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Abstract

Background: Neuromuscular Electrical Stimulation (NMES) has been utilized for many years in cerebral palsy (CP)
with limited success despite its inherent potential for improving muscle size and/or strength, inhibiting or reducing
spasticity, and enhancing motor performance during functional activities such as gait. While surface NMES has been
shown to successfully improve foot drop in CP and stroke, correction of more complex gait abnormalities in CP
such as flexed knee (crouch) gait remains challenging due to the level of stimulation needed for the quadriceps
muscles that must be balanced with patient tolerability and the ability to deliver NMES assistance at precise times
within a gait cycle.

Methods: This paper outlines the design and evaluation of a custom, noninvasive NMES system that can trigger
and adjust electrical stimulation in real-time. Further, this study demonstrates feasibility of one possible application
for this digitally-controlled NMES system as a component of a pediatric robotic exoskeleton to provide on-demand
stimulation to leg muscles within specific phases of the gait cycle for those with CP and other neurological
disorders who still have lower limb sensation and volitional control. A graphical user interface was developed to
digitally set stimulation parameters (amplitude, pulse width, and frequency), timing, and intensity during walking.
Benchtop testing characterized system delay and power output. System performance was investigated during a
single session that consisted of four overground walking conditions in a 15-year-old male with bilateral spastic CP,
GMFCS Level lll: (1) his current Ankle-Foot Orthosis (AFO); (2) unassisted Exoskeleton; (3) NMES of the vastus lateralis;
and (4) NMES of the vastus lateralis and rectus femoris. We hypothesized in this participant with crouch gait that
NMES triggered with low latency to knee extensor muscles during stance would have a modest but positive effect
on knee extension during stance.
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Results: The system delivers four channels of NMES with average delays of 16.5 + 13.5 ms. Walking results show
NMES to the vastus lateralis and rectus femoris during stance immediately improved mean peak knee extension
during mid-stance (p =0.003%) and total knee excursion (p =0.009%) in the more affected leg. The electrical design,
microcontroller software and graphical user interface developed here are included as open source material to
facilitate additional research into digitally-controlled surface stimulation (github.com/NIHFAB/NMES).

Conclusions: The custom, digitally-controlled NMES system can reliably trigger electrical stimulation with low
latency. Precisely timed delivery of electrical stimulation to the quadriceps is a promising treatment for crouch. Our
ultimate goal is to synchronize NMES with robotic knee extension assistance to create a hybrid NMES-exoskeleton
device for gait rehabilitation in children with flexed knee gait from CP as well as from other pediatric disorders.

Trial registration: clinicaltrials.gov, ID: NCT01961557. Registered 11 October 2013; Last Updated 27 January 2020.

Keywords: Functional electrical stimulation (FES), Exoskeleton, Crouch gait, Graphical user interface (GUI)

Background

Cerebral palsy (CP) is the most common child onset neuro-
motor disability, affecting over 17 million people worldwide
[1]. CP is caused by a brain injury during early development
that leads to motor deficits, particularly involving gait and
posture [2]. Crouch gait, the most prevalent and debilitating
gait disorder in CP, is characterized by excessive knee
flexion in early and/or mid stance [3]. Muscle weakness,
spasticity, contractures, and impaired selective motor con-
trol have all been shown to contribute to crouch gait in CP
to varying degrees across individuals [4]. Crouch increases
the energy demands of walking [5] and often progresses
with age and growth, despite treatment, leading to mobility
decline starting as early as adolescence [6].

Current treatment of crouch gait includes both inva-
sive and non-invasive options [4]. Orthopaedic surgeries
[7, 8], such as hamstring lengthening [4], are advocated
when hamstring muscles become excessively short; how-
ever, repeat lengthenings are contraindicated. Botulinum
toxin injections to spastic muscles [9], and physical ther-
apy approaches such as strengthening lower limb exten-
sors have also been utilized [10, 11] for crouch gait.
These may demonstrate some limited improvements in
the short term, but long-term deficits frequently persist
regardless of treatment [12, 13]. Wearable lower limb
exoskeletons provide a new avenue for gait rehabilitation
[14-19]. A pediatric robotic exoskeleton recently devel-
oped at the National Institutes of Health Clinical Center
designed specifically to improve crouch gait in children
with CP was shown to improve knee extension during
stance without decreasing muscle activation in the ex-
tensor muscles throughout the gait cycle after only a
short accommodation period to walking with the device
in the laboratory [14, 15, 20]. These results demonstrate
a promising possibility for exoskeletons to be used as a
training tool because they improve crouch gait kinemat-
ics in children with CP while still maintaining and even
potentially augmenting volitional muscle control. We

propose that incorporation of NMES with motorized as-
sistance is integral to achieving optimal long-term out-
comes for those with crouch gait. NMES has the unique
capability to increase muscle strength and size [21], in-
hibit or reduce spasticity [22, 23], and enhance motor
performance during specific tasks through precisely
timed muscle activation or sensory cues [24]. Further-
more, peripheral muscle stimulation may stimulate
greater neuroplastic changes in sensorimotor brain re-
gions during gait training [25].

Muscle activation, either voluntary or stimulated, is im-
portant for maintaining strength. Progressive resistance
training, which uses higher loads than normally encoun-
tered in everyday life, has been shown to reliably increase
strength in targeted muscles and may improve functional
motor outcomes in children with CP [26]. Apart from
traditional strength training, electrical stimulation has also
been shown to improve muscle strength and increase
muscle size [27]. Functional electrical stimulation (FES) is
a term describing the use of electrical stimulation specific-
ally for supplementing or replacing function lost in indi-
viduals with neurological impairments [28]. A review by
Seifart et al. explained that “FES can be distinguished from
NMES in that NMES is aimed at muscle strengthening
and/or spasticity reduction and is not always applied func-
tionally,” and charged researchers to “clearly distinguish
FES from NMES in future studies.” [29] Because our goals
in CP extend beyond the direct functional effects, we
chose to use the broader term neuromuscular electrical
stimulation (NMES) here, with the caveat that we are only
reporting its immediate effect on lower limb kinematics
during gait in this first participant with CP.

NMES and FES have been used in children with CP
to improve foot drop during swing phase of gait with
evidence of increased muscle size on ultrasound after
months of using the device for nearly 6 h per day on
average [30, 31]. Khamis et al. were the first group to
report the use of FES to address crouch in an 18 year
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old individual with CP by applying FES to the quadri-
ceps muscles during periods within the stance phase
when the knee was supposed to be extending, as de-
tected by a force-sensitive gait sensor placed beneath
the patient’s heel [32]. After months of in-home
training with the device, gait speed increased and
knee extension minimally improved during FES use.
The level of quadriceps activation by FES was not re-
ported, and changes in muscle strength and size were
not examined before and after training; therefore, the
role of FES versus walking practice in producing the
gait improvement remains unclear [32].

We postulate that quadriceps NMES precisely syn-
chronized with volitional knee extension during gait will
augment knee extension in those with crouch. In the im-
mediate or short-term, we propose that NMES will pro-
vide an orthotic effect to improve knee biomechanics
during gait and may add some additional antigravity
support to make walking easier. Several groups have
begun to investigate the combination of exoskeleton as-
sistance and simultaneous lower-limb FES in healthy
participants [33, 34] and adults with complete spinal
cord injury (SCI) [35-39]. Delivering FES intermittently
throughout the gait cycle with real-time control can re-
duce the extent of muscle fatigue while receiving stimu-
lation [33, 35]. This paper describes a method of
calibrating and controlling a surface NMES device with
a digital microcontroller and synchronizing NMES with
the gait cycle using a finite state machine implemented
as part of a pediatric robotic exoskeleton. Thus, the aims
of this study are to: (1) outline the design of a custom
NMES system that can trigger on-demand electrical
stimulation in real-time; and (2) demonstrate the feasi-
bility of one possible application for this NMES system
as a component of a robotic exoskeleton by investigating
its effects on a single participant with CP within a single
session. Our ultimate goal, in the longer term, is to dem-
onstrate that NMES-assisted gait training paradigms will
provide targeted muscle strengthening during gait train-
ing; strengthen motor pathways and facilitate motor
learning by providing a cutaneous sensory timing cue to
activate muscles; and additionally result in reciprocal in-
hibition of potentially spastic and/ or co-activating an-
tagonist muscles.

Methods

Digitally-controlled neuromuscular electrical stimulation
In order to deliver surface NMES within discrete phases
of the gait cycle, it was necessary to design an NMES
controller that could be digitally calibrated and operated.
While some groups have designed their own electrical
stimulation units in order to control them with micro-
processors [40, 41], our digital NMES system is based on
the architecture of a Food & Drug Administration
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(FDA)-approved four-channel, eight-electrode LG-8TM
Elite Electrical Muscle Stimulator (LG Med Supply). The
circuits on the LG-8TM that close each of the 13 but-
tons for setting the electrical stimulation amplitude,
pulse-width, and frequency, as well as the circuits that
deliver stimulation output to each of the four channels,
were replaced with a custom system of 21 relays—13 for
each of the calibration operators and 8 for the four
channels (2 per channel as each channel has a positive
voltage output and a negative voltage output). A G6L-
1P-DC3 Single Pole Single Throw (SPST) Normally-
Open (NO) electromechanical relay (Omron Electronic
Components) was chosen for our design due to its small
size and fast, reliable switching with audible feedback. A
printed circuit board (PCB) was designed using Fritzing
Version 0.9.3b to house the system of 21 relays and the
microcontroller (Fig. 1a, Fig. 1b).

A Teensy 3.2, containing a 32-bit ARM Cortex-M4
microcontroller, was utilized to control the relay system
for calibration and stimulation delivery. The microcon-
troller was programmed with an adapted version of the
Arduino Integrated Development Environment (IDE)
(Arduino IDE 1.8.8 + Teensyduino 1.46). Twenty-one
digital output pins on the Teensy 3.2 were wired to send
a 3.3V signal to close a corresponding electromechanical
relay on the custom PCB, which in turn digitally presses
the button associated with that relay on the LG-8TM
Elite four-channel NMES (Fig. 1c and d). The Teensy
3.2 received commands by constantly searching for input
from the serial monitor, with specific integer inputs
mapped to each electromechanical relay trigger.

A custom case was designed using SolidWorks Profes-
sional 2018 x 64 Edition (Dassault Systems) and manu-
factured with a MakerBot 5th Generation Replicator 3D
Printer (MakerBot Industries) to enclose the system of
wiring between the LG-8TM Elite four-channel, eight-
electrode NMES device by LG Med Supply and the cus-
tom printed circuit board relay system, (Fig. le, Fig. 1f).
In this infrastructure, original liquid crystal display
(LCD) screen function of the LG Med Supply NMES de-
vice was maintained. Additionally, an emergency stop
switch was hardwired into the main power supply of the
NMES to immediately power off the NMES via a mech-
anical switch held by the user or therapist (Fig. 1).

Finally, a graphical user interface (GUI) was designed
using Tkinter Graphical User Interface package on Python
3.7.4 (Python Software Foundation) to calibrate the NMES
waveforms by setting the stimulation amplitude, fre-
quency, and pulse-width. The GUI also allows a user to
activate and de-activate the NMES channels (Fig. 2). All
code and files necessary to operate the GUI are available
open source (github.com/NIHFAB/NMES). The sche-
matic flow of communication between the graphical user
interface, the NMES calibration and synchronization
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system, and input from the pediatric robotic exoskeleton’s
FSM is illustrated in Fig. 3.

Pediatric robotic exoskeleton

The NIH pediatric robotic exoskeleton utilized its incorpo-
rated sensors to identify the gait cycle phases in real-time.
The NMES was triggered by the exoskeleton controller to
deliver stimulation to the quadriceps muscles throughout
stance phase, i.e, when the FSR value was above the tuned
threshold indicating foot contact with the ground. The
NIH pediatric exoskeleton is a lightweight (3.2 kg), modular
device based on the architecture of a knee-ankle-foot

orthosis [14, 15, 20] designed to provide motorized assist-
ance at the knee joint to augment knee extension during
walking, and thus is specifically designed for rehabilitation
of crouch gait in children with CP [14, 42]. In this study,
however, the motors provided only enough torque to com-
pensate for the friction and inertia of the exoskeleton and
thus were not actively assisting knee extension. Both legs of
the exoskeleton are equipped with a combination of sensors
including a quadrature encoder (Maxon Motor), a torque
sensor (Transducer Techniques), and a force sensitive
resistor (Interlink Electronics) to track knee angle and an-
gular velocity, knee joint torque, and foot-ground contact,
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respectively [20]. A Teensy 3.2 microcontroller (PJRC Elec-
tronic Projects) is programmed to read each leg’s exoskel-
eton sensor data to construct a finite state machine (FSM)
and identify the user’s distinct gait cycle state in each limb
in real-time. The hybrid pediatric robotic NMES-
exoskeleton is shown in Fig. 4.

Benchtop testing synchronization experimental setup

To evaluate the design of the digitally-controlled NMES
system and validate its ability to deliver stimulation in
response to state changes in the FSM of the pediatric ro-
botic leg exoskeleton, the system’s FSM and the NMES
voltage output were measured over 20 state change

(swing=dstance) simulations. State changes were simu-
lated by manually applying a force to the FSR of the exo-
skeleton above a 1N threshold in 1-s intervals, which
triggers a change from the swing to stance phase in the
FSM. The FSM output was collected from the embedded
software of the exoskeleton, sampled at 80 Hz, and the
NMES output was collected using a digital oscilloscope
(TDS 2024B, Tektronix), sampled at 2500 Hz. The two
data streams were synchronized using a square pulse
trigger to align the data sets in post-processing. To
simulate its use during walking, the NMES system was
programmed to trigger electrical stimulation during
stance phase and to turn off during swing phase. FSM
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state change and NMES signals were analyzed in post-
processing using MATLAB 2018b (MathWorks). The
time points when the signals were determined to reach
the on-state were measured and recorded. On-state of
the NMES was defined as the moment where a 24V
voltage value (i.e., the programmed stimulation ampli-
tude) was achieved. Onset delay was calculated as the
average time difference between state-change of the
FSM and on-state of NMES for each of the 20 simulated
state changes.

Clinical investigation: a 15-year-old male with CP

A 15-year-old male with bilateral spastic CP (Height =
162 cm; Weight =39.9kg) completed a single session
evaluation of the NMES-assisted pediatric robotic exoskel-
eton. This study was performed as part of a larger proto-
col evaluating the effects of robotic exoskeletons on gait in
children with CP (Protocol #13-CC-0210). After informed
consent into our IRB-approved protocol, several clinical
assessments were performed by a physician during an ini-
tial visit, including the Modified Ashworth Scale (MAS)

and Gross Motor Function Classification System (GMFC
S) assessments. The participant showed mild spasticity
(MAS =1 or 1+) in the right rectus femoris, and bilateral
hamstrings, vastus lateralis, and gastrocnemius muscles.
The participant was classified as GMFCS level III, and he
required use of forearm crutches to walk. An initial gait
analysis assessment in his typical walking condition—
which included wearing AFOs and use of forearm
crutches—and measurements for fabrication of a custom
exoskeleton were also performed. The second visit of the
protocol included initial exoskeleton fitting and tuning of
the control system, including the FSM. The exoskeleton
fitting included adjusting the ankle of the exoskeleton to
match the range of motion allowed by the participant’s
own AFOs. The second visit, and all subsequent visits, also
included calibration of the NMES parameters. NMES elec-
trode pads were placed on the skin overlying the center
point of the widest portion of the vastus lateralis and rec-
tus femoris muscles on each limb. Calibration was per-
formed systematically on each muscle of each leg by first
increasing the amplitude by the minimum resolution of
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Fig. 4 Representation of the experimental setup for clinical testing of walking in the pediatric robotic exoskeleton with synchronized NMES
across the Functional & Applied Biomechanics Laboratory in the National Institutes of Health Clinical Center
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the stimulator until a visible muscle contraction was in-
duced, then increasing the frequency by the minimum
resolution until the participant perceived a continuous
stimulation with minimal or no discomfort, then finally
increasing the pulse width by the minimum resolution to
the maximum tolerable level. The minimum resolution of
the stimulator (LG-8TM Elite, LG Med Supply) was 0.8
mA for amplitude, 1 Hz for frequency, and 10 ps for pulse
width. Stimulation parameters were implemented at their
calibrated values for all NMES walking conditions (Left
and Right Vastus Lateralis: Amplitude = 36 mA; Fre-
quency = 25 Hz; Pulse Width =200pus // Left and Right
Rectus Femoris: Amplitude = 44 mA; Frequency = 25 Hz;
Pulse Width =200 ps). Isolated stimulation of the vastus
lateralis was investigated as a walking condition because
this muscle spans a single joint and was easily accessible
for electrode placement. Another reason was that the rec-
tus femoris, while a strong knee extensor, also provides
flexion at the hip joint which may be counterproductive in
some patients. However, we wanted to pilot this muscle as
well in this patient to see if its addition improved or wors-
ened his knee extension and also to demonstrate the cap-
ability of our NMES device to simultaneously activate
multiple muscles. The participant completed 5 visits to
practice walking with the exoskeleton and NMES systems.

On the 6th visit, gait analysis was performed to assess the
effect of the NMES system on walking. Reflective markers
were placed on the pelvis and lower extremities for 3D
motion capture (Vicon Motion Systems). The participant
walked 15 m lengths across the laboratory. The participant
walked with forearm crutches with a physical therapist
walking behind him and holding the hybrid NMES-
exoskeleton handheld emergency stop. A passive body
harness for safety was worn but did not provide body-
weight support (Aretech ZeroG).

The participant walked for approximately 10 min in
each of four conditions: (1) walking in the participant’s
prescribed ankle-foot orthosis (AFO), (2) baseline walk-
ing with the exoskeleton in zero-torque mode with no
NMES (“Exoskeleton”), (3) walking in the exoskeleton in
zero-torque mode with NMES to the vastus lateralis
only (“NMES: VL”), and (4) walking in the exoskeleton
in zero-torque mode with NMES to the vastus lateralis
and rectus femoris (“NMES: VL + RF”). Zero-torque
mode of the exoskeleton is designed to be transparent to
the wearer by compensating for inertial effects, as de-
scribed previously [20]. Exoskeleton ankle range of mo-
tion, adjusted to match the participant’s own AFO, was
the same for all trials. The exoskeleton FSM was pro-
grammed to split the gait cycle into two distinct states:
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stance phase and swing phase. The NMES was pro-
grammed to apply stimulation to the designated muscles
during stance phase only (Fig. 3b). Kinematic and spatio-
temporal gait parameters were calculated for all condi-
tions and analyzed using Visual3D (C-Motion). The
participant was seated for rest periods up to 10 min in
between walking conditions to minimize any effect of fa-
tigue on walking. For biomechanical analysis, walking
was split into gait cycles for each limb spanning from
heel strike to heel strike. Stance and swing were also de-
termined from motion capture using heel strike and toe-
off events. Note that these phases differ from the on/off
initiation of NMES from the exoskeleton FSM, which
occurred when the FSR under the foot exceeded (and fell
below) a pre-calibrated threshold, respectively. It was
therefore anticipated that NMES would be delivered
during a subset of the stance phase determined by mo-
tion capture (Fig. 3b). Thus, the period of NMES was
calculated offline to determine the exact portion of
stance that NMES was administered to the quadriceps.
Primary outcome measures were gait speed and knee
angle kinematics, particularly peak knee extension dur-
ing stance and total knee angle excursion.

Statistical analysis

Repeated-measures, one-factor ANOVA procedures
were performed at the a=0.05 significance level, to
compare differences in peak knee extension during
stance, total knee excursion, and gait speed between the
three experimental conditions—(1) baseline exoskeleton
walking, (2) exoskeleton walking with synchronized
NMES to only the vastus lateralis and (3) exoskeleton
walking trials with synchronized NMES to both the vas-
tus lateralis and the rectus femoris—while controlling for
differences in stride number, to isolate the effect of the
NMES conditions. Post-hoc pairwise comparisons were
made using the Bonferroni method for multiple compar-
isons correction. Statistical analysis was performed using
MATLAB 2018b (MathWorks). The participant’s AFO
walking condition was included here to demonstrate the
effects that wearing an exoskeleton had on his gait speed
and posture and was only compared to the zero-torque
exoskeleton condition using paired t-tests (p < 0.05).

Results

Initial testing of the proposed system verified that the
microprocessor control system could operate each of the
13 calibration relays as well as each of the four stimula-
tion output channels completely and independently. Fur-
ther, this initial testing confirmed that communication
could successfully and reliably be transmitted and re-
ceived between the digital control of the NMES system
and the FSM of the exoskeleton. Each stimulation chan-
nel outputs 0-80 mA, depending on the amplitude of the

(2020) 17:121

Page 8 of 14

waveform delivered; thus, at maximum output on all
four channels, the 2000mAh LiPo battery used to power
this custom, digitally-controlled NMES device could op-
erate the system for about 6 h on a single charge.

The average delay between a state change in the exo-
skeleton FSM and the delivery of NMES output over 20
simulated state transitions was 16.6 + 13.5 ms. Figure 5
shows representative example of NMES output synchro-
nized with an FSM state change command.

Kinematic knee angle measures during baseline exo-
skeleton walking and exoskeleton walking with synchro-
nized NMES conditions in each limb are shown in
Fig. 6. Peak knee extension angle during stance showed
generally more crouch in the left knee (Fig. 6, Table 1).
A significant difference was found between exoskeleton
walking with and without NMES in peak knee extension
angle in the left leg (p=0.003*) but not the right leg
(p=0.064). Post-hoc analysis revealed synchronized
NMES to the vastus lateralis and rectus femoris signifi-
cantly improved peak knee extension during mid-stance
from 18.8°+2.5° to 15.9°+ 1.7° in the left leg compared
to baseline exoskeleton walking (p < 0.001*). Administer-
ing NMES to only the vastus lateralis resulted in no sig-
nificant improvement from baseline exoskeleton walking
in peak knee extension angle during stance in the left
leg, which averaged 19.5°+2.4° at full extension (p=
0.58). While the repeated-measures linear model showed
no significant difference in peak right knee extension
angle during stance between walking conditions, the de-
scriptive statistics show a general trend that administer-
ing NMES to the quadriceps muscles decreases knee
flexion during stance and increases total knee excursion
(Fig. 6, Table 1). Similarly, total knee excursion differed
significantly between exoskeleton walking with and with-
out NMES in the left leg (p = 0.009*) but not the right leg
(p=0.217). In the left leg, post-hoc analysis showed mean
total knee excursion significantly improved from 41.2° +
3.9° in baseline exoskeleton walking to 46.4° + 2.5° when
NMES was administered to the vastus lateralis and rectus
femoris. Gait speed did not differ significantly between all
three exoskeleton conditions (p =0.390). Comparing the
prescribed AFO walking to baseline exoskeleton walking,
the participant’s gait speed (p < 0.001*), peak knee exten-
sion angle during stance in the right (p = 0.023*) and left
(p <0.001*) knee, and mean total excursion in right (p <
0.001*) and left (p = 0.011*) knee all differed significantly.
Table 1 summarizes the primary outcome measures and
statistical analysis.

Because stance phase defined by the exoskeleton FSM
was determined by an FSR placed underneath the partici-
pant’s foot, NMES was always activated slightly after heel
contact and prior to toe-off. The delay between first foot
contact and activation of NMES averaged 0.21+0.11s
and 0.06 + 0.03 s for heel strike in the left and right limb,
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Fig. 5 Benchtop testing neuromuscular electrical stimulation (NMES) output synchronized with a state change detected by the finite state
machine (FSM) of the pediatric robotic exoskeleton; one simulated state change with aligned signals from the NMES and FSM shown for
example. Normalized output = 1 indicates stance phase on the FSM and maximum voltage from the NMES

respectively. Similarly, NMES was turned off when the
foot was unloaded but prior to toe-off by 0.66 + 0.17 s and
1.12 £ 0.22 s for the left and right limbs, respectively.

Discussion

This study outlines the electromechanical design, bench-
top characterization, and initial clinical validation of a
four-channel NMES system that can reliably trigger elec-
trical stimulation via an external digital input signal,
such as that from the FSM of the pediatric robotic

exoskeleton used in this experiment. Using this system,
NMES can be triggered with sufficiently low latency
(16.5ms) to ensure synchronization with gait cycle
phases, e.g., stance and swing. The design of the embed-
ded electronics, list of materials, and the Python GUI
software are included as open-source material (github.
com/NIHFAB/NMES) to facilitate its use by other re-
searchers. The initial clinical testing in this study showed
that the NMES system performed as intended; the par-
ticipant was able to tolerate the stimulation and to

(a) Left Leg
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60 |- - Preferred AFO VORERY | 1
_— Exoskeleton N 4 A
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o 40§ g ‘
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(b) Right Leg
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Fig. 6 Knee angle profiles averaged for each gait cycle during all four walking conditions in a left leg and b right leg. Average profile over all gait
cycles shown in bold for each condition with transparent spread representing +1 standard deviation. Black bars along horizontal axes show the
average gait cycle duration +1 standard deviation when electrical stimulation was administered in each limb. The average knee angle profile of a
healthy gait pattern from a previous study [20] is shown in grey for reference
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Table 1 Primary outcome measures
Primary Prescribed Baseline Repeated-
Outcome AFO Baseline Exoskeleton Exoskeleton & Exoskeleton & Measures
Measure Walking! Walking NMES: VL. NMES: VL + RF ANOVA
Right Peak
Knee 7.9°+2.2°f 5.7°+4.2° 2.0°+1.2° -0.8°+ 1.7° ~0.064
Extension in (n=12 strides)  (n=16 strides) (n=18 strides) (n=20 strides) P
Stance (deg)
Left Peak
Knee 23.5°+2.1°F 18.8°+2.5° 19.5°+24° 15.9° £ 1.7°%* ~0.003%
Extension in (n=12 strides)  (n=16 strides) (n=18 strides) (n=20 strides) p=5
Stance (deg)
Right Knee
Angle Total 40.1° £ 2.5°t 52.4°+6.3° 55.1°x2.1° 594°+ 2.4° 0217
Excursion (n=12 strides)  (n=16 strides) (n=18 strides) (n=20 strides) p=
(deg)
Left Knee
Angle Total 36.7° £ 3.9°f 41.2°£3.9° 43.7° £3.5° 46.4° £2.5°** ~0.009*
Excursion (n=12 strides)  (n=16 strides) (n=18 strides) (n=20 strides) p=5
(deg)
Gait Speed 0.70 £ 0.02f 0.23+£0.02 0.25+0.02 0.22 £0.02 ~0.390
(m/s) (n=6 laps) (n=5 laps) (n=6 laps) (n=6 laps) P

Abbreviations—VL Vastus Lateralis, RF Rectus Femoris

'Grey shading shows prescribed AFO condition that was not included in repeated-measures ANOVA

TSignificant difference (p < 0.05) between prescribed AFO baseline and baseline exoskeleton (zero assistance) walking assessed by paired t-tests
“Significant effect of condition at the a=0.05 level assessed by repeated measures ANOVA

“Significant difference from baseline exoskeleton in post-hoc analysis at the a=0.05 level with Bonferonni correction

maintain walking at the same speed as using the exoskel-
eton without stimulation. Synchronized electrical stimu-
lation delivered to the vastus lateralis and/or the rectus
femoris knee extensor muscles during stance showed an
immediate positive effect on peak knee extension angle.
In this study, NMES to both the rectus femoris and the
vastus lateralis was the most effective at improving pos-
ture as the average peak knee extension angle during
mid-stance increased by 2.9° in the left (more affected)
limb and 6.5° in the right (less affected) limb from base-
line exoskeleton walking without NMES (Table 1). Simi-
lar improvements were observed in total knee excursion
by 5.2° in the left (more affected) limb and 7.0° in the
right (less affected) limb from baseline exoskeleton walk-
ing. These improvements were observed despite a rela-
tively simple FSM approach which activated NMES
during stance phase, as indicated by time points at which
the FSR under the foot was beyond a pre-set threshold.

The slow gait velocity of this participant, who was assessed
at the GMFCS III level, resulted in relatively large delays
in both stimulation onset and offset compared to heel-
strike and toe-off (Fig. 6). However, the flexibility of the
controllable NMES design allows for the possibility of ac-
tivating NMES during other phases of the gait cycle that
may be beneficial for the target population, such as knee
extension assistance in late swing. Therefore, future work
should examine the optimal NMES duty cycle within the
stride to improve knee extension and gait speed in individ-
uals with crouch. Wearing the exoskeleton decreased gait
speed, which is consistent with observations from previous
studies [20]; after multiple practice sessions, gait speed im-
proved and similar improvement may be possible in this
participant, although that will be a focus of future study.
Conversely, walking in the exoskeleton without assistance
improved crouch compared to the prescribed AFO as
measured by peak knee angle, an effect that may be
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attributed to its knee-ankle-foot architecture which re-
stricts motion outside the sagittal plane. Further improve-
ment in crouch was observed with the addition of NMES
to the knee extensor muscles.

A similar, immediate orthotic effect on improved gait
kinematics has been found in other studies when applying
FES to the tibialis anterior [43], gastrocnemius [44], and
quadriceps [45]. While the mean improvement seen in
both limbs may have been significant only on the more af-
fected limb in this case, these data are mainly included to
demonstrate the NMES device operation and are too pre-
liminary to draw any conclusions about the clinical effects
given that these were from a limited number of strides in
a single subject. Sufficient opportunity to practice is likely
necessary to accommodate to these novel walking condi-
tions before the full effect can be quantified, and will be
done in multiple subsequent study visits. The improve-
ment to the knee angle profile could likely be enhanced by
increasing the intensity of stimulation delivered to the
quadriceps muscles. Perhaps more importantly, we antici-
pate that improvements in muscle strength, spasticity, and
unassisted gait kinematics could potentially be seen with
long-term use which could further enhance the improve-
ment in active knee extension.

NMES has been previously administered to lower limb
muscles of children with cerebral palsy intermittently
throughout the gait cycle in several studies, but the
method of triggering the administration of electrical
stimulation varied [29, 44, 46—48]. Some studies trig-
gered electrical stimulation via a preset on:off stimula-
tion time [44], while others initiated electrical
stimulation with a remote controller operated by a phys-
ical therapist visually observing gait state transitions
[46]. Other groups triggered the delivery of electrical
stimulation via ipsilateral footswitches [32, 47, 48] from
commercially-available, closed NMES digital systems. In
the present study, electrical stimulation was triggered
from our digitally-controlled NMES system using a finite
state machine, based on foot-ground contact and knee
angle [14], as the arbitrary digital input to the NMES.
Accordingly, the NMES system herein described is suit-
able for future use with an exoskeleton. A combined
exoskeleton NMES system provides significant advan-
tages for precisely timed delivery of stimulation during
walking. The exoskeleton architecture includes sensors
that track the limb during walking which are not avail-
able in NMES-only systems. While the benefits of using
motorized knee extension assistance from an exoskel-
eton [14, 15, 20] or FES [32] as treatments to improve
crouch have been reported, few studies exist combining
FES with exoskeleton assistance into a single, multi-
modal treatment [33-39]. Moreover, while these pub-
lished studies describe hybrid FES-exoskeletons that
have been tested conceptually on healthy adults [33, 34]
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and used clinically for adults with spinal cord injury
[35-38], to the best of our knowledge, no studies have
outlined the electromechanical design of integrating a
digitally-controlled NMES into a hybrid device in cere-
bral palsy, and no studies have presented experimental
results on the application of a hybrid NMES exoskeleton
in a pediatric population.

In the future, we propose that a system that combines
powered exoskeleton knee extension assistance with
NMES holds promising clinical significance. First, this
system would provide a convenient opportunity for chil-
dren with CP to incorporate NMES into their daily re-
habilitation regiments, which could lead to additional
improvements in functional movement outcomes as
electrical stimulation has been shown to strengthen
muscles in children with CP [49-51]. Further, the
synchronization of this combined therapy could build a
motor learning training paradigm to augment the effects
of strengthening muscles. NMES administered in a syn-
chronized manner could provide haptic biofeedback,
which trains users to learn which muscles should be acti-
vated throughout specific phases of the gait cycle, and
may lead to neuroplastic changes in the sensorimotor re-
gions and associated pathways. Signaling muscle contrac-
tion with timed NMES, a rehabilitation technique
described as providing “cutaneous cues” by Johnston et al.,
could train synchronized muscular contraction rhythms
for walking and other cyclic motions in patients with cere-
bral palsy [52]. Electrical stimulation preferentially targets
fast twitch muscle fibers, which may help increase the rate
of force production, shown to be more impaired and more
functionally relevant in CP than muscle weakness [53]. A
final potential advantage of electrical stimulation to the
quadriceps is to provide or increase the reciprocal inhib-
ition of the spastic knee flexors [22]. More studies are
needed to investigate the immediate and long-term effects
of synchronized NMES administered to the quadriceps
muscles and its efficacy as a treatment for crouch in chil-
dren with cerebral palsy [32].

The novelty of the present study lies in both its initial
clinical application to precisely trigger surface electrical
stimulation to the quadriceps of a child with bilateral spas-
tic CP, GMFCS Level III as well as the versatility of the
digitally-controlled NMES interface that was designed. In
previous studies that triggered the administration of elec-
trical stimulation at certain gait events, such as heel strike,
commercial gait training electrical stimulators were used
that use only a footswitch as the trigger for stimulation
[32, 47, 48]. This custom digitally-controlled NMES device
offers the flexibility of triggering electrical stimulation to
multiple muscles via an arbitrary digital input signal. Here
we showed initial feasibility and tolerability of stimulating
multiple knee extensor muscles that are synergistic with
the intended robotic assistance from the exoskeleton.
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While our initial focus has been the knee, extensor mus-
cles at the ankle, as well as the hip, also contribute to
crouch [54] and these as well as other muscles, e.g. ankle
dorsiflexors, are also excellent potential candidates for the
use of our NMES system to improve gait in CP. Therefore,
strengthening and/or assistance to those muscles [18] has
and should be investigated further instead of or in com-
bination with the knee extensors. Our controllable NMES
device could easily be incorporated with robotic devices
that target other joints for gait rehabilitation, such as the
ankle exoskeleton for children with CP proposed by Ler-
ner et al. [18], or otherwise could be used for a variety of
therapeutic applications where precisely timed muscle ac-
tivation assistance might be useful. The NMES device
could also be programmed to stimulate muscles controlling
different joints than those being assisted by the robotic exo-
skeleton. The ideal muscle targets for NMES and/ or joints
for robotic assistance that produce the largest immediate
and training effects will likely be patient-specific based on
individual functional capabilities and treatment goals. Fur-
ther, while not utilized in the present study, the digital con-
trol of the NMES calibration (amplitude, pulse width, and
frequency) provides the means for modulating NMES
waveforms automatically and in real-time, such as increas-
ing NMES intensity as more assistance is needed.
Limitations in this proposed design and study include
the simplicity of the FSM used for this experiment (two
state FSM). It would be beneficial to test the robustness
of NMES and exoskeleton assistance synchronization in
more complex cases, such as a five-state FSM and adap-
tive controllers which we have recently developed for
use with motorized assistance [42]. Testing the NMES-
exoskeleton system on only one participant presents an-
other limitation in making conclusions about its poten-
tial clinical effectiveness in other patients. Nevertheless,
this study design aimed to investigate feasibility of inte-
grating controllable NMES into an assistive device such
as a robotic exoskeleton for gait rehabilitation by dem-
onstrating its operation in one patient with the target
gait pathology. We recognize that the clinical results
presented, while interesting and encouraging, are prelim-
inary and will require further study. In future work, it
will be necessary to investigate the efficacy of combining
NMES and exoskeleton powered assistance as a treat-
ment for crouch gait, and comparing the improvements
to crouch when using a combined treatment compared
to each treatment in isolation, to better understand if
the continued development of a combined NMES and
exoskeleton treatment is viable and worthwhile for the
long-term rehabilitation of crouch gait in children with
CP and other neurological conditions. Finally, the lasting
effects of these two interventions on gait function need
to be evaluated by quantifying improvements in walking
with device assistance after intensive training studies.
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However, since the effects of strength training in par-
ticular will not persist in the absence of regular training,
either this device and/or progressive resistance training
would likely be advocated to maintain or potentially en-
hance benefits.

Conclusions

This report presents the design of a novel NMES system
built around the architecture of a commercially-available
four-channel, eight-electrode electrical muscle stimulator
that can be digitally calibrated and triggered by an arbi-
trary external digital signal with low-latency (16.5 + 13.5
ms) to administer electrical stimulation. The flexible con-
trol of the system allows this device to be incorporated
into a variety of rehabilitation projects. The present study
demonstrates the initial application of this system to trig-
ger electrical stimulation to the quadriceps muscles of a
child with cerebral palsy while walking in a pediatric ro-
botic exoskeleton; this application resulted in immediate
improvements to knee flexion during stance and should
be investigated further as a treatment for children with
crouch.
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