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Abstract

Neuromotor therapy after spinal cord or brain injury often attempts to utilize activity-dependent 

plasticity to promote functional recovery. Neuromuscular electrical stimulation that activates 

paralyzed or paretic muscles may enhance passive assistance therapy by activating more muscle 

mass and enriching the sensory pattern with appropriately timed muscle spindle activation. To 

enable studies of activity-dependent plasticity, a rodent model for stimulation-assisted locomotor 

therapy was developed previously. To be effective, however, such a system must allow lengthy 

sessions of repetitive movements. In this study, we implemented an adaptive pattern generator/

pattern shaper (PG/PS) control system for a rodent model of neuromotor therapy and evaluated its 

ability to generate accurate and repeatable hip movements in lengthy sessions by adjusting the 

activation patterns of an agonist/antagonist muscle pair. In 100-cycle movement trials, the PG/PS 

control system provided excellent movement tracking (<10% error), but stimulation levels 

steadily increased to account for muscle fatigue. In trials using an intermittent movement 

paradigm (100 sets of five-cycle bouts interspersed by 20-s rest periods), excellent performance 

(<8% error) was also observed with less stimulation, thus indicating reduced muscle fatigue. 

These results demonstrate the ability of the PG/PS control system to utilize an agonist/antagonist 

muscle pair to control movement at a joint in a rodent model. The demonstration of repeatable 

movements over lengthy intermittent sessions suggests that it may be well suited to provide 

efficient neuromotor therapy.
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I. Introduction

Physical therapy that uses passive movements or treadmill training has been shown to 

promote activity-dependent plasticity in spinal circuitry, thus enhancing motor recovery 

after neuromotor damage caused by spinal cord injury (SCI) [1]–[4], stroke [5], or traumatic 

brain injury [6]. Evidence suggests that appropriately timed neuromuscular electrical 

stimulation of paralyzed or paretic muscles can also enhance the speed and efficiency of 

walking in people with incomplete SCI [7]–[9]. Rehabilitative movement therapy can affect 

change from the cellular to the systems level [3]. Spinal cord and cortical circuitry changes 

are observed with use of electrical stimulation to elicit movement patterns [10], and 

electrical stimulation of peripheral nerves can trigger upregulation of cellular neurotrophic 

factors that promote axonal regeneration [4].

The rodent model, which has been widely used in a broad range of studies on neurotrauma 

and assessment of role of exercise therapy in enhancing sensorimotor recovery [11]–[14], 

could play an important role in gaining a better understanding of the neurophysiological 

mechanisms underlying neuromuscular stimulation-assisted therapy and could help to 

determine the most effective protocols for this therapeutic paradigm. In a previous study, we 

had developed a rodent model for neuromuscular stimulation-assisted therapy [15], [16] that 

used an open-loop feed forward controller to stimulate the hip flexor and extensor muscles 

in awake incomplete SCI rodents to produce bilateral coordinated movement of unloaded 

hindlimbs. The usefulness of the therapy system was limited, however, because the open-

loop control system was not able to generate an accurate desired movement pattern nor was 

it able to adjust to account for muscle fatigue. In extended neuromotor retraining sessions, it 

will be particularly important to generate a suitable movement pattern in a repeatable 

fashion. In the current paper, we addressed these shortcomings by implementing an adaptive 

control system in the rodent model.

The adaptive pattern generator/pattern shaper (PG/PS) control system was developed to 

control cyclic movements using neuromuscular stimulation [17], and prior studies in human 

subjects demonstrated its ability to control cyclic limb movements in a paradigm in which a 

single muscle acts against gravity [18], [19]. For the proposed application in motor 

retraining, it will also be necessary for the control system to effectively utilize agonist/

antagonist pairs of muscles and generate repeatable movements over extended trials with 

intermittent rest periods, since this is the paradigm that is most likely to be used in therapy 

sessions either in the clinic or in the research laboratory. Furthermore, since this study is 

focused on the development of the rodent model for this type of therapy, it is important to 

document the ability of the PG/PS system to control movements by activating lower limb 

muscles using implanted electrodes.
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Therefore, in this paper, we have implemented the PG/PS control system in a rodent model 

and evaluated its ability to use agonist/antagonist muscle activation to control cyclic 

movements of the hip. Furthermore, we have characterized the ability of the controller to 

work in an intermittent movement paradigm (groups of movement cycles interspersed with 

rest periods), which will enable its use in lengthy neuromotor retraining sessions. In the 

evaluations, we have also implemented an open-loop stimulation paradigm because it is 

currently the most widely used system in the clinic and research laboratories and because it 

provides a context in which the performance of the adaptive controller can be characterized.

II. Methods

A. Surgical Preparation and Experimental Setup

We report data obtained from six hindlimbs from four intact, adult, female Long–Evans rats 

weighing 250–300 g (Table I). All procedures followed guidelines established by the 

Institutional Animal Care and Use Committee of Arizona State University. Prior to surgery, 

animals were anesthetized by administering sodium pentobarbital (35 mg/kg, i.p.) 

supplemented with 1%–1.5% isoflurane. The level of anesthesia was monitored by toe 

pinch, observation of respiration rate, and eye blink, and was maintained with 1%–1.5% 

isoflurane for the duration of the experiment. Although the effects of anesthesia on muscle 

strength remain controversial [20], in our study, we did not observe discernible effects of 

anesthesia on the ability to stimulate muscle and the stimulated responses were qualitatively 

similar to those observed in awake rodents and human subjects in other studies in our 

laboratories. Two cubic centimeters of 0.9% sodium chloride was also administered every 2 

h to avoid dehydration. Monopolar intramuscular stimulating electrodes were implanted 

adjacent to the motor points of the hip extensor [biceps femoralis–hip (BFh )] and hip flexor 

[iliapsoas (IL)] muscles. In the rodent, BFh (anterior head) arises from the last sacral and the 

first caudal vertebrae, and inserts into the distal end of the femur; thus, it is a uniarticular hip 

extensor. The electrode wire was anchored in place using the retaining disks, and both disks 

were sutured to the surface of the muscle membrane using 5-0 absorbable suture (Dexon II; 

United States Surgical, Tyco Healthcare, Mansfield, MA) and the skin was sutured. A 

needle electrode was inserted under the skin in the back for use as a reference electrode. The 

stimulating electrodes were custom-made using Teflon-coated stainless steel wire 

(AS632-50-μm multistranded, Cooner Company, Chatsworth, CA), nonabsorbable 

polyurethane suture, and retaining disks. The electrode was based on previous designs that 

have been described in greater detail [21].

The rats were then placed on a horizontal base plate that was mounted on a custom frame 

placed on a table. The free ends of the implanted electrodes were connected to an isolated 

pulse stimulator (FNS16-CWE, Inc., Ardmore, PA) that was controlled by a PC using 

custom-designed software (LabVIEW, National Instruments, Inc., Austin, TX). In order to 

measure leg angle, an external rotary angle sensing potentiometer (Digikey, PVS1A103A01) 

was used. A small holder was custom-designed and built to attach the potentiometer and a 

rotating rod to the suspended hindlimb, as shown in Fig. 1. For real-time measurements of 

sagittal plane leg angle, the center of the potentiometer was aligned with the hip joint and 

the rotating rod passed through a plastic sleeve that was attached proximal to the ankle of 
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the hindlimb. In this arrangement, hip flexion–extension movements caused rotation of the 

potentiometer and the sliding movement of the rod within the sleeve allowed for pure hip 

measurements. The potentiometer offered little resistance to rotation and components 

attached onto the leg weighed approximately 1 g, and therefore, were unlikely to constitute a 

significant load on the leg. The potentiometer was configured as a voltage divider and the 

output voltage was sampled, on request by the controller (at 25 Hz), by a PC using a DAQ 

board (model PCI-MIO-16E-1, National Instrument, Inc.) to provide real-time 

measurements of leg angle. In previous experiments [15], fused contractions on stimulation 

of rat hindlimb muscles were observed at 75 Hz stimulus frequency within a pulsewidth 

range of 10–100 μs. Therefore, electrical stimulation consisted of a cathodic-first, charge-

balanced, 40 μs per phase, constant-current biphasic waveform delivered at 75 Hz. The 

adaptive control system used in this study to activate hip movements updated the stimulation 

current pulse amplitude at 25 Hz. Thus, the stimulation current input value was updated at 

every three pulse intervals. This reduction in update rate was used to accommodate the 

timing lag in serial communication between the computer and the stimulator. The 

measurement of leg angle was also done at 25 Hz.

B. PG/PS Controller

The operation of the PG/PS control system, which has been described in detail in previous 

papers [17], [22], is summarized here. The control system consists of two major 

components: the PG and the PS, as shown in Fig. 2. The role of the PG is to provide general 

timing information for producing a given cyclic movement, i.e., it provides an oscillatory 

signal at the desired movement frequency. This signal is adaptively customized by the PS to 

determine the specific stimulation pattern used to activate the muscle. In this study, a fixed-

frequency desired cyclic movement has been defined; hence, the PG is the same for all the 

animals, and therefore calculations for the PG were not performed in real time [23]. The PS 

is a single-layer neural network with each neuron output in the shape of a raised cosine 

waveform, thus forming a set of basis functions. The number of basis functions (neurons in 

the neural network) was set to be equal to the number of time steps across a desired 

movement period and the basis function outputs were time-shifted with respect to each other 

(Fig. 2). The network parameter na determines the width of the individual basis functions; 

each basis function was set to have activity spread (nonzero values) over na time steps. In 

this study, na was set to 3, 5, or 7 time steps. No performance differences were apparent 

between the three time-step settings. In this coarse-coding technique, each basis function 

contributes to the stimulation levels at more than one time step. Since the period of a single 

desired cyclic movement was set to 960 ms and the controller update frequency was 25 Hz 

(time step T = 40 ms), the number of basis functions was set to be 24 (=960/40) so that one 

basis function reached its peak activity level during each time step in a movement period. 

The controller output of the PS at each time step, which is denoted by z(t), is a weighted 

summation of the basis functions

(1)
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where yj (t) is the output of the basis function j at time t, m is the number of basis functions, 

and wj (t) is the output weight for basis function j. The network output value z(t)—which has 

an output range from 0 to 1—is scaled by the maximum stimulation intensity (stimulus 

current amplitude) for each channel.

The PS modifies the output weights wj (t) in order to scale the contribution of each basis 

function to the PS output time series. Given the inherent delays between muscle stimulation 

and movement, an error in movement pattern at a given time can be attributed to the errors 

in past stimulation values. Therefore, the PS learning algorithm uses the error at the current 

time step to change the weights on basis functions that were active at prior time steps

(2)

where Δwj (t) is the change in output j of the PS network, η is a constant learning rate, e(t) is 

the error measured between the desired and measured angle, T is the controller update 

period, and n is the number of past activation values used by the algorithm. In this study, η = 

0.002 and n was set at either 7 or 9. These values were guided by a previous simulation 

study [22]. Since this study required control of two muscles (agonist and antagonist), the 

learning algorithm was implemented with one PS per muscle to be stimulated. The error 

signal for the antagonist was defined as the negative of the error signal for the agonist, since 

their effects on movement are in opposite directions.

C. Experimental Protocol and Data Analysis

In separate trials, an open-loop and an adaptive PG/PS control system were each used to 

control cyclic movement of the swinging hindlimb. A template movement pattern for the 

angular hip rotation was developed based on prior data on hip joint angle kinematics 

obtained during treadmill walking by age- and weight-matched intact rodents [24], but the 

excursion range of the template pattern was adjusted for different hindlimbs based on initial 

measurements of peak movement amplitude. The period of one complete cycle of movement 

was set at 960 ms to approximate a slow walking pace for the rat. Initially, the minimum 

amplitudes of 40-μs monophasic current pulses required to elicit a twitch in the BFh, and IL 

muscles were determined. Swinging movements for five testing cycles were generated using 

an open-loop control system by stimulating the BFh, and IL muscles with pulse trains at 1.5 

or 1.8 times the minimum twitch threshold current value for that channel. The maximum 

range of angular excursion was recorded during these testing cycles, and a desired 

movement pattern for each leg was created by scaling the template pattern by the recorded 

maximum angular value. Table I summarizes the initial twitch thresholds and the amplitudes 

of the desired pattern for each leg tested in this study. The stimulation current amplitudes 

delivered to the BFh, and IL muscles when testing the five cycles were termed the “open-

loop amplitudes” of BFh, and IL, respectively. While the adaptive PG/PS control system 

automatically customized the stimulation current pulse amplitudes, the open-loop control 

system used the fixed-amplitude settings. The open-loop control system was set to alternate 

activation of the hip flexors and extensors by stimulating the IL muscle for 550 ms and the 

BFh, muscle for 410 ms during a trial.
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Each hindlimb was tested in two types of stimulation paradigms: 1) an uninterrupted 

movement paradigm with 100 cycles of alternating flexor/extensor stimulation (96 s of 

movement with no rest periods) and 2) an intermittent movement paradigm with 500 cycles 

divided into groups of five cycles of alternating flexor/extensor stimulation (4.8 s of 

movement) interspersed with 20-s rest periods (for a total of 480 s of stimulation in a trial 

that lasted 2460 s).

This second paradigm was designed to mimic a paradigm that could be useful in the clinic to 

achieve long therapeutic sessions by providing intermittent rest periods to delay the onset of 

muscle fatigue, since stimulated muscles tend to fatigue very rapidly [25]. In a stimulation-

assisted neuromotor retraining paradigm, this fatigue could limit the length of each therapy 

session, and therefore, may reduce the efficacy of the treatment. In the clinic, therapists 

often intersperse rest periods between bouts of movement therapy in an attempt to 

administer sufficient number of movement repetitions. Therefore, the intermittent movement 

paradigm was designed to evaluate the ability of the adaptive PG/PS control system to 

generate cyclic movements in a therapeutic paradigm that included longer trials with rest 

periods interspersed. The motivation of this evaluation was to examine how much the rest 

periods in an intermittent trial would disrupt tracking performance during the first few 

movement cycles after the rest period. The intermittent pattern of five-cycle movement 

bouts and 20-s rest periods was selected after initial experiments demonstrated that this 

paradigm did not induce the rapid fatigue observed in the uninterrupted movement 

paradigm, thus allowing a larger number of movements cycles within a training session.

Both paradigms were tested with the open-loop and the adaptive PG/PS control systems. 

Open-loop control trials always preceded the PG/PS control trials, and testing with an 

uninterrupted paradigm always preceded the intermittent paradigm testing. By using this 

sequence, the results from the uninterrupted paradigm were the least affected by cumulative 

muscle fatigue. There was also a 1-h rest period before every trial to allow the muscles to 

recover from cumulative fatigue. In the intermittent movement paradigm, a desired 

movement pattern was created such that the starting point of the pattern was matched with 

the neutral (free hanging) leg position. During the cyclic movements generated by electrical 

stimulation, the hip joint angles and stimulation current pulse amplitudes were recorded. 

Open-loop control systems are often used in the clinic and research laboratories to provide 

electrical stimulation for movement therapy; we compared the performance of the PG/PS 

control system with an open-loop control system used in a similar intermittent paradigm.

In order to evaluate tracking performance, the percent rms error between the actual joint 

angle and the desired movement pattern was calculated as a percent of the movement range. 

To quantify the level of stimulation input during a given movement cycle, the electric charge 

(in coulombs) delivered to muscles per cycle of movement was calculated as the total 

summation of the product of width and amplitude of the cathodic phases of the pulses during 

a cycle.
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III. Results

A. Hip Movements Evoked by Electrical Stimulation Using Open-Loop or Adaptive PG/PS 
Control System

Fig. 3 shows the first and last ten cycles of movement in a single 100-cycle trial evoked by 

the open-loop and adaptive control systems in the same hindlimb. The envelopes of the 

stimulation current pulse amplitudes delivered to the hip flexor and extensor muscles during 

the first and the last ten cycles are also shown. As shown in Fig. 3(a), the open-loop control 

system, which used fixed stimulation current pulse amplitudes, poorly approximated the 

desired movement, but it successfully elicited the full range of desired output at the 

beginning of the trial. However, as the trial progressed, the movement range lowered 

substantially, presumably due to muscle fatigue. Unlike the open-loop control system, the 

adaptive PG/PS control system customized the stimulation current pulse amplitudes based 

on the error between desired and measured output angles. Consequently, the PG/PS control 

system was able to track the desired movement pattern well after an initial adaptation period, 

and this tracking performance was maintained throughout the remaining cycles of the trial 

[Fig. 3(b)]. Note that while the PG/PS control system optimally adjusted the stimulation 

current pattern to obtain the desired movement pattern, it automatically increased the 

stimulation current pulse amplitudes in order to maintain the same degree of contraction as 

the muscles fatigued.

B. Tracking Performance of Adaptive Control System

Fig. 4 shows the percent rms error (per cycle) from the six hindlimbs when tested for the 

100-cycle stimulation paradigm using the adaptive PG/PS control system. On average, the 

PG/PS control system rapidly adjusted the stimulation to achieve tracking errors below 10% 

by approximately cycle 15, and then maintained or improved upon that performance 

throughout the rest of the trial.

The movement range per cycle averaged for all hindlimbs (±1 standard deviation) for the 

open-loop and the adaptive control are shown in Fig. 5. As the trial progressed, the open-

loop control system was not able to generate sufficient contraction. Thus, there was a 

relatively quick reduction in movement range during the first 30 cycles followed by a 

gradual reduction to less than 30% by the end of trial, while the PG/PS control system 

maintained good movement range throughout the trial.

C. Intermittent Movement Paradigm for Extended Stimulation

Fig. 6 shows the movement pattern during the first, the middle, and the last set of five cyclic 

movements for a single intermittent trial. These plots demonstrate that after adapting over 

the first few sets of cycles, the adaptive PG/PS control system was able to accurately 

produce the desired movement pattern throughout the entire duration of the intermittent trial.

For the intermittent movement paradigm, the adaptive PG/PS control system retained the 

neural network weights during the rest interval. This feature of the controller may be 

advantageous in tracking a desired movement pattern when the next set of movement cycles 

is initiated. However, muscle properties could change during the stimulation rest period, 
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thus leading to poor movement tracking when stimulation is resumed. Fig. 7 shows the 

percent rms error of each cycle (1–5) within a set of intermittent movements, averaged 

across all sets of five movements and also across all six intermittent training trials (from six 

hindlimbs). Although the rms error for the first cycle of the intermittent sets tended to be 

larger than those for the remaining cycles, the mean rms error was maintained at lower than 

8% during the course of intermittent trials. These data indicate that the rest periods utilized 

in the intermittent trials did not affect the ability of the PG/PS control system to accurately 

control cyclic movements.

The intermittent movement paradigm was also tested with the open-loop control system. 

Fig. 8(a) and (b) shows the changes in mean maximum output range for six trials (± 1 

standard deviation) from the adaptive PG/PS and the open-loop control systems, 

respectively. While the PG/PS system still achieved the maximum range of the desired 

movement pattern throughout the trial, the open-loop system using the fixed stimulation 

current amplitudes was not able to produce the desired movement range as the trial 

progressed.

D. Stimulation Levels Delivered by PG/PS Control System

Fig. 9 shows an example of the electrical charge per cycle delivered to the flexor as a 

function of cycle number for the continuous and the intermittent movement paradigm from 

hindlimb B using the adaptive PG/PS control system. While the charge per cycle steadily 

increased throughout the continuous trial, the charge per cycle remained constant during the 

latter stages of the 500 movement cycles in the intermittent trials. Although the intermittent 

trials consisted of five times as many movement cycles, they utilized less stimulation per 

cycle than in the continuous stimulation paradigm (25% less in the trials shown). The 

plateau in this plot from the intermittent trial indicates that the adaptive control system was 

able to repeatedly generate the desired movement without inducing further fatigue. This 

feature of the adaptive control system when used in an intermittent movement paradigm 

could enable long and effective therapy sessions.

IV. Discussion

The most important results of this study are: 1) the ability of the adaptive PG/PS system to 

utilize an agonist/antagonist pair of muscles to control cyclic movements, which expands the 

repertoire of movements that this controller can achieve; 2) the ability of the adaptive PG/PS 

system to control movements during an intermittent training paradigm, which increases its 

potential utility in the clinic and in research laboratories; and 3) the ability of the adaptive 

PG/PS system to use implanted electrodes to control movements in the rodent model, which 

makes it a potentially useful tool in animal studies designed to investigate the mechanisms 

that underlie electrical stimulation-assisted neuromotor therapy. Furthermore, this study 

provides additional evidence from studies on physiological systems of the ability of this 

adaptive control system to automatically determine an appropriate stimulation pattern to 

generate a specified movement in an individual and automatically adjust stimulation patterns 

to account for muscle fatigue. Each of these points is further discussed below.
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In prior tests on human subjects, the PG/PS control system had been used to control 

isometric muscle force [23] and cyclic limb movements by stimulating a single muscle that 

acted against gravity [18], [19]. In the present study in the rodent model, the controller 

utilized an agonist/antagonist pair of muscles to generate leg movements. This capability of 

the PG/PS system is particularly important, since most activities involve reciprocal 

activation of agonist/antagonist pairs of muscles. Such a reciprocal activation pattern is 

similar to the pattern observed under physiological activation [24]. The controller iteratively 

establishes a customized mapping for each muscle acting at the joint by adapting the weights 

of its PS unit. The asymmetry in agonist/antagonist activation patterns is evident in the 

stimulation profiles shown in the bottom row of plots in Fig. 3(b). At the end of the trial, the 

PG/PS control system generated the movement by providing higher levels of stimulation to 

the hip flexor than the hip extensor. Furthermore, these results also demonstrate that the 

PG/PS control system can account for fatigue when using the agonist/antagonist 

arrangement. This feature is particularly important because muscles fatigue at a higher rate 

with electrical stimulation than with physiological activation, primarily due to the fact that 

the larger more fatigable fibers have a lower activation threshold when using electrical 

stimulation [26] and that electrical stimulation frequencies are typically higher than 

physiological rates in order to achieve a fused contraction with synchronous muscle fiber 

activation. With open-loop control, even if the specified stimulation levels were capable of 

generating the desired movement excursion at the beginning of the trial, movement range 

rapidly degraded [as shown in Figs. 3(a), 5, and 8(b)], presumably due to muscle fatigue. 

Although the rate of muscle fatigue is different between the continuous and intermittent 

trials [Figs. 5 and 8(b)], this rapid reduction in performance observed for all hindlimbs may 

also be attributed to the fact that in the rat, the stimulated hindlimb muscles are composed 

mainly of fast twitch (fast fatigable) fibers [27]. The PG/PS control system accounted for the 

muscle fatigue by adjusting agonist/antagonist stimulation levels to maintain good 

movement range throughout the trials.

In the clinic and the research laboratory (both in animal and human studies), exercise or 

therapy sessions typically involve bouts of activity interspersed with rest periods [2], [8], 

[13], [28]. The rest periods are introduced to reduce the overall rate of fatigue, and therefore, 

increase the total number of repetitions that can be completed within a session. This 

exercise/therapy paradigm with intermittent rest periods could possibly interfere with the 

accurate tracking performance during the first few cycles following the rest period because 

the alternation of fatigue/recovery could produce oscillatory changes in muscle properties 

that could induce instabilities in the adaptation process. In particular, if adaptation is too fast 

(i.e., if the learning rate is too high), the control system may overreact to changes in system 

properties in a manner that would be compounded by alternating fatigue/recovery. The 

results shown here indicate that the controller always responded in a stable manner and that 

performance was only minimally affected by the rest periods of the intermittent paradigm 

[Figs. 7 and 8(a)]. The rms error from the first cycle of every set tended to be only slightly 

higher than the error from the last cycle of the previous set (Fig. 7). This change in rms error 

is presumably in part due to slight changes in muscle properties during the resting intervals. 

However, the degradation in performance was minimal (1.1%), thus demonstrating that the 

rest periods introduced in the intermittent movement paradigm did not adversely affect the 
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adaptive processes and that the PG/PS control system can function properly in this 

paradigm. In addition, as shown in Fig. 9(b), while the charge per cycle steadily increased 

throughout the shorter continuous trial, the total amount of charge per cycle was contained 

for the longer intermittent trial, hence indicating the absence of significant cumulative 

fatigue in the intermittent paradigm trials.

In prior studies controlling cyclic movements, the PG/PS control system was tested in a 

paradigm that used transcutaneous electrical stimulation (surface electrodes) to activate the 

quadriceps to generate movements of the lower leg against gravity. When used in a chronic 

rodent model of electrically stimulated neuromotor therapy, there are differences that could 

affect control system performance: 1) implanted electrodes must be used, which typically 

have recruitment characteristics that are different from surface electrodes; 2) the dynamic 

response of smaller rat muscles are different from the large muscles of the human lower 

extremity; and 3) the inertial loads of the rat hindlimb are different from the inertial 

properties of the human lower leg. The results of the study reported here are an important 

extension of prior research in that this study demonstrates the ability of the PG/PS control 

system to account for the nonlinear recruitment properties and the dynamic properties of the 

muscle/limb in the rodent model with implanted electrodes. The study has focused on the 

hip because it is the most proximal joint, and therefore, plays an important role in 

controlling limb dynamics and because sensory feedback from the hip has been shown to be 

a critical component of sensorimotor integration during locomotion [29]. Future studies will 

address the issue of activating muscles that act at the knee and ankle to achieve coordinated 

limb control.

For practical use in the clinic, the primary advantage of the PG/PS control system is its 

ability to automatically customize stimulation parameters for an individual and 

automatically adjust these parameters to account for fatigue [19]. The results presented here 

build upon this study and provide additional evidence of the adaptive capabilities of the 

PG/PS system. The adaptive control system was able to generate the specified movement 

pattern in a repeatable manner in all of the legs tested without altering controller parameters 

other than the maximum stimulation level (Figs. 3(b) and 5). The PG/PS control system was 

thus able to automatically account for differences in muscle strength, muscle fiber 

recruitment nonlinearities, and the activation/contraction dynamics of the muscle that was 

stimulated [18]. The practical implication of this demonstration is that in the research 

laboratory or the clinic, the movement therapy can readily be performed on an individual in 

a manner that does not require special training or experience by the operator. In addition, 

unlike other controllers using neural network paradigms [30], [31], the PG/PS adaptive 

control system is customized to individual muscles using online training without the need 

for offline iterations. As shown in Fig. 5, on average, the controller learned the appropriate 

stimulation patterns within approximately 15 cycles. This rapid automatic customization 

with sustained performance makes this controller an attractive option for use in providing 

daily movement therapy to multiple animals in the research laboratory or a variety of 

humans in the clinic.

In this paper, we used an open-loop control paradigm as a basis upon which to demonstrate 

the performance capabilities of the PG/PS control system. There are many options for 
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feedback or adaptive control that would outperform an open-loop system, but the open-loop 

paradigm was chosen for comparison because it is often used in the clinic and research 

laboratories and because it provides a readily implemented, repeatable comparative base. 

Although an extensive comparison of various feedback or adaptive control strategies may be 

informative, this was not the objective of the study reported here.

One potential disadvantage of using an adaptive (or feedback) approach is the need for 

sensors to provide feedback to the control system. In this study, we used a custom-designed 

goniometer system attached to a brace, while other studies have utilized implanted, body-

mounted, or laboratory-based systems. Each of these sensor options provides added 

complexity and potential sources of system failure. Based on the results of this study and 

previous PG/PS control system implementations, the advantages provided by this control 

system may outweigh the disadvantages associated with the sensor system.

As an alternative to directly stimulating motor neurons, electrical pulses can also be used to 

stimulate sensory fibers to elicit a reflex response, and with repeated activation, this type of 

stimulation can be used as a therapeutic modality to induce plasticity in sensorimotor 

circuits. For example, stimulation of the flexion withdrawal reflex can assist a person with 

an incomplete SCI in bringing their leg forward during the swing phase of gait. When used 

as therapy, the technique has resulted in a carryover of increased functional mobility and 

speed, decreased effort, and improved intralimb coordination during unstimulated over-

ground locomotion [28]. In this case, patterned nerve stimulation that mimics sensory 

afferent stimulation during walking rather than unpatterned stimulation leads to beneficial 

adaptation of the spinal H-reflex [10], i.e., functional plasticity in sensorimotor circuits was 

observed when the timing of the sensory stimulation was coordinated with the ongoing 

movement pattern. Such context-dependent learning of motor responses to sensory 

stimulation has also been demonstrated in spinal-cord-transected rodents [32]. The PG/PS 

paradigm presented here used direct activation of motor neurons to generate repeatable 

movement patterns. Although the stimulation pulses may not have directly elicited reflex 

responses, the resulting sensory pattern may be sufficient to promote spinal learning. The 

coordinated activation of muscle spindle afferents, joint proprioceptors, and cutaneous 

receptors may provide sufficient multimodal feedback to elicit meaningful context-

dependent learning, and therefore, lead to improved motor recovery after neurotrauma such 

as SCI.

V. Conclusion

In this study, we have extended the investigation of the efficacy of PG/PS control system to 

a rodent model for neuromuscular stimulation therapy that uses agonist/antagonist control. 

The results of this study showed that the adaptive PG/PS control system was able to track 

the desired hip movement pattern by automatically adjusting stimulation levels delivered to 

hip flexor and extensor muscles and also that tracking performance remained consistent 

when utilized in an intermittent movement paradigm. These results suggest that the adaptive 

PG/PS control system may be well suited for generating cyclic joint movements using 

neuromuscular electrical stimulation therapy over lengthy sessions. Further animal 
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experiments and translational studies are in progress to evaluate the ability of this adaptive 

electrical-stimulation-assisted therapy to promote neural plasticity after SCI or brain injury.
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Fig. 1. 
Schematic drawing of the external angle sensor attached to a rodent hindlimb. A small rotary 

potentiometer (indicated by white arrow) is encased in an external support. A rigid pole 

(indicated by solid arrow) rotates about the center of the potentiometer that is aligned with 

the hip joint and connected to the hindlimb through a plastic tube attached just above the 

ankle. The rotating pole has an additional rotational degree of freedom (rotating in the 

coronal plane) to allow for unrestricted abduction/adduction movements.
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Fig. 2. 
Diagram of the adaptive PG/PS control system. The controller determines the stimulation 

output current based on the error signal (θdesired – θmeasured ) to adapt the output weights in 

the PS neural network. The basis function outputs are raised cosine waveforms, time-shifted 

with respect to each other and spread over na time steps (where na = 3, 5, or 7). In this 

coarse-coding technique, each basis function contributes to the stimulation level at more 

than one time step. The number of basis functions was set to the number of time steps across 

a desired movement period. The error term that went to the antagonist was negative of the 

error term for the agonist. The PG was not implemented in real time in this study, and 

therefore, the PS basis function outputs were periodic and stored in a lookup table for access 

during the PS calculations of each controller iteration.
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Fig. 3. 
Example of open-loop and PG/PS adaptive control outputs and stimulation levels for 

hindlimb D. (a) Open-loop stimulation pattern (bottom) and movement pattern (top) during 

the first ten cycles and the last ten cycles of a single 100-cycle trial. (b) PG/PS adaptive 

control system stimulation pattern (bottom) and movement pattern (top) during the first ten 

cycles and the last ten cycles of the 100-cycle trial. The top rows of (a) and (b) show desired 

(dotted) and measured angle output (solid) trajectories and the bottom rows show stimulus 

current pulse amplitude patterns delivered to the muscles. The horizontal axis shows time (in 

seconds); the vertical axis shows joint angle (in degrees) with hip extension defined as 

positive. The small circles indicate the onset of a cycle. The stimulation current pulse pattern 

is the envelope of the stimulation current pulse amplitude updated by the controller at 25 Hz 

for the PG/PS control system, whereas the open-loop control system used predetermined 

stimulus current pulse amplitude envelopes. These plots demonstrate that the open-loop 

control system achieved good movement excursion at the beginning of the trial, but this was 

substantially reduced toward the end; the adaptive control system quickly learned to achieve 

very good movement tracking, and this was maintained through the end of the trial by 

automatically adjusting the stimulation patterns.
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Fig. 4. 
Tracking performance of the PG/PS adaptive control system obtained from all animals. The 

percent rms error of angle output from each cycle of all six trials for the PG/PS control 

system. The mean percent rms error across these trials is indicated by the thick line. The 

horizontal axis shows cycle number. This plot demonstrates that the adaptive control system 

rapidly achieved and maintained good performance (low tracking error) in each of the six 

trials.
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Fig. 5. 
Changes in movement range per cycle ± 1 standard deviation averaged across all trials for 

the PG/PS adaptive and open-loop control systems. The output range is given as a percent of 

the maximum range of the desired movement pattern. The horizontal axis shows cycle 

number. This plot demonstrates that the open-loop control system achieved good movement 

excursion at the beginning of the trial, but it rapidly decreased to less than half of the desired 

movement range; the adaptive control system rapidly learned to achieve a good movement 

range and maintained this performance throughout the trial.
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Fig. 6. 
Example of PG/PS control system output (hindlimb F) in an intermittent training paradigm: 

angle output trajectories (top) and stimulus current amplitude patterns (bottom). Plot details 

as in Fig. 3. The first column shows output for the first set of five movement cycles (cycles 

1–5), the second column shows a middle set (cycles 241–245), and the third column shows 

the 100th set (cycles 496–500). The intermittent training paradigm used sets of five 

movement cycles (4.8 s stimulation) interspersed with 20 s of rest. These plots demonstrate 

that the adaptive control system achieved and sustained good movement tracking throughout 

the trial.
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Fig. 7. 
Tracking performance of the PG/PS adaptive control system for the intermittent training 

paradigm. Box plots of the percent rms error resulting from each cycle within the sets of five 

cycles during the intermittent movement trial are shown. The raw movement data (solid) and 

desired movement (dotted) from one representative set of five cycles are also presented. The 

rms error values for each cycle were averaged across all five-cycle sets except for the first 

four sets of each of the six intermittent trials. The mean rms error for each cycle number 

within the five-cycle set is indicated inside the box. The box represents the interquartile 

range that contains 50% of the values and a line across the box indicates the median. The 

whiskers represent 1.5× the interquartile range and outliers (data beyond the ends of the 

whiskers) are represented as circles. The rms error for the first cycle of the movement sets 

(i.e., the one just after the rest period) tended to be larger than those for the remaining 

cycles. The mean difference in the rms errors between the first cycle of the next set and the 

last cycle of the previous set was 1.1% ± 2.7%.
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Fig. 8. 
Changes in maximum output range of cyclic movement ±1 standard deviation averaged 

across all trials for (a) the PG/PS adaptive and (b) the open-loop control system during a 

500-cycle movement from an intermittent training paradigm. The intermittent movement 

trial consists of 100 sets of stimulation of five movement cycles (4.8 s stimulation) 

interspersed with 20 s of rest (500 cycles, 8 min stimulation in total). The horizontal axis 

shows only the successive stimulating cycle number and the output range is given as a 

percent of the maximum range of the desired movement pattern.
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Fig. 9. 
Example of charge delivered per cycle by the adaptive control system to the flexor 

(hindlimb B) during (a) continuous (100 cycles—ON) and (b) intermittent movement trials 

(100 sets of five movement cycle bouts with 20-s rest periods interspersed). The charge per 

cycle was calculated as the total summation of the product of width and amplitude of the 

cathodic phases of the pulses during a cycle. The maximum stimulation current pulse 

amplitudes at the end of the continuous and intermittent trials were 5.2 and 3.9 mA, 

respectively. Note that the charge per cycle steadily increased throughout the continuous 

trial, but reached a plateau and was sustained during the intermittent trials. These plots 

suggest that fatigue increased throughout the latter half of the continuous movement trial but 

that the muscle fatigue had reached a plateau during the intermittent trial.
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