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Abstract—Functional electrical stimulation (FES) attempts to 

restore motor behaviors to paralyzed limbs by electrically 

stimulating nerves and/or muscles.  This restoration of behavior 

requires specifying commands to a large number of muscles, each 

making an independent contribution to the ongoing behavior.  

Efforts to develop FES systems in humans have generally been 

limited to pre-programmed, fixed muscle activation patterns.  

The development and evaluation of more sophisticated FES 

control strategies is difficult to accomplish in humans, mainly 

because of the limited access of patients for FES experiments.  

Here, we developed an in vivo FES test platform using a rat 

model that is capable of using many muscles for control and that 

can therefore be used to evaluate potential strategies for 

developing flexible FES control strategies.  We first validated this 

FES test platform by showing consistent force responses to 

repeated stimulation, monotonically increasing muscle 

recruitment with constant force directions, and linear summation 

of co-stimulated muscles.  These results demonstrate that we are 

able to differentially control the activation of many muscles, 

despite the small size of the rat hindlimb.  We then demonstrate 

the utility of this platform to test potential FES control strategies, 

using it to test our ability to effectively produce open loop control 

of isometric forces.  We show that we are able to use this 

preparation to produce a range of endpoint forces flexibly and 

with good accuracy.  We suggest that this platform will aid in 

FES controller design, development, and evaluation, thus 

accelerating the development of effective FES applications for the 

restoration of movement in paralyzed patients. 

 
Index Terms—functional electrical stimulation, isometric 

force, muscle stimulation, rat hindlimb.  

 

I. INTRODUCTION 

unctional electrical stimulation (FES) attempts to 

restore motor behaviors to paralyzed limbs by electrically 

stimulating nerves and muscles [1-3].  The long-term goal of 

FES research is to return patients to their functional state 

before the injury.  In order to achieve this goal, FES systems 

must be able to flexibly coordinate the activation of a large 
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number of muscles throughout the paralyzed limb.  FES 

studies in humans have stimulated a large of number of 

muscles to restore behaviors such as standing [4, 5], walking 

[5-7], or grasping [8-12].  However, these FES systems 

typically restore a single motor act (or a few similar 

behaviors) by modulating a fixed pattern of activations.  For 

example, in the Freehand system [13], muscles are activated in 

a fixed pattern in order to restore hand grasp.  Although this 

activation helps restore functional ability to patients, the 

limited number of activation patterns restricts the motor 

repertoire available to the patient.  To restore a broad range of 

motor behaviors it is necessary that stimulation patterns can be 

flexibly adjusted according to varying task demands.  

 Because it is difficult to develop novel FES controllers in 

human patients due to their limited accessibility, investigators 

have used animal models to develop and evaluate FES 

controllers.  Animal models for FES have demonstrated 

control of basic motor functions including reaching [14, 15], 

grasping [14, 16, 17], and stepping [18-20]. These animal 

models, however, are often limited to activation of only a few 

muscles acting on the major degrees of freedom at individual 

joints.  As a result these FES systems might not have the 

flexibility required to restore a wide range of movements and 

to adapt to the different environments or external conditions 

commonly encountered in daily living [21].  For example, in 

addition to flexor/extensor muscles about the hip or ankle, 

abductors and adductors at these joints might be required to 

maintain the proper stance phase and forward momentum of 

the body's center of mass during locomotion on uneven terrain 

[22, 23]. Additionally, these studies might inadvertently 

neglect the advantages of coordinating many muscles (e.g. 

regulation of additional properties such as joint stiffness) [23] 

or methods to deal with muscle redundancy. These are 

important design considerations for any FES controller whose 

ultimate performance must be evaluated in terms of restored 

behaviors in human patients.  

 In this study, we developed a FES test platform using the rat 

hindlimb that allows for the design and evaluation of complex 

FES control strategies.  This work builds on previous studies 

using the rat as a model for FES [24-26] by substantially 

increasing the number of controlled muscles, developing 

methods for reliable measurements of evoked forces, and 

systematically testing basic assumptions of FES control (e.g. 

linear summation of forces and minimal current spillover).  

We describe the details of our test platform and demonstrate 

its utility for the development and evaluation of FES 
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controllers by designing a controller capable of achieving a 

wide range of isometric force tasks using many muscles.   We 

demonstrate that this controller performed well in producing a 

range of force directions and amplitudes. These results 

demonstrate the utility of our platform for the development of 

novel FES control strategies that can restore flexible motor 

behaviors to paralyzed patients.  

II. METHODS 

A. Surgical procedure 

All procedures were conducted under protocols approved by 

Northwestern University's Animal Care and Use Committee.  

The surgical procedure was modified from Yeo et al. [24].  

Eight female, adult Sprague Dawley rats (250-300g) were 

initially anesthetized using 80mg/kg ketamine and 10mg/kg 

xylazine. The level of anesthesia was monitored throughout 

the experiment by toe pinch and maintained using 

intraperitoneal injection of 40mg/kg ketamine and 5mg/kg 

xylazine, as needed. Temperature was monitored using a rectal 

thermometer and core temperature was maintained between 

36-38°C using a heating lamp. Heart rate and respiration were 

visually monitored to further ensure the viability of the animal 

throughout the experiment. One milliliter of saline was given 

every two hours to prevent dehydration.  

Pelvic posts were implanted in the rostral and caudal 

contralateral pelvis and the rostral ipsilateral pelvis to isolate 

movement (Fig. 1A). The site of the pelvis implant was 

initially identified through manual palpation. An incision was 

then made through the gluteal muscles (rostral) and the 

hamstrings muscles (caudal) to expose the pelvis. A 1.25mm 

pilot hole was drilled perpendicular to the surface of the 

pelvis. Then, 1.5mm diameter, 3cm long self-tapping bone 

pins (IMEX Veterinary, Inc.) were screwed directly into the 

pelvis to provide maximal stability. Bone cement (Durelon, 

3M) was placed on the threads of the bone pins as they were 

inserted and then on the surface of the bone around the bone 

pins once inserted to provide additional fixation.  During 

initial development, the pelvic fixation included only 

contralateral posts. This provided enough stability to eliminate 

any visible skeletal movement during the production of usual 

isometric forces.  When larger forces were evoked, however, 

either from individual muscles or from a combination of 

muscles, we often saw movement of the skeleton due to the 

internal flexibility of the pelvis.  An ipsilateral pelvic post was 

necessary to reduce this internal motion sufficiently so as to 

accurately characterize muscle actions.  However, because 

implantation of this post required dissection of gluteal 

muscles, we were unable to implant and stimulate these 

muscles.  

 A threaded rod (0.27cm diameter) was affixed to the 

distal tibia near the ankle to interface with a force transducer.  

After an incision was made to expose the medial surface of the 

tibia, two #00 screws (J.I. Morris Company) were screwed 

into the bone, spaced approximately 0.5cm apart.  Bone 

cement was then used to secure the threaded rod to the screws.  

Finally, the rod was screwed into the free end of a six-axis 

force transducer (ATI Industrial Automation) to measure 

isometric endpoint forces and moments (Fig. 1A and 1B). 

Experiments were conducted until the health of the animal 

degraded to a point where inconsistent breathing and a drop in 

core temperature were observed. Once this occurred, typically 

after about 6 hours, the animal was euthanized using a 1ml 

intraperitoneal injection of Euthasol followed by a bilateral 

thoracotomy. Post-mortem dissections were performed to 

ensure proper placement of intramuscular electrodes in the 

targeted muscles as well as to examine the integrity of the 

electrodes (e.g. dislodgement or breakage) for those muscles 

whose measured forces were no longer present or changed 

significantly during the course of the experiment. 

B. Electrode design and implantation 

Monopolar stimulating electrodes were constructed using 

seven-stranded, Teflon insulated steel wire (0.055in diameter, 

A-M Systems, Inc.). A knot was made at one end and a wax 

bead placed over the knot to prevent the electrode from 

slipping through the muscle once inserted and to insulate the 

cut end of the electrode (Fig. 1C). Approximately 0.0-0.5cm 

from the wax bead, insulation was removed from the wire to 

serve as a stimulation site. The amount of insulation removed 

from the electrode (0.1-0.5cm) along with the exposure's 

distance from the wax bead was customized for each muscle 

to optimize stimulation of the muscle's motor point. The 

opposite end of the wire was de-insulated and attached to the 

stimulator (FNS-16 Multi-Channel Stimulator, CWE, Inc.) via 

a break-out board.    

A medial incision on the hindlimb was made to expose the 

medial muscles and an incision directly over the femur was 

made to expose the lateral hindlimb muscles. The motor points 

of the muscles were determined by using a handheld probe 

(continuous biphasic stimulation at 1Hz, 1mA pulse 

amplitude, 0.1msec pulsewidth) to visually identify the 

location within each muscle where the most complete muscle 

contraction occurred.  With this technique up to 11 muscles 

were implanted with the monopolar stimulating electrodes.  

Two common returns for all stimulating electrodes were 

also implanted.  The returns were custom-sized brass plates 

(1cm by 2cm and 0.5mm thick) with a connecting wire 

soldered to the end of the plate that traveled transcutaneously 

to the stimulator. The common returns were placed along the 

lateral side of the animal rostral to the hindlimb and directly 

over the belly of the animal medial to the hindlimb.  This 

minimized the unintentional activation of other muscles during 

stimulation, a phenomenon commonly referred to as current 

spillover.  We evaluated traditional common return designs 

[25, 27] before choosing the final design that used a large 

surface area (via the two plates) to decrease charge density 

and therefore reduce current spillover during stimulation.  

Most of the targeted muscles were chosen because of their 

relatively large size and ease of access for surgical 

implantation.  Since the foot was not attached to the force 

transducer, distal muscles spanning the ankle were not used as 

they would have produced ankle movements and consequent 

reaction torques at the force transducer. The muscles used for 
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stimulation included biceps femoris anterior (BFa) and 

posterior (BFp), semitendinosus (ST), semimembranosus 

(SM), adductor magnus (AM) and longus (AL; activated 

together), vastus medialis (VM), vastus lateralis (VL), rectus 

femoris (RF), iliopsoas (IP), gracilius anticus (GRa) and 

posticus (GRp; activated together), and caudofemoralis (CF). 

 

 
Fig. 1.  Schematic of FES test platform. A) Illustration of pelvic fixation and 
ankle attachment to a force transducer. B) Rear view of test platform. C) 

Stimulation electrode design with an exposure that is situated near the motor 

point of targeted hindlimb muscles. 

C. Isometric endpoint force measurement 

The three pelvic posts were secured using flexible arms atop 

magnetic stands to prevent movement of the pelvis.  The 

threaded ankle attachment was connected to a six-axis force 

transducer (ATI Mini 40) on the medial side of the hindlimb. 

The posture of the hindlimb was adjusted to be well within the 

joint ranges of motion, with the foot below the hip and the 

knee flexed approximately 90°. Once the animal was secured 

in the test platform, intramuscular stimulation evoked 

endpoint forces with minimal movement of the pelvis or 

internal movement of hip and knee joints.  Endpoint forces 

were evoked by stimulating individual muscles with a biphasic 

current train.  A stimulation frequency of 75Hz was used since 

it produced fused tetanus and was consistent with previous 

studies [25]. The pulsewidth of the stimulation trains remained 

fixed at 0.1msec whereas the pulse amplitude typically varied 

between 0.05mA and 4mA depending on the muscle and the 

desired force vector. The stimulation trains were delivered for 

0.5 seconds. Though our stimulation trains lasted only 0.5 

seconds, the resulting force responses consistently achieved 

steady-state plateaus, likely because of our good skeletal 

fixation. 

D. Co-stimulated muscle forces 

The linear summation of isometric forces produced during 

muscle co-stimulation is a crucial assumption within most 

FES applications. If this assumption were not valid, then 

predicting the consequences of combined muscle activations 

would be very difficult.  We tested this assumption for our 

preparation by first stimulating each muscle independently 

and, after waiting 90 seconds to prevent fatigue, stimulating 

the two muscles together. We completed 26 muscle co-

stimulation trials across four experiments.  The pairs of co-

stimulated muscles were chosen randomly from the possible 

eleven muscles. We quantified the linearity of the combined 

stimulation by computing the coefficient of determination (R
2
) 

with respect to the unity line (indicating perfect linearity) for 

the relationship between predicted and actual co-stimulation 

forces. The x and y force components were evaluated 

separately. 

E. Recruitment curves 

 For each muscle, recruitment data was generated by 

modulating the pulse amplitude of biphasic, 0.5 second 

stimulation trains (0.1msec pulsewidth, 75Hz stimulation 

frequency) and measuring the evoked force. Ten stimulation 

trials were collected for each muscle across a range of pulse 

amplitudes. The range of pulse amplitudes used for each 

muscle was determined from initial experiments so that the 

entire range of force magnitudes (from threshold to plateau) 

was evoked.  The steady-state period (the final 250msec of the 

0.5 second stimulation trains) of the force magnitude was used 

as the resultant force. Recruitment curves were created by 

fitting sigmoids to the recruitment data using least-squares.  

The sigmoid function is shown in (1), where u is stimulation 

strength and α, β, γ, and δ are free parameters.   
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We quantified the ability of sigmoid functions to capture the 

recruitment properties of muscles by computing the mean 

squared residual of the sigmoidal fit compared to the data. 

F. Open loop FES control 

Five animals were used to demonstrate feedforward FES 

control of isometric forces. For each animal, up to eleven 

muscles were successfully implanted with intramuscular 

stimulating electrodes. Recruitment curves were collected for 

each muscle and used to produce randomly chosen isometric 

forces.  A total of 241 control trials were performed. 

Using the recruitment curves of up to eleven muscles, an 

optimization routine was used to define stimulation parameters 

for arbitrary two-dimensional force vectors throughout the 

feasible force space of the hindlimb [28]. The optimization 

minimized a cost function that balanced accuracy (i.e. 

achieving the desired force) and effort (i.e. minimizing the 

squared total activation across all muscles used) while 
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constraining activations to be positive ( 0x ), as shown in 

(2).  

 

 
   deshat

T

deshat

T FFQFFRxxc     (2) 

 

Initially, we started with equal weights for efficiency, R , 

and accuracy, Q . The efficiency weight was then adjusted to 

a value at which the desired force vector was predicted and 

any further increase caused an error in the predicted force 

vector.  

The muscles of the rat hindlimb were then stimulated 

according to the optimal stimulation patterns.  The resulting 

force vectors were compared to the desired force vectors.  

Between 5 and 10 desired force targets were chosen during 

each set of control trials.  The targets were randomly selected 

for stimulation.  Depending on the health of the animal, 

between 1-10 sets of control trials were collected for each 

animal with recruitment curves directly preceding each set. 

G. Error Analysis 

The accuracy of the force control was quantified by 

comparing the observed force vector to the desired force 

vector.  The two vectors were compared by measuring the 

Cartesian distance between the force vectors.   In addition, the 

vectors were compared by calculating a normalized error,    , 

according to (3), where Factual is the actual force produced and 

Fdes is the desired force.  

 

    100/~  desdesactual FFFe    (3) 

 

Note that although this normalized error is useful since it 

can be interpreted as a percent error and standardizes the error 

across force vector magnitudes, the normalization magnifies 

the uncertainty in forces due to measurement noise for small 

vectors (see Fig. 8).  We also evaluated the accuracy of control 

by examining the relationship between the individual 

components of the desired forces (e.g. Fx and Fy) and the 

actual force components. If perfect control were observed, the 

forces would fall on the identity line.  Finally, we examined 

the pattern of error across the workspace of the limb for all 

experiments using a contour plot. A cubic spline interpolation 

was used to estimate the raw errors across the range of forces 

that was examined. This contour plot was found using data 

combined across all animals. 

III. RESULTS 

A. Force production from stimulation of individual muscles 

 An example of the forces produced from several stimulation 

trials in an implanted muscle (BFp) is shown in Fig. 2A. In 

each trial, the evoked force magnitude increased smoothly, 

reaching a plateau approximately 50 milliseconds following 

stimulation onset. Fig. 2B shows that as stimulation strength 

was increased the evoked force magnitude increased 

monotonically with minimal change in the direction of the 

evoked force.  These results are summarized in Fig. 2C and 

2D, showing the relationship of evoked force magnitude and 

force direction (measured at steady state as indicated in Fig. 

2A) to the stimulation strength.  As shown for the example 

illustrated in the figure, force magnitude reached a maximum 

around 1mA and increased only minimally at higher 

stimulation strengths.  The direction of the evoked force 

varied less than 3 degrees in the sagittal plane across different 

stimulation strengths.  The absence of abrupt changes in the 

evoked forces (in either magnitude or direction) suggests that 

these stimulations evoked isolated activation of this muscle.  

The absence of directional changes also indicates that there 

was minimal movement of the skeleton during these evoked 

responses, even for the relatively large magnitude responses of 

biceps femoris posterior shown in Fig. 2.  Most muscles used 

in this study behaved similarly to the example illustrated in 

Fig. 2. 

 

 
 
Fig. 2.   Isometric force responses from biceps femoris posterior using our 

FES test platform. A) Raw force magnitude traces achieve fused tetanus and 
steady-state values for multiple stimulation strengths. The constant 

stimulation train is indicated by the black line above the force traces. The gray 
section indicates the range of forces used to find the average force response 

for a given stimulation.   B) The resultant force responses (shown in the Fx-Fy 

space) maintained a consistent direction with increasing stimulation strength. 
Inset coordinate frame indicates force direction and associated angle, β. C) 

The force magnitude monotonically increased with stimulation strength. D) 

The force direction was constant across stimulation strength.  Rat schematic 
modified from Tresch and Bizzi [29]. 

 

B. Linearity of muscle co-stimulation 

The above results demonstrate our ability to activate 

individual muscles in the rat hindlimb independently and 

predictably.  In order to be useful for FES applications, 

however, it is necessary that activation of multiple muscles 

also produces predictable responses.   In particular, the forces 

evoked from stimulation of individual muscles should add 

linearly. Current spillover to adjacent muscles, internal motion 

of the skeleton, nonspecific muscle activation due to the return 

electrode, as well as connective tissue interactions between 

muscles [30, 31] all might be expected to lead to nonlinear 

interactions between evoked forces.  If this were the case, then 

building FES controllers would be substantially complicated, 

requiring the characterization of the high-dimensional, 
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nonlinear interactions between muscle stimulation patterns 

and evoked forces. 

We therefore evaluated the linearity of combined muscle 

stimulation by comparing the force response observed from 

simultaneous stimulation of two muscles to the force response 

predicted from the linear combination of the force responses 

evoked from each muscle separately.  Three examples of this 

type of co-stimulation are shown in Fig. 3A-C.  As can be 

seen in the figure, whether the muscles were partial synergists, 

synergists, or antagonists (as defined by the direction of the 

evoked force) their responses added approximately linearly.    

As shown in Fig. 3D and E, this linearity was observed across 

the 23 trials we performed, in that the slope between the 

observed and predicted forces was close to unity (for x 

component of the force R
2
x = 0.91,  for the y component of the 

force R
2

y = 0.93). 

 

Fig. 3. Example force vectors from muscle co-stimulations and comparisons 

of actual and predicted isometric forces during muscle co-stimulation trials. In 

A-C, black vectors correspond to individual muscle force responses and the 

actual co-stimulation of two muscles. The predicted linear summation of the 

two independent muscle forces is represented as a grey, dashed vector.  A) 

Partial agonists, VM and BFp.  B) Complete agonists, BFa and AM.  C) 

Antagonists, IP and AM. In D and E, R2 values represent a measure of 

accuracy.  D) Force in the x-direction.  E) Force in the y-direction. The black 

dots in D and E correspond to trials across four experiments.    

C. Recruitment curve characterization 

The first step of open loop FES control in this study was to 

identify muscle recruitment properties.  Similar to other 

studies [32-34], we assumed a sigmoidal relationship between 

force magnitude and stimulation strength. Force direction was 

assumed to be constant across stimulation strength.  This 

assumption of constant direction was well supported by the 

observed responses, with the average change in direction 

being 3.84 +/- 11.96 degrees (see Fig. 2).  An example of the 

recruitment curves measured for all muscles in one animal is 

shown in Fig. 4.  As can be seen in the figure, there was a 

range of shapes of recruitment curves across muscles.  While 

the recruitment curves of some muscles were steep (e.g. SM, 

RF, and BFa), others were relatively shallow (e.g. AM, IP, 

VM).    For each muscle, however, the recruitment curve was 

well described as a sigmoid, as can be seen by the close 

relationship between the data points and the sigmoidal fit.   

The fraction of variance explained by the fit for this animal 

was very high, being greater than 0.99 for each muscle.  These 

results were similar across animals, with the average R
2
 value 

being 0.89 +/-0.25 for all muscles and all animals. 

 

Fig. 4.  Recruitment curves for the 11 muscles used for control. The individual 

points (black diamonds) correspond to the average steady-state force at the 
given current or stimulation strength.  The sigmoid curves were fit to this 

force data and R2 values quantified the goodness of fit.  

D. Isometric force control 

We then performed open loop FES control of isometric 

force vectors, using the sigmoidal recruitment curves 

described in the previous section.  Examples of open loop FES 

control of isometric forces in the sagittal plane are shown in 

Fig. 5 for one animal.  As shown in the figure, the observed 

forces (black, solid vectors) are very similar to the desired 

forces (grey, dashed vectors) across a broad range of force 

directions and magnitudes.  Note also the consistency of the 

observed forces across repeated stimulation trials. Fig. 6 

shows the relationship between observed forces and desired 

forces for all trials and all animals.  In general, the relationship 

between observed and desired forces was close to unity, for 

both the x-component (R
2
 = 0.89) and the y-component of the 

force (R
2
 = 0.90).  The accuracy of the control was roughly 

similar across all animals (Table 3).  The average raw error 

across all experiments was 0.37N (+/- 0.018N). The 

normalized error across all trials was 27.49% (+/-1.35%). The 

average absolute direction error (in the sagittal plane) was 

8.96 degrees (+/-0.92 degrees) while the absolute, normalized 

magnitude error was 21.07% (+/-1.49%) or 0.27N (+/-

0.012N).  Taken together, these results indicate that we were 

able to consistently produce desired forces with good accuracy 
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across the range of forces. 

 
Fig. 5.  Example force trials (black, solid vectors) of open loop FES control to 
desired force vectors (grey, dashed vectors) in the sagittal plane. Two 

repetitions to each desired force were performed non-sequentially. Refer to 

the inset for the relation between the forces and the rat hindlimb.  Rat 
schematic modified from Tresch and Bizzi [29]. 

 

Fig. 6.  Correlations between actual and desired force components. A) Forces 

in the x-direction. B) Forces in the y-direction. Data combined from five 

different experiments. Reported R2 is across all experiments. 

 

We next examined whether the magnitude of the error was 

systematically related to features of the stimulation trials.  Fig. 

7 shows how the error varied across the range of desired 

forces examined in these experiments.  As seen in the plot 

there was a tendency for the error to be larger for larger 

desired forces.  This tendency was more apparent for desired 

forces directed in extension, for which it was possible to evoke 

larger force vectors.  In Fig. 8A, we illustrate the relationship 

between error magnitude and desired force magnitude, 

showing that there was a small positive correlation (p<0.001) 

consistent with the results of Fig. 7.    

Fig. 7.  Contour plot of the raw error during feedforward FES control of 

isometric forces. The error in regions unoccupied by actual forces (white 
circles) was interpolated. 

 

Note that the analyses in Fig. 7 and 8 were performed using 

the raw, un-normalized error rather than the commonly used 

normalized error (3). Although this measure is commonly 

used, we found that it could result in misleading conclusions.  

For instance, we found an apparent negative correlation 

between the normalized error magnitude and the magnitude of 

the desired force (Fig. 8B), in contrast to the positive 

correlation found using the un-normalized error (Fig. 7).  This 

negative correlation using the normalized error reflects the 

amplification of errors for small vectors by the normalization 

process.  In fact, if we assume a constant error (estimated as 

0.37N, as described above) across all desired force magnitudes 

and then calculated the normalized error, we obtained the 

curved line shown in Fig. 8B which captured the observed 

negative correlation between normalized error and force 

magnitude in the observed data set. This result shows that the 

normalized error, although commonly used to quantify 

controller performance, distorts errors for small vectors. 

Since the overall error involves both force magnitude and 

force direction, we also examined how these two properties 

varied with force magnitude (Fig. 8C and 8D, respectively). 

Indeed, the same general relationship existed as normalized 

error where smaller desired forces, on average, had larger 

magnitude and direction errors. 

 
 

TABLE I 

ERROR METRICS ACROSS ALL EXPERIMENTS 

Exp. 
Norm. Error  

(+/- SE) [%] 

Raw Error  

(+/- SE) [N] 

|Dir. Error| 

(+/- SE) [deg] 

|Mag. Error| 

(+/- SE) [%] 

1 28.43 (2.76) 0.54 (0.067) 9.38 (1.04) 20.88 (2.74) 

2 34.29 (3.47) 0.39 (0.026) 10.88 (2.95) 28.10 (2.96) 

3 20.92 (2.72) 0.35 (0.034) 4.93 (0.77) 17.90 (2.58) 

4 23.79 (3.11) 0.24 (0.025) 8.35 (1.61) 15.80 (1.95) 

5 30.04 (5.95) 0.32 (0.048) 11.25 (2.44) 22.68 (5.81) 

All 27.49 (1.35) 0.37 (0.018) 8.96 (0.92) 21.07 (1.49) 
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Fig. 8.  Error metrics with respect to desired force magnitude. A) Raw force 

error. B) Normalized error. C) Magnitude error. D) Direction error. Each point 
corresponds to a single force trial. Five different experiments are represented.  

Linear fits and their corresponding R2 values were reported. An inverse 

relationship between normalized error and force magnitude was also shown in 
B) as a grey, dashed line. 

IV. DISCUSSION 

In this study, we developed and validated a FES test 

platform using the rat hindlimb, showing that we were able to 

stimulate individual muscles independently and reliably.  We 

also demonstrated accurate open loop FES control of isometric 

forces using many muscles. Our results establish that this 

preparation can be used for in vivo evaluation of FES control 

strategies that attempt to restore functional behaviors prior to 

their application in human subjects.  

A. Isometric force response characteristics resulting from 

muscle stimulation in the rat hindlimb 

In order to perform FES control, the responses produced 

from stimulation of muscles, activated both in isolation and in 

combination, must be reliable and easily predicted.  In the 

present study, we demonstrated that these requirements were 

met using the rat hindlimb preparation.  The magnitude of 

evoked force increased systematically up to a plateau level 

with increasing stimulation strength (see Fig. 2A) while the 

direction only varied slightly (see Fig. 2B).  We found that the 

relationship between evoked magnitude and stimulation 

strength was very well described as a sigmoid, as has been 

described previously for rats, other animals, and humans [19, 

26, 35, 36]. Although nonparametric models could in principle 

be used to characterize recruitment curves with better 

accuracy, the high goodness of fit found here (see Fig. 4) 

suggests that any such increases would be minimal.   

A significant result of the present experiments is the 

demonstration that forces evoked by separate muscles 

combined linearly.  The linear combination of evoked forces is 

commonly assumed in FES applications although it is not 

usually directly evaluated. There are many factors that might 

be expected to bring about nonlinear interactions between 

muscles.  The experimental design used here, including the 

mechanical isolation of the hindlimb and the configuration of 

electrodes, minimized these potential interactions. In 

particular, the design of the common return electrode was 

critical in achieving linear muscle interactions.  The large 

surface area of the common return used in these experiments 

prevented current spillover to adjacent musculature during 

intramuscular stimulation.  In preliminary experiments in 

which we used standard return electrode configurations 

consisting of a single sub-dermic needle [35], we observed 

substantial nonlinear interactions between muscles. The 

importance of the return electrode configuration might be 

particularly important for the rat, since the small size of the rat 

hindlimb will tend to increase the density of current flowing to 

the return electrode and therefore increase the amount of 

potential current spillover.  Interestingly, recent work [40] has 

shown that similar linear combination of muscle forces is 

observed in human FES systems, suggesting that the 

properties of force production in the rat shown here are similar 

to that in humans.  Note also that if it is necessary to model 

cases of non-linear interactions in FES, the rat preparation can 

also be easily used to model cases of non-linear interactions 

by altering the return electrode configuration. 

B. FES control using many muscles 

The success of FES applications is often defined by their 

ability to emulate the characteristics of motor behaviors 

produced by healthy individuals.  This is a very challenging 

goal since healthy patients flexibly activate many muscles 

throughout their limbs and body to regulate a multitude of 

features (e.g. impedance, position, velocity) relevant to motor 

behaviors.  Therefore, the ability to flexibly stimulate many 

muscles enables a greater number of motor behaviors using 

FES. Conversely, being restricted to a small number of 

muscles for FES control fundamentally limits the types and 

underlying properties of motor tasks. In this study, we showed 

that it is possible to achieve a high level of accuracy during 

FES control of isometric forces while stimulating up to eleven 

muscles (see Fig. 5 and 6).   Such accuracy was consistent 

across multiple experiments and throughout the workspace of 

the rat hindlimb (see Fig. 6-8), despite using different 

stimulation commands for different forces. In fact, we were 

able to accurately control close synergists and not just 

antagonists, as shown previously, using intramuscular 

stimulation. These results would enable a FES controller to 

confidently distribute commands across many muscles to 

accomplish a given motor behavior. Similarly, fine 

coordination of synergists allows complex control strategies to 

be restored, such as those that might be necessary to avoid 

fatigue or to compensate for uncertainty in force production.  

C. The rat hindlimb as a FES controller test bed 

There are both advantages and disadvantages to using the 

rat hindlimb as a test platform for FES controller 

development.  Using animal models such as the rat avoids the 

simplifying assumptions inherent in computational models.  

This allows FES control strategies to be evaluated on actual 

biological tissue rather than on a computational abstraction, 
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thereby assisting in the translation of these strategies to human 

patients. Rats, in particular, are an attractive animal model for 

FES control development.  Alternate animal models such as 

cats or rabbits are more costly and difficult to maintain.  

Further, rats are commonly used as models for spinal cord 

injury, potentially allowing FES control strategies to be tested 

directly to restore motor function in their paralyzed limbs or to 

ameliorate the consequences of spinal cord injury 

Other laboratories have used rat models to test simple FES 

controllers for these same reasons [14, 26, 37].  This study 

builds upon that previous work to demonstrate systematically 

that, with appropriate experimental procedures, the rat can be 

used for FES control development.  In particular, we describe 

procedures to maintain mechanical isolation of the rat 

hindlimb and suitable configurations for stimulation and return 

electrodes.  We also demonstrate that muscles can reliably be 

activated independently of one another and that simultaneous 

activation of multiple muscles combines linearly, a basic 

assumption behind many FES applications. Furthermore, 

using a larger number of muscles than previous studies 

enables the evaluation of muscle interactions and how to 

resolve muscle redundancy. This evaluation of isometric force 

control, although not directly relevant to motion control, 

allows us to quantify the limits on accuracy of feedforward 

FES.  This quantification provides important information for 

investigators attempting to create combined 

feedforward/feedback systems by specifying the amount of 

error that feedback control would have to compensate for in 

order to produce accurate control. These features all establish 

the rat as a good platform for FES controller development.   

In addition to these advantages, there are also potential 

disadvantages to this preparation when investigating FES 

controller development.  First, the small size of the rat 

hindlimb required us to develop new methods to isolate the 

limb mechanically and allow for independent muscle 

activations.  The small size of the limb also likely precludes 

the ability to perform nerve stimulation for many muscles, as 

is commonly done in human FES studies. We note, however, 

that by placing electrodes near to motor points in muscles we 

were able to evoke substantial forces, even for broad muscles 

such as biceps femoris posterior (compare Fig. 2 of this paper 

using intramuscular electrodes with Fig. 2 of Yeo et al. 2011 

[24] using nerve stimulation).   

Finally, we have only evaluated the use of this preparation 

for isometric force control, not for motion control.  Although 

many real life tasks require the control of forces, most 

applications of FES also involve the control of limb 

movement.  It should be possible to develop FES motion 

controllers for the rat using motion tracking systems and this 

is a possibility we are currently pursuing. However, it is 

important to note that FES motion controllers developed for 

the rat might differ substantially from ones that can be used in 

humans.  Based simply on the difference in limb size between 

rats and humans, one would expect important differences in 

the dynamics of their limbs.  For instance, recent work has 

suggested that passive elasticity of muscles should be more 

important than limb inertia in motor control for the rat, 

whereas the opposite should be true for motor control in 

humans [38, 39].  This difference should be kept in mind when 

using the rat hindlimb to develop FES control strategies that 

will be applied to humans. 

D. Summary 

In summary, we have described a rat model that can be used 

as a test bed for multi-muscle FES controller development.  

We have validated that we can achieve independent muscle 

activation in this preparation and that muscle forces combine 

linearly.  In addition to demonstrating accurate open loop FES 

control of isometric forces distributed throughout the 

workspace of the limb using many muscles, we evaluated how 

characteristics of electrical stimulation could be affecting the 

resulting performance.  Even though we focused on open loop 

FES controllers, we believe our results can also improve 

feedback FES controllers by enabling such controllers to rely 

less on feedback. We believe that this study not only serves as 

a benchmark for the performance of open loop FES control 

but also raises important considerations for FES controller 

development.  Our research can be readily extended to 

increase the task difficulty by incorporating additional force 

components, moments, and motion.  Additionally, the model 

for muscle recruitment can be systematically evaluated using 

our test platform to uncover ways to further improve open 

loop FES control. In the end, we believe this work will further 

the development and validation of advanced FES controllers 

that can be applied directly to improve the lives of human 

patients. 
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