheof

and modulating pulse amplitude. FES with sinusoidally vagyin measurement of individual-speci ¢ passive controller gaioss f
amplitudes between 20 and 60 mA were applied to the subjectduscles can be a limitation for the clinical implementation of
plantar exors, and the resulting isometric torque patternerey  Our proposed approach since there may be large inter-subject
recorded. The applied sinusoidal frequencies were 0.07,@35 Vvariability for individuals with neuromuscular impairment.

0.75, and 1.2 Hz. Each trial lasted at least 10s and was longWhile the IPSA helps to disrupt neural (voluntary and
enough to record two complete periods. Sinusoidal curveseat tHe €x) control of muscles, it is unreasonable to suggest tha
same frequencies were tted to the torque output curves. &incvoluntary/re ex muscular control would be totally absenhs,

the delay introduced by our experimental setup had stochastid voluntary/re ex damping factor was utilized to account for
components (see details iR¢uhani et al., 20} we separated the contribution of voluntary/re ex control in opposition to
out a constant delay of 40 ms as the approximate delay introducé@tational velocity. The addition of this component makes
by the setup, when applying the sinusoidal tting. The amplitudeintuitive sense given that the CNS is likely to automatically
gain and phase di erence between the input and output sinusoidactivate muscles to some extent in response to rapid movements
were obtained for each frequency. The muscle dynamics wefé the pendulum in order to avoid destabilization, as previgus

then identi ed using a rst-order model (Equation 2): documented [loore et al., 1988; Santos et al., 201
accordance with previous studies, a “Neural Delay” of 120 ms
Kpr was incorporated to account for the neural-mechanical delay
Mpr.§ D 1C pES @ involved in the active control of muscles activityl¢ore et al.,
1988; Santos et al., 2010
whereMpg(s) is the transfer function of the muscl&pr is the In order to determine the individual-speci ¢ PID controller

zero-frequency gain of the muscle model, amsk is the time parameters, we performed simulation trials. In the simulation
constant. These rst-order models were then incorporatethie  trials, (i) the initial o set position was modeled using a step
closed-loop control system model. A similar procedure wasnth function with a negative initial value, (ii) the step respens

completed for the dorsi exors. was modeled using a pulse of 8-s duration that shifted the
) ) _ reference angle from 5 to 9 deg, and (iii) external perturdnagi
Simulations for PID Controller Design were modeled as short duration torques applied to the inverted

Simulations were performed (using Simulink) to establishpendulum. Simulations for each subject took into consideratio
controller parameters for use in experimentd-igure 3. his/her own muscle dynamics. Therefore, the obtained PID
PID controllers, gravity compensators, and muscle dynamicsontroller parameters were individual-speci c. An optimizati
components were integrated into the model for plantar exorsroutine based on a two-stage grid search was run to obtain PID
and dorsi exors, separately (See section Participants). controller parameters that minimize the root mean squareerr

At the output of PID controller plus gravity compensators, (RMSE) between the simulated pendulum angles and reference
saturation blocks were added, limiting the allowable rangé angle over 40 s. For each subject, rst we calculated thislang
FES amplitude applied to a subject to between 20 and 60 mA fRMSE value for each combination of the following controller
plantar exors and between 20 and 45 mA for dorsi exors. Belowparameters varying at multiple levels on a four-dimensional:gr
the 20 mA minimum levels, the current amplitude dropped (i) Kp for plantar exors; (ii) Kp for dorsi exors; (iii) K;; and
to 0 mA. The upper limits of these ranges were chosen s(v) Kp. Note thatK; and Kp were assumed to be identical for
as to minimize subjects' discomfort. Following the satimat both plantar exors and dorsi exors. The controller paramete
blocks and before the muscle models, two Hold blocks werthat minimized the angular RMSE for a single step response were
incorporated on either side of a constant delay for each muscleetermined. Second, the same search procedure was repeated in
The rst Hold block discretized the signal every 10 ms to rete a smaller four-dimensional window close to these determined
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+
——-| [Hold Delay Hold| [@F-S*T [ .
- Dorsiflexors
|m x g x h x sin(5°) / Ker | Saturation System Delays Plantarflexors | Sl f
- — T/ . _Dynamics__ | _ orque
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——— === = 1 |
25 K I |
DF +
O, N o o L=t | By
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7 |m x g x h x sin(5°) / Kor mpituae \sqturation System Delays Dorsiflexors r + |
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Dorsiflexors controller —  Inverted
@ Pendulum
Stiffness @ Passive Torque
Passive Voluntary/reflex Controller
Viscosity ~ Controller Neural Delay Voluntary/reflex Gain Voluntary/reflex
[120] Vs ]| Torque
FIGURE 3 | The controller model used in the simulation including the tavPID controllers, the gravity compensation component and tb mechanism for switching
between muscles, and other components added to the controkr depicted in Figure 2 in order to model the experimental behavior of the system.

parameter values, separately for each of simulation trigl§iifi, ~ same optimized controller parameters for the step responde wit
and (iii) described above to ne-tune the optimized contesll both standard weight and body weight and ne-tuned them for
parameters for each simulation trial and each subject. Thesmach test paradigm separately.
optimized PID parameters for plantar exors and dorsi exors  Once appropriate controller gains were selected, longestrial
were recorded for each subject to be used later in the expatsne were performed. Each experimental paradigm was performed
both with the FES controller activated (FES condition) arithw
Experimental Protocol disrupted voluntary-control and no FES (VOL condition). In
Aft P identifvi h e d . q blishi the VOL condition, the visual, vestibular, and to some ekten
er |_ent|fy|ng the muscle dynamics - an esta_ls "NGhe proprioceptive sensory information was suppressed, and
appropriate cpntrollerga!ns ‘hm‘?gh the 5|.mullat|ons, thejgnb the subject was instructed to attempt to balance the inverted
¥vas |:I)Iacefd n a standllnghpo“ztlond ag(]jam .'nhIPSA’d_W'r:] thependulum using voluntary control and given auditory cues at
OOH.) ate free to move. In the “Standar “welg t paradigré t the beginning of a trial and for step responses. These trials
total inverted pendulum mass was 39.5 kg, with a center of ma%ﬁjanti ed the subjects ability to balance the inverted pahan
of0.695m, and a momgnt of |nerth of 26_'7 kg rifhese yalues using his/her remaining sensory inputs (somatosensory inputs
were chosen for all subjects to avoid rapid muscle fatigud, ang o the feet and to some extent proprioceptive input from

thus, _allow for successful testing of all targeted expertaien the ankles). Thus, any improvements in performance observed
pa[ﬁ?'gmst;. . dtoh hei losed in the FES condition, compared to VOL condition, could be
e subjects were |nstructe. to ave their eyes close a%?tributed to the PID controller performance. The subjectswa
arms crossed on the chest during all trials, to attemp_t toxela iven approximately 30s to attempt to balance the inverted
and suppress voluntary control of muscle contractions. Th endulum while receiving visual input on the real-time angle,

SUb].eCt wore heqdphones and Ilstgned to whale §0unds to “mt'B gain familiarity with the proprioceptive and somatosensory
auditory information and further disrupt sensory input. Then inputs. In order to account for the potential e ects of fatigulee
10-20s trials were initiated to test the controller performa order of the trials was randomized, and the subjects w il
and elucidate whether further ne-tuning of controller g& y, yoqt for at least 3 min in between trials. This timeframe was

was requirgd. For this purpose, the .inverte.d Pe”‘?'“'”m Wa3elected because the majority of recovery has been reparted t
initially inclined at 14 deg, which required bringing it taéo occur within the rst few minutes of restNlizrahi et al., 1997,
the reference position. The tuning procedures were based OnWaepavac and Schwirtlich, 1997 ’ ’

previous study (i et al., 200pand our preliminary research. In
these short trials, a few variations of PID controller gaivere
applied in the case of the PID controller performed inadequately5-minute quiet-standing (Standard-weight) trials: This
(due to potential di erences between the modeled and actualparadigm tested the controller's prolonged ability to mainta
closed-loop system). Inadequate controller performances wa the inverted pendulum about the 5 deg reference angle.
assessed visually in comparison to other subjects and ouPO-second step-response (Standard-weight) trialsThe
preliminary studies in the past, and the adjusted gains werereference angle changed instantaneously from 5 to 9 deg
chosen close to the ones suggested by simulation. We used tHgipward step) at two instances and each time returned to 5 deg

The experimental paradigms included:
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(downward step) after a period of 8-12 s, resulting in a total ofhe measurement trials for a few other subjects was altered,
four steps. This time period and the initiating instant of eaxth  reported inTable 1

these two step responses was randomized. The PID parameters Kp, K;, Kp) obtained through
60-second perturbation (Standard-weight) trials: Before simulations required further individual-specic tuning. T
beginning these trials, a bar was added to the IPSAuningwas characterized with the absolute value of the direre
perpendicular to the inverted pendulum. Electromagnetdetween the values obtained through simulation and those
holding 2.33 kg weights were applied to both ends of the bamplemented experimentally, relative to the values obtained
(Figure 1Q. Then, during a 60-s trial, the power supplied to through simulation Kp for plantar exors required between 23%
each electromagnet was removed at di erent times, resulting and 60% tuning (median values among subjects) across the fou
anterior and posterior perturbations of the inverted pendulum test paradigms Kigure 4). Kp for dorsi exors required 100%
which simulated the perturbation torque due to the subjectduning only when body weight was applied [paradigm (iv)].
moving their arms and lifting objects with their hands. Thtise K| required 50% tuning only when perturbation was applied
ability of the controller to overcome these external pertatibns  [paradigm (iii)]. Kp required 6% to 25% tuning across the
was assessed. four test paradigms. Nevertheless, the Wilcoxon Signed Rank
90-second body weight-matching step-response trial$he test revealed that there was no signi cant di erence between
perturbation bar was removed, and extra weights added to thine controller parameters obtained through simulation and
pendulum such that the total mass and COM of the invertedthose implemented experimentally for all subjects, for adlt te
pendulum approximated the subjects mass and COM (“Bodyparadigms. Therefore, no systematic tuning for all subjects
weight paradigm”). Then, step-response trials were performerequired. In addition, the inter-subject variability of thelD

similar to paradigm (ii). parameters Kp, K|, Kp) in Standard-weight paradigms was
. characterized by the ratio of interquartile range to mediahich
Data Ana|yS|S was< 50%, 25%, and 100% fkp, Kp, andK;, respectively. This

For all test paradigms (i)—(iv), the inverted pendulum swayswaindicates the extent of the similarity in the PID parametarsag
quanti ed with RMSE between the pendulum and referencesubjects.
angles, separately for both FES and VOL conditions. The @1 Figure 5shows the representative examples of the pendulum
of these trials were disregarded to avoid the in uence ofitfiial  angle in the FES condition compared to the VOL condition for
transient response. Similarly, the RMS of the applied torque and representative subject in all test paradigms. Similar ranges
FES current amplitudes applied to plantar exors and dorsi exor the generated ankle torque were observed between these two
were calculated in these test paradigms. conditions. The FES amplitude applied to the plantar exors

In addition, for step response paradigms (i) and (iv), forbot was qualitatively larger in Body-weight paradigm [paradigm
FES and VOL conditions, rise time (to within 10% of the step(iv)] compared to other paradigms. FES on the dorsi exors was
size of 9-5D 4 deg), settling time (to within 10% of the step activated rarely and only in paradigm (iii) for this subject.
size of 4 deg) and overshoot percentage were also calcurated i Figure 6 shows the group results of the balance performance
each step response (total of four steps per trial). “In nity”sva for the FES and VOL conditions. In quiet-standing and step-
recorded if rise time or settling time criterion was not agheéd response paradigms [paradigms (i) and (ii)], the RMSE of the
before the next step occurring at least 8 s later. The medi#meo
four values of rise time, settling time, and overshoot wasred
for each trial. A more restrictive de nition of settling tiewas not 1 g 1 | The duration of each test paradigm (in seconds) for individi subjects.
employed since small uctuations of body sway in quiet staugdi

is considered natural and, thus, maintaining a precise ezfeg  Subject Standard weight Body weight
; no.
angle was never aimed. Quiet standing  Step response Perturbation Step response

Statistical analyses were performed to test for signi cant
di erences between responses in FES and VOL conditions
for any of the paradigms examined. For all measures, the

FES VOL FES VOL FES VOL FES VOL

| Smi . dth I'h hesis tHad 300 300 90 90 60 60 90 90
gotmogorO\;- mirnov tesr égjfgéet_t eTnhu fypot esis t | t 300 300 % 0 6 60 90 %
ata came from a normal distribution. Therefore, we employe % % % 0 9 9% 9 %
the non-parametric Wilcoxon Signed Rank test throughouthwit 200 300 % 0 9% 9% 9 %
signi cance level set at 0.05. Median value of each parameter
. 180 200 90 90 90 90 90 20
among all subjects was used to represent the parameter for the
4 . 6 300 300 90 90 60 60 90 90
group in the Results section.
7 300 300 9 90 60 60 90 90
8 300 300 90 90 60 60 90 90
RESULTS 9 300 300 90 90 60 60 90 90
. . 10 200 200 90 9 60 60 0 0
Three subjects were not able to tolerate the discomfort du?l 200 200 % 0 6o 60 o 0
to FES application in the Body-weight paradigm and, thus
300 300 90 90 0 0 0 0

only nine subjects participated in test paradigm (iv). Becausé
of technical challenges or subject preference, the duratibn FEs, FES controlled balance; VOL, disrupted voluntary control of muscle conttions.
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FIGURE 4 | PID controller parameters (€, K|, and Kp) used in experiments
for all test paradigms (P1-P4). The values were rst suggestethrough
simulations based on the inverted pendulum and muscle dynais models (S:
Simulation). Then, they were tuned within preliminary expenents. Finally, they
were applied for the main experimental tests (E: ExperimentThe results are
presented as box plot indicating 25%, 50%, and 75% percentés among all
subjects. Boxplots related to simulations are shown is blacand those related
to experiments are shown in blue. The absolute value of the ffierences
between the values obtained through simulation and those iplemented
experimentally, relative to the values obtained throughmsiulation (in
percentage) were calculated. The median of these values anmg the subjects
are presented in red above each two simulation and experimeal boxplots.

conditions were not signi cantly di erent. The FES amplitusle
applied to plantar exors to generate the abovementioned ankle
torque was 38.5 mA. Similar to paradigms (i) and (ii), the
applied FES amplitude was tolerable for our subjects. Unlike
paradigms (i) and (ii), FES on dorsi exors needed to be attida

in paradigm (iii) (RMS value of the FES amplitude: 2.6 mA).

According to Figure 6, the PID controller applied to
FES in Body-weight paradigm [paradigm (iv)] had a similar
performance with Standard-weight paradigm [paradigm (iif]) (
The RMSE of the pendulum angle obtained in FES condition
(1.2 deg) was smallep® 0.027) compared to VOL condition
(1.9 deq); (2) The generated torque in the ankle joint was not
signi cantly di erent between FES condition (58.2 N.m) and
VOL condition (62.9 N.m); (3) The FES amplitude applied to
plantar exors was tolerable for our subjects (42.9 mA) and
usually required no FES applied to dorsi exors (0 mA).

In addition to the steady-state response, the transient
response of the PID controller applied to FES showed
improvement compared to the disrupted voluntary-control of
balance Figure 7). In test paradigm (ii), the rise time obtained
in FES condition (median among all steps and all subjects: 2.0
s) was signi cantly smallerp(D 0.0 034) that that obtained in
VOL condition (3.2 s). Median of the settle time among all steps
and all subjects obtained in FES condition was 10.4 s. Thie set
time criterion was not even achieved before the next step in
VOL condition for most subjects. Although the overshootdexal
to be smaller in FES condition (median: 18.1%) compared to
VOL condition (25.2%), this di erence was not signi cant. In
paradigm (iv), the di erence between rise time in FES (2.2 s)
and VOL (2.4 s) conditions was not signi cant. The settle ¢éim
criterion was not achieved for most subjects in both FES a@dl V
conditions. However, the overshoot was signi cantly smalp
D 0.047) in FES condition (25.2%) compared to VOL condition
(46.9%).

inverted pendulum angle had a median of 0.3 deg and 1.1 deB),ISCUSSIOI\I

respectively, among subjects, in FES condition. These RM
values were signi cantly smallep[D 0.027 for both paradigms
(i) and (ii)] than those obtained in VOL condition (1.1 deg &n
1.6 deg). The applied torque by the ankle joint generated in F
condition had RMS values of 24.4 and 29.4 N.m (median) iq
paradigms (i) and (ii), respectively. These torque valuesis F
condition were not signi cantly di erent with those obserde
in VOL condition [27.8 and 29.8 N.m in paradigms (i) and
(ii), respectively]. The RMS of the FES amplitude applied to th
plantar exors for generating such ankle torques were 34.8 an
35.3 mA, in paradigms (i) and (ii), respectively. Usually, nGSFE
was applied to the dorsi exors in these two paradigms (media

0 mA).

The PID controller applied to FES was able to maintain
the stability of the pendulum in response to perturbations, in
paradigm (iii). In paradigm (iii), the RMSE of the pendulum

e

n

S1'%is study proposed a methodology for designing PID contrsller

for closed-loop controlled surface FES applied to ankle
antar exors and dorsi exors, as a neuroprosthesis for siagd
alance. The designed PID controllers were experimenishgtl

or up to 5 min and in the presence of perturbations and
were able to improve standing balance. It was the rst time
that PID controllers for closed-loop controlled surface FES
were successfully implemented on 12 subjects without proldnge
individual-speci ¢ tuning. Our proposed approach can thus
facilitate clinical implementation of neuroprostheses fonstiag
balance without the need for skilful engineers and prolonged
tuning of the controller, before each FES trial. Such a devic
can then be applied in rehabilitation procedures for improving
standing balance.

angle obtained in FES condition (1.1 deg) tended to be smali&controller Modeling: PID Controller for
than that obtained in VOL condition (2.3 deg), although the One-Segment Inverted Pendulum Balance

di erence was not signi cant Figure 6). In addition, the ankle Our proposed FES controller and experimental setup (IPSA)
torque measured in FES (28.2 N.m) and VOL (27.1 N.mpassume a one-segment inverted pendulum model of the body
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A Paradigm 1:Quiet standing. standard weight B Paradigm 2: Step response, standard weight
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FIGURE 5 | Results for the four experimental paradigms: The invertedgmdulum (black) and reference (red dashed) angles and apgdi torque (blue) are presented for
FES control (black titles) and voluntary control (purplelgs) conditions. In addition, FES pulse amplitude appliedtplantar exors and dorsi exors in FES control
condition are presented. Results are presented for a reprentative subject in Test paradigm (i), Quiet standing, Stalard weight (A); Test paradigm (ii), Step response,
Standard weight(B); Test paradigm (iii), Perturbation response, Standard wght (C) (In this gure, the instants of perturbation application are lsown by green arrows);
Test paradigm (iv), Step response, Body weightD). In this gure, Rise time (blue circle) and settling time (bluasterisk) are shown for each step in both conditions.

rotating around the ankle joint. Although the knee and hip highly correlated with those of an inverted penduluRitgzpatrick
joints contribute to maintaining standing balance, prevdou et al., 1994; Loram and Lakie, 2001, 200&hatsmore, the
studies using similar devices have shown that the kinematiosalidity of this model during quiet standing in the sagitfalbne
and dynamics of the able-bodied body during quiet standirgy a has been proveri{age et al., 2004This veri es the applicability
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FIGURE 6 | The root mean square (RMS) of the error between the pendulum
angle and reference angle, applied torque, and applied FESutse current 80 Overshoot %
amplitude to plantar exors (PF) and dorsi exors (DF) for défent test
paradigms. F indicates FES controlled balance, and V indites disrupted ['] -
) 60
voluntary control of muscle contractions. The results are qgsented as boxplot
among all subjects, for all test paradigms (indicated with B-P4). Boxplots
related to FES condition are shown is black and those relatetb VOL condition 40
are shown in blue. Asterisk indicates signi cant differencép < 0.05) between
FES and VOL conditions.
20
. o . . \' F V
of the inverted pendulum model and its implementation using 0
the IPSA. = =
Usmg an inverted pendU|um mOdeI' prewously deSIQDed FIGURE 7 | Rise time (s), Settle time (s), and Overshoot (%) for test @atigm
surfacg FES controllers for Standmg bal_ance have prdmlca 2 (P2: standard weight) and paradigm 4 (P4: body weight). Fagach test the
been implemented on up to three subjects and/or fod median parameter for the four steps is reported. F indicate&ES controlled
min (Hum et al.,, 2001; Gollee et al., 2004; Holderbaum balance, and V indicates disrupted voluntary control of muse contractions.
et al.. 2004: Mihelj and Munih. 2004: Kobravi and Erfanian The results are presented as box plot percentiles among allubjects. Boxplots
201 . Consé ently. there aé Still a’ need for assessin tr.le.related to FES condition are shown is black and those relatetb VOL condition
a' qu Y, w ! N Ing ’Igre shown in blue. Asterisk indicates signi cant differencgp < 0.05) between
performance in the Iong-term and for several SUb]eCtS beforeFES and VOL conditions. Red and blackl( ) signs indicate the 50% and 75%
their clinical implementation. Furthermore, previous stadi | percentiles, respectively, at in nity.
usually suggested the use of a complicated controller fa& th

purpose, which did not necessarily have physiological relexan

Evidences exist that the CNS utilizes feedbacks based ogeta behaviors that were not taken into account in our study (e.g.
in both COM displacement and velocity to modulate standingmuscle fatigue, re ex, and spasm). For exampleFigure 5,
balance [lasani, 2003; Masani et al., 2006; Welch and Tingthe FES amplitude applied to the plantar exors showed slight
2009. Therefore, to mimic the physiological control strategydrift over time while the generated torque did not drift Jidy.

for maintaining standing balance, the FES controller sdoul This drift can be because of muscle fatigue and its e ect on the
use such feedback, for example in a PD controller structurenuscle response to FES. Notably, these muscle behaviors would
Adding an integral component in our proposed controller be more pronounced in neurologically impaired individualsgda
may not have speci c physiological relevance. Nevertheless, we believe that the integral component of the PID controller
experimental implementation, we applied a PID controller in thecontributes to reducing steady-state or accumulated erower

FES controller to minimize the accumulated errors (steathte time. The PID controller is known as an easy-to-use and pcatti

o set) due to the measurement errors of COM displacementcontroller for many applications that utilizes feedback frooth
mass, COM height and o set reference angle, which may hawdisplacement and velocity. However, its comprehensive design
inaccuracies. In addition, an integral component would reelu and implementation for closed-loop control of FES have been
the steady-state o set due to model uncertainties, suchasabe lacking. Preliminary studies of our group on an individuaithv
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complete spinal cord injury (ASIA-A)Tan, 2003and three able- controller performance; and (b) investigate the possibitity
bodied individuals $ame et al., 20)3howed the potential of maintaining the balance of an individual-speci c, body-weig
the PID controller to regulate FES amplitudes applied to thenatched inverted pendulum. The long-term (5 min) trial was
ankle exors and to improve standing stability using the IPSA assessed only once to minimize the in uence of muscle fatigue
However, the selection of appropriate controller parameters weon other experimental paradigms. Nevertheless, our additiona
not thoroughly investigated. The present study increases thb-min quiet-standing experiments on a few subjects showesd th
physiological relevance of this previous research by devejopi capability in the designed controller.

a systematic method of selecting controller parametersgusin According to Figure 4, the inter-subject variability oKp
inclusive model for CNS control strategy and muscle dynamic for plantar exors was due to dierent muscle strength and
This was also the rst time that a systematic method for scefa response to FES among subjects. We expect the vakietofbe
FES controller design for standing balance has been vefoed di erent for clinical populations, such as individuals with spiin
several subjects, for up to 5 min, and in a variety of experitalen cord injuries.Kp showed relatively small inter-subject variability

paradigms. (< 25%). For most subjects and test paradigiaqual to 25 was
selected in simulation and experimentally implemented. Bsea

FES Controller vs. Voluntary Control of of the rare need for the activation of dorsi exors, we assdme

Muscle Contraction the sameKp and K, to those considered for plantar exors and

The IPSA can suppress vestibular, visual and some proprioceptiaésumed an identical valuelég for all subjects in the simulation
sensory inputs and in fact, cause a disruption to voluntaryohase. These controller parameters for the dorsi exors waeg |
control. Therefore, instead of impaired balance control intuned during experiments.

neurologically impaired individuals, eyes-closed volupta  The controller parameters obtained through simulations
control of balance in able-bodied individuals using IPSArequired individual-specic tuning, ofter< 25% of the values
(VOL condition) could be used, for comparison with the obtained through simulation Rigure 4). This was because of
FES condition. As such, we would be able to investigate th&e dierence between the actual and modeled systems. In
e ciency of the PID controller for FES when voluntary contro general,Kp for plantar exors required greater tuning than
of balance is disrupted. Notably, the VOL condition representother parameters. This may be due to the inter-subject
the disrupted voluntary control of balance and cannot be usedariability of passive controller parameters. We were noe bl

to compare the FES condition with intact voluntary balanceexperimentally assess these parameters and thus used the same
control. In this way, potential di culties related to recrtinent, ~value based on the literature for all subjects. Test parasligm
heterogeneity and safety in patient populations were avoidediii) and (iv) required more tuning than paradigms (i) and Xii
Figures 57 show improved balance for the FES conditionWe believe that in paradigms (iii) and (iv), the neuromuscula
over the VOL condition in di erent test paradigms, in terms system showed greater nonlinearity and system delay ansl thu
of RMSE between the controlled and reference angle, areur introduced model inFigure 3 was less accurate. Adding
transient response of the controller (characterized witletime, nonlinear elements to the muscles and controllers model when
settling time, and overshoot). Our observations can intlica a large load or perturbation is applied can improve the accuracy
the PID controller's potential to compensate for impairedof closed-loop system's model.

voluntary control in neurologically impaired individuals, Since investigating the best optimization routine was not
although eventually a multi-joint control strategy shoulk targeted in our study, our optimization approach was based on a
implemented for clinical applications. At the same time, thereoasic grid search method. Although more advanced optimizati
was no signi cant dierence between the torque applied intechniques would be more e cient and faster in determining
FES and in VOL conditions, which indicates that the extenthe optimal parameters, our grid search optimization approach
of mechanical e ort required by the two controllers is sinila required only a few minutes to determine the controller
(Figure 6). Moreover, the applied FES amplitudes were withinparameters and our simulations did not show a major change
a tolerable range for our subject§igure 6), and thus this in the controller performance as well as moderate variation of
controller can be practical for the application of surface FESontroller parameters.

electrodes. Despite its simple structure, the PID contraitsigy Our results for RMSE of pendulum angles .2 deg,
was even able to maintain balance in the body weight-matghinFigure 6) were smaller than (or at least comparable to) the
paradigm and demonstrated e cient performance even inprevious studies that utilized more complicated control sigges
the presence of perturbations. Notably, our subjects hate litt (Kobravi and Erfanian, 20)2Note that our employed control
training with FES, and we expect that future users of thistrategy was similar to the control strategies employed ey th
neuroprosthesis would not need extensive FES training befoCNS for standing balance in the literaturegterka, 2000, 2002;

using it. Masani, 2003; Masani et al., 200t addition to the choice
of a physiologically relevant control strategy, our corigol
PID Controller Performance model included physiologically relevant time delays, passiv

We chose both Standard-weight and Body-weight experimentalontrol components and a model of voluntary control of muscle
paradigms to (a) assess the FES controller performance acrasstractions. This physiological relevance may justify theice

all subjects for stabilizing the same weight and size of aof PID controller for FES regulation and its e ciency despite
inverted pendulum to assess the inter-subject variabilityhe  simplicity.
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Limitations and Future Directions tested for the control of a larger body sway that requirestinul
The successful implementation of the designed PID parametejsint closed-loop controller FES application. Moreover, theSFE
demonstrated the potential for our suggested methodolodyeto on the dorsi exors was activated in the presence of pertudrati
applied in a wide range of clinical settings as neuroprosthesifparadigm (iii)] and rarely in other test paradigms. Therefore
However, it should be noted that this approach was only testedie were not able to assess the sensitivity of the neuroprosthesi
for able-bodied individuals and must be further veri ed for performance to the choice of PID controller parameters for
individuals with di erent types of neuromuscular impairment. dorsi exors. Finally, we applied a rst-order linear model for
The clinical implementation of our proposed approach formuscle dynamicsihelj and Munih, 200). More accurate
neurologically impaired individuals (e.g., individuals vigpinal modeling of the muscle dynamics could further improve the
cord injury) requires further modeling of muscle respons€ES, controller's performancefouhani et al., 2096
which may be challenging\@taraj et al., 2072 Some of these In conclusion, we demonstrated the potential of designing
challenges associated with this population are the limitedctet PID controllers for closed-loop controlled surface FES
force actuation, the nonlinear and less predictable respafise applied to ankle muscles to improve standing balance and
muscles to FES, and the impaired muscle re exes that would lested the designed controllers on several individuals and
di erent to those modeled in this study. in di erent experimental paradigms. A PID controller that
Although the ankle joint contributed signicantly to mimicked the physiological balance control strategy was
maintaining standing balance, the roles played by knee apd hie cient for this purpose. The balance with closed-loop
joints as well as upper limbs motion must be further studiedcontrolled FES showed improved steady state and transient
to develop the design of a 3D multi-joint FES controller th&t response compared to the voluntary balance control with
required prior to clinical implementation of a neuroprosthesi disrupted sensory information. The developed methodology
for standing balance\fette et al., 2009; Nataraj et al., 201  can facilitate clinical implementation of a neuroprosthesis
addition, we studied standing balance only in the sagittahpl for standing balance toward improving the quality of life
A multi-joint FES controller can maintain standing balance of neurologically impaired individuals. However, further
frontal plane as well. Nataraj et al. proposed an approach thatvestigation on clinical implementation of this approach is
applies FES to multiple body muscles to control multiple jointsyequired.
which makes clinical implementation of the neuroprostheses
more realistic. Their FES controller required e orts by upper AUTHOR CONTRIBUTIONS
extremities. They tested this approach through simulatiod an
demonstrated the potential for experimental implementation o HR: Concept/design, Data analysis/interpretation, Drafting
individuals with spinal cord injury i{lataraj et al., 2010, 2012, article, Approval of article, Statistics; MS: Concept/design,
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