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Abstract
Objective. Proprioceptive mechanisms play a critical role in both reflexive and volitional lower 
extremity control. Significant strides have been made in the development of bionic limbs that are 
capable of bi-directional communication with the peripheral nervous system, but none of these 
systems have been capable of providing physiologically-relevant muscle-based proprioceptive 
feedback through natural neural pathways. In this study, we present the agonist–antagonist 
myoneural interface (AMI), a surgical approach with the capacity to provide graded kinesthetic 
feedback from a prosthesis through mechanical activation of native mechanoreceptors within 
residual agonist–antagonist muscle pairs. Approach. (1) Sonomicrometery and electroneurography 
measurement systems were validated using a servo-based muscle tensioning system. (2) A 
heuristic controller was implemented to modulate functional electrical stimulation of an agonist 
muscle, using sonomicrometric measurements of stretch from a mechanically-coupled antagonist 
muscle as feedback. (3) One AMI was surgically constructed in the hindlimb of each rat. (4) The 
gastrocnemius-soleus complex of the rat was cycled through a series of ramp-and-hold stretches 
in two different muscle architectures: native (physiologically-intact) and AMI (modified). 
Integrated electroneurography from the tibial nerve was compared across the two architectures. 
Main results. Correlation between stretch and afferent signal demonstrated that the AMI is 
capable of provoking graded afferent signals in response to ramp-and-hold stretches, in a manner 
similar to the native muscle architecture. The response magnitude in the AMI was reduced when 
compared to the native architecture, likely due to lower stretch amplitudes. The closed-loop 
control system showed robustness at high stretch magnitudes, with some oscillation at low stretch 
magnitudes. Significance. These results indicate that the AMI has the potential to communicate 
meaningful kinesthetic feedback from a prosthetic limb by replicating the agonist–antagonist 
relationships that are fundamental to physiological proprioception.

Keywords: proprioception, afferent feedback, prosthetic control, amputation, peripheral nerve 
interface, bionics, surgery
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1. Introduction

In the United States, over 500 000 people live with lower 
extremity loss [1] and 130 000 lower extremity amputations 
are carried out annually [2]. In order to restore stable and 
independent ambulation, and improve the quality of life for 
persons with lower extremity amputation, advanced prosthetic 
joint devices have been developed (e.g. [3–9]). Normalization 
of function for individuals with lower extremity amputation 
is within reach, and direct communication between neural 
implants and biomimetic, external prosthetic devices repre-
sents a crucial step forward.

Current clinical amputation procedures date back to the 
Civil War era, and are designed to prepare the residuum for 
fitting of a prosthetic socket [10]. In the current surgical para-
digm, distal residual muscle tissues are fixed isometrically 
as to create padding for the distal end of the residuum. End 
organs and other tissues distal to the amputation site are dis-
carded. The distal ends of amputated nerves are usually buried 
into fat tissue or deep into the residual limb to protect them 
from mechanical stimulation, which might otherwise cause 
painful sensations [11]. State- of-the-art approaches to periph-
eral nerve interfacing have been developed within the bounds 
of this dated amputation paradigm, working to extract efferent 
signals from and reproduce afferent signals in transected 
peripheral nerves that are buried deep within the residual tis-
sues [12, 13]. The subset of afferent signals responsible for 
proprioceptive sensation has remained particularly elusive in 
these interfacing modalities.

Proprioception is essential to motor control, functional joint 
stability, and gait adaptation [14, 15]. Although neuroscience 
research has documented the contributions of various biolog-
ical mechanoreceptors to proprioceptive sensation, including 
joint receptors (e.g. [16–18]) and cutaneous sensory receptors 
(e.g. [19–22]), evidence points to muscle spindle afferents as 
predominant mediators of joint kinesthesia [23–25]. It is well 
understood that muscle spindle afferents discharge propor-
tionally to changes in muscle length and velocity (e.g. [26–
29]). Primary spindle afferent response is best characterized 
by ramp-and-hold stretches, with discharge rates proportional 
to stretch velocity and magnitude. Secondary spindle afferent 
response is largely proportional to stretch magnitude, with a 
lower dynamic sensitivity (e.g. [30–33]). Although muscle 
afferents represent only a portion of the larger propriocep-
tive system, studies in vibratory-induced illusory kinesthesia 
have indicated that preservation of functional muscle stretch 
relationships is sufficient to promote sensations of joint kines-
thesia (e.g. [34–36]). This assertion is further bolstered by the 
preservation of kinesthesia in patients having orthopedic joint 
replacement surgery [37], during which the physiological 
joint capsule in its entirety was removed. The same phenom-
enon has been observed in patients having lost neural con-
nectivity to cutaneous and joint capsule receptors secondary 
to severe dorsal column injury, who report intact position and 
movement sensibility [38, 39]. For a complete discussion of 
the roles of the various afferent receptors in proprioception, 
we refer the reader to [23].

The architecture explored in this study is designed to 
preserve the complex patterns of muscle receptor discharge 
responsible for kinesthetic sensation, by replicating basic 
muscle relationships. The fundamental motor unit to control 
a biological joint is an agonist–antagonist muscle-tendon pair. 
Such a muscle-tendon relationship allows for simultaneous 
control of joint state (position and speed) and impedance 
(stiffness and damping) for upper and lower extremity motor 
tasks. At least one pair of antagonistic muscles is needed for 
each degree of freedom of a limb in order to control joint state, 
torque, and impedance [40]. Evidence suggests that proprio-
ceptive feedback of joint positioning is largely dependent on 
the dynamic relationship between muscle spindle afferents in 
agonist and antagonist muscle groups acting simultaneously 
on the same degree of freedom [36, 41]. When a muscle on 
one side of a biological joint contracts (e.g. the ‘agonist’) and 
moves the joint, this motion elongates the muscle (‘antago-
nist’) that is attached to the opposite side of the joint and 
causes the antagonist spindle afferent receptors to discharge. 
Similarly, if contraction of the antagonist causes the joint to 
rotate in the opposite direction, then the agonist will be elon-
gated, causing the agonist spindle receptors to discharge [36].

Unfortunately, translation of externally-produced sensory 
data from prostheses into biologically compatible feedback 
that is perceived by the amputee as normal proprioception 
has, to date, been unsuccessful. Vibration-induced illusory 
kinesthesia [35, 42] has been explored as a means of pro-
viding joint state information through activation of cutaneous 
stretch receptors, but translation of this approach has been 
a major hurdle, due in part to its reliance on mechatronic 
hardware mounted to the surface of the skin. Direct periph-
eral nerve stimulation through implantable cuff electrodes 
has recently been shown effective in providing cutaneous 
touch perception, but proprioceptive sensation has remained 
an area of difficulty [43]. It is our belief that prior efforts 
to recapitulate proprioceptive sensory feedback have proven 
difficult due primarily to their uniform neglect to incorporate 
the end terminal biological mediators innate to the biological 
human limb.

As an alternative to these prior approaches, we herein dem-
onstrate the agonist–antagonist myoneural interface (AMI), a 
novel amputation paradigm and implant architecture that lev-
erages existing end organs and their natural neural pathways 
for provision of robust, physiologically-relevant propriocep-
tive feedback. The amputation model described is unique in 
its capacity to utilize native tissue mechanoreceptors to trans-
late prosthetic sensory information related to muscle stretch 
and tension into neural signals similar to those experienced 
in the normal biological milieu. This work represents a first 
step toward validation of the AMI concept; the fundamental 
advancement presented herein is a murine model of the series 
coaptation of natively-innervated agonist–antagonist muscle 
pairs. In this animal model, we demonstrate the utility of 
sonomicrometery in enabling closed-loop control of muscle 
stretch in both the native and AMI architectures, and present 
neural signals indicating the potential of the AMI to provide 
graded muscle state feedback.

J. Neural Eng. 14 (2017) 036002



T R Clites et al

3

2. Materials and methods

2.1. Rationale

Standard amputation paradigms do not allow for physiologi-
cally-relevant proprioceptive feedback because the innervated 
residual muscles are held isometric, and force on any given 
residual muscle is not modulated by an antagonist muscle. 
The AMI approximates physiological proprioceptive mech-
anisms by incorporating residual muscles from discrete ago-
nist–antagonist muscle pairs (e.g. gastrocnemius and tibialis 
anterior) in series. Contraction of the agonist muscle via the 
standard motor efferent nerve activates the native contractile 
mechanoreceptors in the agonist muscle, as well as the native 
intrafusal muscle spindle stretch fibers of the mechanically-
coupled antagonist muscle, both of which provide afferent 
proprioceptive signaling through the sensory components of 
their respective innervation nerves. Subsequent activation 
of the antagonist stimulates a complimentary stretch on the  
agonist; as such, the AMI has the capacity to reproduce a 
physiologically relevant agonist–antagonist mechanical cou-
pling, providing non-isometric fascicle strains and agonist-
antagonist fascicle state spindle feedbacks.

Effective implementation of the AMI as a means of com-
municating proprioceptive information from an external limb 
prosthesis to the nervous system depends primarily on two 
essential, non-obvious advancements. We present develop-
ments in each of these areas, which include:

 1. closed-loop stimulation control with reliable, real time 
muscle-state feedback, and

 2. a surgical geometry that provides sufficient agonist-
antagonist coupling to evoke a graded spindle response.

The study here presented was designed to validate these 
comp onents, and to demonstrate efficacy of the systems-level 
integration thereof in a murine model. The full experimental 
system from this study is shown in figure 1. A proportional-
integrative controller was used to modulate stimulation of 
the tibialis anterior (TA) to enforce a desired lateral gas-
trocnemius (LG) stretch. Electroneurography (ENG) from 
LG motor afferents was recorded via a nerve cuff placed on 
the tibial nerve. LG muscle stretch was recorded via sono-
micrometery crystals, and used to inform the stimulation 
controller. In this paper we first describe a measurement val-
idation procedure, which was carried out to ensure robust-
ness in the ENG and sonomicrometery recording systems, 

as well as to establish a baseline for graded motor afferent 
response to LG muscle stretch. We then present results from 
two experimental paradigms. The first, which serves as a 
positive control, evaluated the afferent response of the LG 
to stretch induced by functional electrical stimulation (FES) 
of the antagonist TA, with both muscles in their native ori-
entations. The second experiment was a reproduction of the 
first, with a surgical modification to the muscle geometry 
wherein an AMI was constructed and movement was trans-
duced through direct mechanical coupling of the muscles.

2.2. Animals and measurement system preparation

All animal care and procedures were conducted in accordance 
with the Guide for the Care and Use of Laboratory Animals. 
In these acute experiments, each of 10 male 4.5 months old 
Lewis rats (381  ±  9 g), was anesthetized under an isoflurane/
oxygen gas mixture at 1–2% isoflurane. A 5 cm incision was 
made on the lateral aspect of the left distal hindlimb. The 
biceps femoris was disinserted at the knee, and retracted to 
reveal the common peroneal and tibial branches of the sciatic 
nerve. A custom tri-polar nerve cuff was sutured in place on 
the tibial branch.

Sonomicrometery has long been used in the field of bio-
mechanics to measure muscle elongation. This technology 
utilizes ultrasound time-of-flight from a pair of implanted 
piezoelectric crystals to provide a direct measurement of 
muscle fascicle length [44–46]. A pair of 1 mm sonomicrom-
etery crystals (Sonometrics) was inserted into the LG. The 
procedure for this is as follows: first, a pocket was created for 
each crystal by piercing the epimysial fascia of the muscle 
with small pointed scissors. The proximal crystal was then 
positioned at the proximal musculotendous junction of the 
corresponding muscle; the distal crystal was placed approxi-
mately 1 cm distal to the proximal crystal, along the muscle 
line of action. Crystal alignment was manipulated to maxi-
mize signal-to-noise ratio, while monitoring crystal output via 
the sonomicrometry amplifier (UDG, Sonometrics) and oscil-
loscope (TDS 2002, Tektronix) during implantation. The crys-
tals were secured in place by closing the pockets and suturing 
the lead wires to the muscle surface with 5-0 nylon suture. 
The ankle joint was then suspended from above, via 5-0 nylon 
suture attached to a base-mounted spring clamp, and the foot 
was manually cycled through its full range of motion while 
sonomicrometery data were recorded. Rest position was 
defined as the equilibrium ankle joint position in the absence 

Figure 1. Experimental system overview. Stimulation of the TA was modulated by a proportional-integrative controller, with difference 
between desired LG stretch and sonomicrometric measurement of actual LG stretch serving as the error signal. Motion from the TA was 
transduced to LG stretch, and measurements of LG afferent activity and fascicle elongation were recorded.
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of external stimulation or manipulation. The maximum and 
minimum distance signals from the LG sonomicrometery 
crystals during this cycling were analyzed to establish percent 
stretch metrics for the LG.

2.3. Validation of acquisition system

The following experiment was designed to ensure robustness 
in the ENG and sonomicrometery recording systems, as well 
as to establish a baseline for graded motor afferent response 
to LG muscle stretch. In 5 animals the gastrocnemius-soleus 
complex (GSC) was disinserted at the Achilles tendon, and 
isolated from the surrounding musculature. The knee joint 
was then pinned to the experimental surface, and the distal 
Achilles tendon was anchored to the lever arm of a dual-mode 
muscle tensioning system (305C-LR, Aurora Scientific) via 
5-0 nylon suture (figure 2). Resting stretch in the instrumented 
GSC was adjusted by moving the lever arm until the force 
transducer in the muscle tensioning system showed a non-zero 
tension, indicating that there was no slack in the muscle. As a 
secondary form of validation, crystal readouts at this position 
were compared to resting values from the range-of-motion 
trial, and small adjustments were made to the lever arm until 
any discrepancy was eliminated.

A series of ramp-and-hold stretches were then carried out 
to each of 5 stretch magnitudes: 2, 4, 6, 8, and 9 mm, which 
was representative of the full range of muscle stretch achieved 
during passive joint cycling. In an attempt to standardize 
dynamic response characteristics, all dynamic trajectories (the 
‘ramps’) were carried out at a constant velocity of 1 mm s−1. 

This velocity was selected to be comparable to the slowest 
values presented in the literature [47], so as to preserve the 
characteristic dynamic response of the primary spindle affer-
ents, but limit the impact of this response on the subsequent 
hold plateau. Stretch positions (the ‘holds’) were maintained 
for 5 s [31, 48]. A rest period of 10 s was allowed between sub-
sequent ramp-and-hold trials. During the trials, force and length 
data were recorded from the muscle tensioner equipment. 
Sonomicrometery stretch data were simultaneously recorded 
from the crystals within the LG. Afferent electroneurography 
was recorded from the tibial nerve using a tripolar cuff elec-
trode. Leads from the two outer electrode contacts were tied 
together and passed to one input of the differential amplifier; 
the lead from the middle electrode contact was passed to the 
other differential input [30]. Differential signals were pre-
amplified (Grass P511 AC Amplifier, Grass Instruments), 
bandpass filtered (0.3–3 kHz), and amplified (RHD2000, Intan 
Technologies) before being recorded. 5 trials were performed 
for each stretch magnitude for each animal. System valida-
tion was based on (1) visual inspection of the ENG signal for a 
characteristic peak-plateau shape, (2) high fidelity of sonomi-
crometric measurements to ground-truth stretch measurement 
obtained via sensors within the muscle tensioner, and (3) a posi-
tive correlation between ENG amplitude and stretch magnitude.

2.4. Experimental paradigms

2.4.1. Native architecture. The following experiment was 
designed as a positive control, to which function of the AMI 
architecture was compared. In the remaining animals (n  =  5), 

Figure 2. Experimental setup for measurement validation. A muscle tensioner was used to stretch the GSC through a series of ramp-and-
holds, while muscle state was recorded via sonomicrometery (white circles in the muscle tissue), and ENG was recorded via a nerve cuff on 
the tibial nerve. (Artwork: Stephanie L Ku 2016).
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with hindlimb musculature in its native architecture, a stimu-
lating hook electrode was inserted into the TA muscle belly 
(figure 3(a)). Monophasic muscle stimulation was delivered 
by a commercial muscle stimulator (NL800, Digitimer), with 
stimulation parameters controlled digitally using a micro-
controller. A heuristic control loop was enforced, with the 
LG sonomicrometery signal serving as feedback. LG muscle 
stretch (and consequently ankle position) was directly con-
trolled by modulating TA stimulation parameters. Specifi-
cally, a proportional-integrative gain architecture modulated 
stimulation amplitude and pulse width within safe limits 
(amplitude from 0–3 mA, pulse width from 300–800 µs) to 
minimize the difference between the desired ramp-and-hold 
trajectories and actual LG stretch signals. Amplitude and 
pulse width were changed simultaneously and linearly, with 
abrupt output saturation at maximum values. Controller gains 
were tuned experimentally, for each animal, to optimize the 
balance between rise time and overshoot. All stimulation was 
delivered at 40 Hz, to ensure a fused tetanus.

With the hindlimb suspended above the table by a suture 
through the ankle joint capsule, the stimulation control 
system, acting on the TA, was used to perform a series of 
ramp-and-hold stretches of the GSC. A total of 90 ramp- 
and-hold stretches were carried out in the 5 animals, to var-
ious stretch magnitudes corresponding to approximately 20, 
40, 60, 80, and 100 percent maximal stretch. All controls 
were enforced in units of percent crystal strain, defined as 
the difference between the instantaneous crystal distance and 
the rest crystal distance, divided by the rest crystal distance. 

Dynamic trajectories were carried out at a constant velocity 
of 1% crystal strain per second. Stretch positions were main-
tained for 5 s. A rest period of 10 s was allowed between 
subsequent ramp-and-hold trials. During the trials, sonomi-
crometery stretch data were recorded from the crystals within 
the LG. Afferent neural activity was recorded from the tibial 
nerve using the tripolar cuff electrode and amplifier configura-
tion described above, with the addition of a sample-and-hold 
blanking circuit after pre-amplification. This blanking circuit 
was used to silence the preamplifier for a 1 ms window after 
each stimulation pulse. Although this 1 ms window was suf-
ficient to prevent amplifier saturation, it did not entirely elimi-
nate stimulus artifact; a 5 ms blanking window was enforced 
in software during processing to ensure complete elimination 
of the stimulus artifact.

2.4.2. AMI architecture. Once data collection in the native 
muscle geometry was complete, the AMI was constructed 
in the instrumented hindlimb of each animal (figure 3(b)). 
The distal Achilles and TA tendons were first identified and 
transected near their insertions. The GSC and TA were then 
isolated from surrounding tissues and wrapped medially in 
opposite directions around the tibia. The distal tendons were 
coapted medially with 5-0 nylon suture, with special atten-
tion given to ensuring that the resulting crystal signals at rest 
matched the rest signals from the physiological milieu. The 
full surgical paradigm is shown in figure 3.

The stimulation control system, acting on the TA, was 
again used to perform a series of ramp-and-hold stretches of 

Figure 3. Experimental paradigms. With the musculature in (a) native and (b) AMI architectures, the TA was stimulated through a series of 
ramp-and-holds, while LG muscle state and ENG were recorded. White circles in the GSC represent sonomicrometery crystals. The bottom 
panel shows the surgical steps involved in building the AMI. (Artwork: Stephanie L Ku 2016).
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the GSC. A total of 60 ramp-and-hold stretches were carried 
out in the 5 animals, to various stretch magnitudes. Target 
dynamic trajectories were carried out at a constant velocity 
of 1% crystal strain per second. It should be noted here that 
the range of motion for the AMI construct allowed for lower 
stretch magnitudes than the native architecture; this is explored 
in depth in the discussion section of this paper. Stretch posi-
tions were maintained for 5 s. A rest period of 10 s was 
allowed between subsequent ramp-and-hold trials. During the 
trials, sonomicrometery stretch data and afferent nerve signal 
were recorded as described in section 2.4.1. These data were 
then compared to those obtained from the native architecture; 
similarity amongst the two systems would imply that the AMI 
architecture is capable of replicating the physiological inter-
action between agonist and antagonist muscles.

To ensure blanking efficacy, after completion of the AMI 
experiment, the tibial nerve was transected distal to the nerve 
cuff. A ramp-and-hold series was then performed with param-
eters identical to those used for the AMI experiment, and both 
ENG and crystal strain were recorded.

2.5. Data storage and processing

Force and length data from the muscle tensioner system were 
stored at 10 kHz, and exported from proprietary software (DMC/
DMA, Aurora Scientific). Sonomicrometery and ENG data 
were sampled on the Intan RHD2000 at 20 kHz. All data were 
processed in Matlab (Mathworks, Inc.). Sonomicrometery sig-
nals were smoothed with a 0.5 s sliding window, and baseline-
drift corrected. To validate signal quality, ENG signal-to-noise 
ratio (SNR) was computed according to the analysis presented 
in [49]. Specifically, mean absolute value (MAV) was defined 
as the arithmetic mean of the rectified ENG signal. SNR was 
then computed as the ratio of the average MAV during pas-
sive motion of the joint to the average value of MAV during  
rest. This analysis produced an SNR of 3.57 dB, which is 
within the range of values seen for comparable trials in [49] 

(2.28 dB–3.82 dB). ENG signals were bandpass filtered 
(0.3–3 kHz, Butterworth), normalized, digitally rectified, and 
then bin integrated using a moving window of 250 ms to pro-
duce an integrated ENG (iENG) signal. Zero-velocity iENG 
ampl itude was defined as −a aplateau base  , where abase is the 
average baseline amplitude of the iENG signal, and aplateau is 
the mean amplitude during the second half of the ‘hold’ por-
tion [31], as shown in figure 4.

3. Results

3.1. Validation of acquisition system

Figure 5 shows the results of a sample trial of the muscle ten-
sioner experiment, which was used to validate the sonomi-
crometric measurement and ENG acquisition systems. ENG 
recordings were visually inspected for the peak-plateau shape 
characteristic of spindle afferent response to ramp-and-hold 
stretches.

To evaluate measurement accuracy, sonomicrometer dis-
tance signals were compared to lengths enforced on the muscle 
tensioner system. The smoothed sonomicrometer signal was 
normalized to maximum crystal strain, then scaled to fit the 
maximum stretch enforced on the muscle tensioner (9 mm). 
A trigger pulse from the muscle tensioner to the sonomicrom-
etery recording system allowed for the two signals to be time-
synced. A correlation analysis was then performed on the two 
signals from each trial. The correlation coefficients for each 
trial were averaged. The average coefficient of fit across all 
trials was = ±R 0.9897 0.0089  , providing strong evidence 
for crystal signal accuracy.

Figure 6 shows a regression analysis for normalized crystal 
strain values versus zero-velocity iENG amplitude. Samples 
were binned based on stretch magnitudes, and bin centers 
were regressed against zero-velocity plateau amplitude. Error 
bars on each point represent standard error within the bin. The 
coefficient of fit for the regression was .78.

Figure 4. Typical iENG response during a single ramp-and-hold trial. Zero-velocity iENG amplitude is defined as the average iENG value 
during the second half of the hold. iENG signal is normalized to maximum zero-velocity plateau amplitude recorded for each animal.

J. Neural Eng. 14 (2017) 036002
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3.2. Closed-loop muscle state control

Sample position tracking trajectories for the closed-loop 
muscle state control system are shown in figure 7. PI gains 
were experimentally tuned for each animal to optimize the 
balance between rise time and overshoot. In the typical trial, 
performance in the AMI was characterized by slower reac-
tivity, manifested in the plots as slower rise times and fall 
times. Steady state error was typically indicative of either 
physical limitations on muscle stretch, or muscle fatigue in the 
stimulated muscle, and was more prevalent in the AMI trials.

3.3. Afferent stretch response

Sample crystal and integrated ENG data for the native and 
AMI experiments are shown in figures 8(a) and (b). To account 
for changes in absolute crystal distances associated with the 
surgical change in muscular geometry, crystal strains were 
normalized to the maximum values achieved for the associ-
ated animal and muscle geometry paradigm (native or AMI). 
iENG values were normalized to the maximum zero-velocity 
iENG amplitude for each animal, because nerve cuffs did not 
change position between muscle geometry paradigms. Of par-
ticular note in these data is the preservation of characteristic 
peak-plateau responses to ramp-and-hold stretches in both the 
native and AMI paradigms. The post-nerve-transection iENG 
is shown in figure 8(c). The lack of neural signal present in 
these trials verified efficacy of the blanking system in elimi-
nating stimulation artifact.

Regression analysis was performed in both experimental 
paradigms, comparing normalized crystal strain values against 
zero-velocity iENG amplitude (figure 8(d)). As above, sam-
ples were binned based on stretch values, and bin centers were 
regressed against discharge rates. Error bars on each point 

represent standard error within the bin. Coefficients of fit in 
the native and AMI architectures were similar to those seen in 
the muscle tensioner (R2 of 0.95 and 0.80, respectively). The 
slope of the regression line for the AMI case (0.24) was lower 
than that for the native case (0.62), indicating that the native 
geometry was capable of provoking larger zero-velocity iENG 
amplitudes than the AMI geometry.

4. Discussion

4.1. Summary of results

In this paper, we present results demonstrating the potential 
of a novel surgical architecture to provide physiologically- 
relevant muscle-tendon proprioceptive feedback through 

Figure 5. Results of the measurement validation experiments. iENG signal is normalized to maximum zero-velocity plateau amplitude 
recorded for each animal.

Figure 6. Regression of zero-velocity plateau amplitude versus 
normalized muscle stretch for the measurement validation 
experiments.
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native afferent channels. Specifically, two fundamental 
advancements were explored and validated. First, a closed-
loop stimulation control system, based on reliable muscle 
stretch data from sonomicrometery crystals, was shown to 
provide robust control of an agonist–antagonist muscle pair. 
Second, the AMI demonstrated the capacity to provide suf-
ficient agonist–antagonist coupling to evoke a graded spindle 
response in the antagonist’s innervation nerve. This work 

represents the first step toward the long-term goal of a clini-
cally-viable amputation paradigm for direct neural interfacing 
with advanced limb prostheses.

4.2. Translation of the AMI to human subjects

The AMI is designed for bi-directional neural communication 
with a bionic limb. The expected use case is as follows:

Figure 7. Tracking trajectories during closed-loop muscle stimulation control for the (a) native architecture typical case, (b) native 
architecture best case, and (c) AMI typical case. Muscle stretch is normalized as a percentage of the maximum stretch achieved for the 
associated muscle architecture.

Figure 8. Experimental results comparing performance of the (a) native, (b) AMI, and (c) severed nerve architectures. Muscle stretch is 
normalized as a percentage of the maximum stretch achieved for the associated muscle architecture. iENG and plateau amplitudes are 
normalized to maximum zero-velocity plateau amplitude recorded for each animal. These data are combined across all animals in (d), 
which shows regression of zero-velocity plateau amplitude versus normalized muscle stretch for the native and AMI architectures.
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 1. One AMI is surgically constructed for each degree-
of-freedom of the prosthesis. Muscle electrodes and 
sonomicrometery crystals are placed within each muscle 
of each AMI. At rest, both the agonist and antagonist 
muscles of each AMI are at resting length and tension.

 2. When joint motion is intended (either volitional or 
reflexive), the subject sends efferent neural commands to 
cause muscle contraction. EMG recorded from electrodes 
within the contracting muscle(s) and muscle fascicle 
length and contraction velocity are combined to generate 
a movement command to the prosthesis. There are several 
potential control architectures by which this movement 
command could be generated; herein, we have opted to 
present a method involving direct position-impedance 
modulation. In this approach, the angular position of each 
prosthetic joint is controlled by the arithmetic difference 
between the EMG intensity of the two muscles making 
up the AMI associated with that joint. Joint impedance is 
modulated by the common-mode signal of the two EMG 
intensities.

 3. Natural contraction of the agonist muscle stretches the 
antagonist muscle and vice versa, as in the physiological 
milieu. Afferent signals from native mechanoreceptors 
within the natively-innervated agonist and antagonist 
muscles are interpreted by the subject as position and 
force sensation from the prosthesis.

This system also has the potential to provide force feedback 
from the prosthesis, through single-muscle FES. By stimu-
lating the antagonist during natural agonist contraction, ten-
sion could be generated in the linked system to provide force 
feedback through the afferents of the agonist muscle and 
tendon. The incorporation of sonomicrometery and EMG 
from the agonist muscle into a neuromuscular model of force 
production (e.g. [50, 51]) as a feedback signal to the FES 
system would allow robust control of this afferent force sen-
sation. It is important to note that such a system has implica-
tions for plausible efferent control architectures. Although the 
full exploration of these architectures falls outside the scope 
of the present work, one could imagine a system in which, for 
example, the controller described during step 2 above is used 
during free space control, where the FES system is inactive. 
The architecture could then shift to a single-muscle control 
paradigm, drawing EMG from the unstimulated, naturally-
activated agonist muscle, when a force is applied to the limb 
(e.g. ground contact). Future research will evaluate how best 
to take advantage of the control opportunities provided by the 
AMI’s unique preservation of functional agonist–antagonist 
muscle relationships.

This architecture provides several benefits over methodolo-
gies that rely on direct electrical stimulation of nervous tissue. 
The use of native mechanoreceptors to generate usable afferent 
signals from mechanical muscle strains obviates the need for 
complex, high-resolution neural stimulation. Contact between 
synthetic materials and nerve tissue is eliminated, instead 
relying on muscle-based electrodes for signal communication, 
which are more viable [12] and provide signals with an ampl-
itude 100–1000×  that of direct recording neural electrodes.

Although this work in an animal model represents only a 
first step in validating the efficacy of the AMI construct in pro-
viding graded muscle-tendon proprioceptive feedback, careful 
thought has been taken to address concerns of translatability. 
A primary concern is that the proposed surgical architecture 
would fundamentally interfere with socket-fitting practices 
by limiting the availability of soft tissues for distal bone cov-
erage. It is our opinion that there exists sufficient redundancy 
in musculoskeletal physiology to allow deliberate selection of 
a subset of muscles that would make up the AMI for each 
degree of freedom, thereby preserving the remaining muscle 
tissue for purposes of traditional residuum-sculpting prac-
tices. This would allow rehabilitation to proceed according to 
standard socket-fitting protocols. Other concerns surrounding 
translation include excessive scarring, limb instability, 
and myoplastic integrity. Large animal trials are currently 
underway to explore the safety and integrity of this system in 
an amputation model; early indications are that none of these 
potential issues presents an insurmountable barrier.

4.3. Potential improvements and benefits inherent  
to translation

The relatively strong correlation of zero-velocity iENG ampl-
itude to crystal strain in the AMI points to a functional rela-
tionship between stretch magnitude and afferent discharge, 
indicating the capacity of the AMI construct to provide graded 
stretch feedback. Although the correlation is slightly weaker 
in the AMI than for the native architecture, it mirrors the cor-
relation observed using the muscle tensioner during validation 
trials. The lower slope, however, can likely be attributed to 
lower absolute stretch magnitudes, which may be the result 
of surgical manipulation of muscle attachment geometries 
during construction of the AMI.

One example of the ways in which muscle geometry 
impacts LG stretch magnitude becomes clear if we consider 
the physiological system in the context of simple machines; 
in this light, the foot serves as a lever of the first kind, with a 
pivot at the ankle joint. The ratio of effective ankle moment 
arms of the rat LG and TA during dorsiflexion, derived from 
data published in [52] and shown in figure 9(a), can be then 
interpreted as a simple transmission between the TA and LG 
muscle groups. The contraction magnitudes produced in the 
TA are amplified in LG stretch by the inverse of the transmis-
sion ratio. This amplification is no longer applied in the AMI 
architecture, because the ankle ‘transmission’ is bypassed 
when the muscles are surgically coapted. A relevant consid-
eration is how these geometric constraints will affect system 
performance in the human physiology. In the human ankle, for 
instance, the transmission ratios from the muscles responsible 
for primary actuation (TA during dorsiflexion, and GSC during 
plantarflexion) to the associated antagonist muscles are shown 
in figures 9(b) and (c) (data from [53]). Physiological trans-
mission ratios close to one indicate that bypassing the joint 
will have little effect on stretch profiles, while ratios greater 
than one indicate that the stretch within the AMI antagonist 
will be amplified when compared to stretch in the physiolog-
ical milieu. In this latter case, the force-generating capacity of 
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each muscle comes into consideration, as the stretch benefit is 
offset by a loss in mechanical advantage.

Friction also plays a role in limiting LG stretch. In the 
AMI, the wrapping of the LG and TA muscles around the bone 
creates a Capstan force opposing construct motion, which is 
absent in the native architecture. Simplifying the bone as a 
cylindrical wrapping surface, this force is proportional to µθe  , 
where µ is the coefficient of static friction and θ is the wrap-
ping angle. As reported in [54], the frictional coefficient for 
muscle on bone is 0.29. With a wrapping angle of 180°, we 
calculate a Capstan gain of approximately 2.5, which would 
significantly impact sliding. One potential solution to this 
problem is to consider replacing the muscle-on-bone sliding 
surface with a physiologic sliding surface, which have signifi-
cantly lower coefficients of friction. Tendons gliding on their 
synovial sheaths, for example, experience a frictional coef-
ficient of 0.02–0.03  [55, 56], which would yield a Capstan 
gain of 1.06–1.1  . This would significantly reduce the impact 
of friction on coupled agonist–antagonist motion in the AMI.

Adjustments to the stimulation paradigm may improve 
performance of the control system. Oscillation at low stretch 
magnitudes, as seen in figure 6(a), is likely the result of reverse-
order fiber recruitment, which is a problem inherent to FES [57]. 
Because larger, stronger fibers are recruited first, high-resolution  
force control is difficult at low forces. It is our expectation that 
controller performance can be significantly improved with 
stimulation approaches that are not susceptible to the reverse-
order recruitment problem, such as optical methods [58].

4.4. Expansion to regenerative approaches

Although the current work explores surgical constructs that 
are possible only in amputation cases in which native muscu-
lature remains functionally viable, the principles demonstrated 

herein have a much broader applicability. By integrating 
regenerative peripheral nerve interface technology [59], we 
envision the utilization of these methods in patients with pre-
existing amputations. In this population, it will be possible to 
recreate viable agonist–antagonist muscle pairs at the distal 
ends of transected nerves, and link them together to reproduce 
the functionality that was validated in this study.

5. Conclusion

Lower extremity amputation is extremely prevalent, and cur-
rent standards of clinical care leaves much to be desired. 
Lack of advancement in amputation surgery has contributed 
to a sub-optimal physiological setting in which researchers 
explore potential mechanisms for integration of bionic limbs 
with the peripheral nervous system. By addressing this issue 
at the point of clinical care, we have the potential to craft a 
residuum that is optimized for provision of graded proprio-
ceptive afferent feedback through native neural pathways. 
Although the current work represents a simple proof-of-
concept in an animal model, we anticipate that further devel-
opment of the AMI will lead to necessary advancements in 
amputation surgery.
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