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Abstract
Objective. We studied the fundamentals of muscle afferentation by building a Neuro–
mechano–morphic system actuating a cadaveric finger. This system is a faithful 
implementation of the stretch reflex circuitry. It allowed the systematic exploration of the 
effects of different fusimotor drives to the muscle spindle on the closed-loop stretch reflex 
response. Approach. As in Part I of this work, sensory neurons conveyed proprioceptive 
information from muscle spindles (with static and dynamic fusimotor drive) to populations of 
α-motor neurons (with recruitment and rate coding properties). The motor commands were 
transformed into tendon forces by a Hill-type muscle model (with activation-contraction 
dynamics) via brushless DC motors. Two independent afferented muscles emulated the 
forces of flexor digitorum profundus and the extensor indicis proprius muscles, forming an 
antagonist pair at the metacarpophalangeal joint of a cadaveric index finger. We measured 
the physical response to repetitions of bi-directional ramp-and-hold rotational perturbations 
for 81 combinations of static and dynamic fusimotor drives, across four ramp velocities, and 
three levels of constant cortical drive to the α-motor neuron pool. Main results. We found 
that this system produced responses compatible with the physiological literature. Fusimotor 
and cortical drives had nonlinear effects on the reflex forces. In particular, only cortical 
drive affected the sensitivity of reflex forces to static fusimotor drive. In contrast, both static 
fusimotor and cortical drives reduced the sensitivity to dynamic fusimotor drive. Interestingly, 
realistic signal-dependent motor noise emerged naturally in our system without having been 
explicitly modeled. Significance. We demonstrate that these fundamental features of spinal 
afferentation sufficed to produce muscle function. As such, our Neuro–mechano–morphic 
system is a viable platform to study the spinal mechanisms for healthy muscle function—and 
its pathologies such as dystonia and spasticity. In addition, it is a working prototype of a 
robust biomorphic controller for compliant robotic limbs and exoskeletons.
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1. Introduction

The physiology of fusimotor drive encompasses the inter-
action of γ-motor neurons with intrafusal muscle fibers. 
(figure 1). This interaction assists in both set muscle tone 
and modulation of stretch reflexes. These mechanisms lie 
at the heart of many theories of motor control because they 
provide the physiological bases for healthy and patholog-
ical muscle function [1]. Yet the functional significance of 
the specific features and details of fusimotor drive remain 
poorly understood.

Fusimotor drive is thought to adjust the gain of the feed-
back in the feedback control hypothesis (e.g. [2–4]), or modify 
the equilibrium of a limb by shifting the thresholds of stretch 
reflexes in the equilibrium point hypothesis (e.g. [5, 6]). But 
what are the physiological mechanisms by which cortico-
spinal commands can set these gains or thresholds? Stretch 
reflexes have also been proposed as a mechanism for senso-
rimotor pathologies. For instance, spasticity—which is pre-
sent in multiple conditions such as cerebral palsy, multiple 
sclerosis, spinal cord injury, stroke, etc—, is thought to come 
from hyperexcitability of the stretch reflex pathway and other 
spinal reflexes (e.g. [7]). But what are the specific spinal, cor-
tical or subcortical pathways, gains or circuits responsible for 
these dysfunctional responses? And are they common across 
these conditions? Increased fusimotor drive increases spindle 
afferent activity in stretched muscles that is thought to con-
tribute to the increased spasticity (e.g. [8]). But what exactly 
defines the joint angle and angular velocity thresholds for 
spastic responses? Some medications used to manage spas-
ticity are also important in regulating the fusimotor drive 
(e.g. [9]), as are some neurotransmitters (e.g. [10]). But, how 
exactly do these pharmacological imbalances or re-balances 
lead to functional changes?

We took to heart Richard Feynman’s idea that ‘What 
I cannot build I do not understand’ and used the synthetic 
analytic approach to build a physical implementation of the 
closed-loop behavior of the fusimotor drive in the spinal 
stretch reflex response. We extended a computational neu-
romorphic system emulating spinal and transcortical stretch 
reflex loops [11], and created a hardware-in-the-loop neuro–
mechanomorphic system capable of controlling robotic and 
cadaveric fingers in the physical world as discussed in Part 
I of our work [12]. In this work—Part II—we present a sys-
tematic application of this Neuro–mechano–morphic system 
to explore the effect of different combinations of fusimotor 
drive on the nuances of the reflex force response. To do so, we 
replicated the classical neurophysiological paradigm to elicit 
stretch-reflexes via ramp-and-hold perturbations of human 
fingers (see Methods).

2. Methods

2.1. Neuro–mechano–morphic system

The Neuro–mechano–morphic system shown in figure 2 was 
used for the experiments. This setup has been equipped with 
state-of-the-art models of populations of muscle spindle and 
their γ-motor neuronal drive along with populations of α 
motor neurons and their recruitment and rate coding proper-
ties, in addition to a mathematical muscle model—all run-
ning in real-time [11, 13]. The aforementioned mathematical 
models emulate the final muscle forces and interact with a 
mechanical plant in real-time, consisting of a joint—either 
robotic or cadaveric, tendons and electrical motors8. In Part I 
of this work, we demonstrate this methodology by successful 
integration of the model emulator with a mechanical plant 
(robotic or cadaveric joint) in real-time [12]. We now present 
a systematic exploration of the effects of different levels of 
fusimotor and cortical drive.

2.1.1. Cadaveric preparation. To include the actual tendon 
compliance and corresponding moment arms, as in our prior 
work [14, 15], we resected a fresh frozen cadaver arm at the 
midforearm level which was dissected the proximal end of the 
insertion tendons of the flexor digitorum profundus (FDP) and 
extensor indicis proprius (EIP) muscles of the arm. The proxi-
mal ends of these tendons were tied and glued to two high 
tensile strength para-aramid strings (Kevlar Model 8800K43). 
Additionally, the wrist was rigidly mounted to the exper-
imental table using an external fixator (Agee WristJack, Hand 
Biomechanics Lab, Inc., Sacramento, CA). The movements 
of the proximal and distal interphalangeal joints were also 
arrested using finger splints.

2.1.2. Control loops. Figure 3 shows the schematic of the 
real-time control loops. The first is the spinal and transcorti-
cal reflex loop which provided the tendon reflex force. The  
Field-Programmable Gate Arrays (FPGAs) function as con-
trollers and plant was the metacarpophalangeal (MCP) joint 
of the cadaveric index finger. Part 1 of this work details the 

8 A point of clarification: We use the term emulation as distinct from simula-
tion and control. In our point of view, emulation is the realistic implementa-
tion of the mechanisms of interest, running at the same time-scale as the 
biological system being studied. By contrast, simulation includes generic 
black-box implementations that provide realistic input-output relations but 
need not implement the mechanisms of interest in real-time nor be coupled 
to the real mechanics of the system. Further, the goal in control theory is to 
achieve a certain criterion, e.g. stabilizing the system, minimizing the error 
between desired and measured signals, etc. The approach expounded in this 
work does not explicitly control the stability or simulate the input-output 
characteristics of the joint. Rather, the system allows the emergence of 
behaviors that are analogous to those exhibited by biological systems
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mathematical models implemented in the controller. The 
strings that were fastened to the tendons were connected to 
DC motors (Faulhaber 3863H024C). The motor driver fea-
tured an array of Western Design LDU-S1 high-current Dar-
lington drivers running on the PCU-S3 Chassis. The rotational 
movements of the motors were recorded using shaft encoders 
(HEDS-5500). A custom computer application calculated the 
musculotendon lengths from the encoder pulse train and pro-
vided them to the FPGA.

The second control loop regulated the tendon forces to 
closely follow the reference forces provided by the FPGA. 
Thus, a Proportional-Integral (PI) controller, programmed 
into the app controlled the output forces of the tendons. Load 
cells (Interface model SML-10) measured the tendon forces 
and their outputs were amplified and low-pass filtered using 
a signal conditioning module (Transducer Techniques TM0-
1-12 VDC).

A DC Servo motor (Dynammixel RX-28), whose axis of 
rotation was aligned to that of the MCP joint, delivered posi-
tion perturbations to the joint. The servo was programmed 
to be much stiffer than the finger joint and the muscle 
(tendon) force responses did not significantly change the 
position of the servo and hence did not stretch the antago-
nist muscle. Consequently, the two muscles could be analyzed 
independently.

2.1.3. Neuromorphic system. Briefly, as described in Part I of 
our study [12], a set of three FPGAs (OpalKelly XEM6010-
LX150) emulated the stretch reflex loops for each muscle 
(total six FPGAs for the antagonist muscle pair). The sensory 
FPGA was fed with the static ( sγ ) and dynamic ( dγ ) fusimo-
tor drives (set by user) and the measured muscle length to 
emulate an ensemble of 128 muscle spindles (figure 1) with 
primary (Ia) and secondary (II) afferents. We used the model 

developed by Mileusnic et al which showed a close fit to the 
afferent firing rates recorded experimentally in a range of dif-
ferent experimental conditions [16]. This model incorporates 
the three nonlinear intrafusal fibers (viz. bag1, bag2, and chain 
fibers) that contribute to the firing rates of primary and sec-
ondary afferents. The model features realistic temporal prop-
erties of fusimotor activation as well as partial occlusion.

The primary and secondary afferents of the ensemble of 
muscle spindles made synaptic connections with the motor 
neuron pool in the motor FPGA via a monosynaptic pathway 
with a delay of 32ms representing a simplified model of the 
short latency component of the stretch reflex loop. The spinal 
projection from secondary afferents to alpha motor neurons 
in the model reflects various interneuronal pathways rather 
than a monosynaptic loop, which has not been described [1]. 
Both the primary and secondary afferents also made synaptic 
connections to the same motor neuron pool via the cortical 
FPGA with a delay of 64 ms and represents a very simpli-
fied model of the long latency, transcortical component of 
the stretch reflex loop circuitry. The cortical FPGA emulated 
128 neurons which is a clear oversimplification of the real 
biology. The cortical neurons had a user-defined tonic drive 
which functioned as a descending cortical offset to the motor 
neuron pool. The motor FPGA emulated models of motor 
neuron pool (with recruitment and rate coding) and a skeletal 
muscle while delivering the muscle force, EMG and motor 
neuron pool raster to the real-time custom computer program 
over USB 2.0 buses. The total number of neurons emulated for 
each afferented muscle was 1152 (total 2304 for the antago-
nistic muscle pair) which consisted of 256 spindle afferents 
(primary and secondary), 128 cortical neurons and 768 motor 
neurons. The FPGAs simulated the models at a sampling rate 
of 1 KHz.

2.2. Data acquisition

All data acquisition was performed using a high-performance 
National Instruments (NI) PXI-8108 real-time computer, 
upgraded with 4 GB DDR2 RAM and a 500 GB SSD. An NI 
PXI-6254 ADC card recorded the muscle forces while muscle 
lengths were recorded using a NI PXI-6602 digital I/O card. 
The force trajectory generated by the PI controller was input 
to the motor driver via a NI PXI-6723 DAC card. All of the 
data acquisition hardware was housed in the NI PXI-1042 
chassis.

2.3. Host program

Figure 4 shows the flowchart of the host computer application 
programmed using C/C++, featuring multithreading with 
three concurrent, low-latency threads. The thread handling 
FPGA communications interacts with the sensory and motor 
FPGAs, transmitting muscle length and velocity to the FPGAs 
while receiving muscle emulated force, EMG and spindle 
Ia, II signals from them. The emulated force that was just 
received now acts as the reference force for the PI controller 
which operated in another independent thread. This controller 
thread is accurately regulated to update every 1 millisecond 

Figure 1. A typical muscle spindle consists of a capsule 
incorporating one bag1, one bag2 and 5–10 chain intrafusal muscle 
fibers with helical sensory transduction zones from one primary 
afferent on all intrafusal fibers and from two secondary afferents 
ending on only the bag2 and chain fibers. Static fusimotor neurons 
evoke contractions of the polar regions of the bag2 and chain fibers, 
stretching transduction zones of all afferents. Dynamic fusimotor 
neurons cause a viscous stiffening of the polar regions of the bag1 
fiber, increasing the sensitivity of the primary afferent to velocity of 
stretch [16].
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and controls time sensitive tasks. It is the core of the real-time 
program since it enforces the sampling rate on the system and 
communicates with the ADC/DAC cards at each sample time 
and updates the values for muscle length and velocity, while 
implementing the PID force controller. The third thread is a 
state machine controlling the experiment, updating the fusi-
motor drive, voluntary cortical drive and controlling the servo 
motor applying the joint perturbations.

2.4. Systematic exploration of the reflex response parameters

We perturbed the MCP joint using conventional ramp-and-
hold perturbations similar to those employed previously pub-
lished experiments with human subjects [17–19]. The firing 
rates of the static ( sγ ) and dynamic ( dγ ) fusimotor neurons 
were independently selected from the set 0, 25, 50, , 200{ }�  
which were all in the range of values validated in previous 
work for our spindle model [16]. By selecting values from 
this grid at random, it was possible to mitigate the potential 
confound of presentation order given that tissue response, 

such as tendon stiffness, can change over time as the collagen 
fibers may reorganize themselves in response to load. We also 
randomly varied the velocity of perturbations among the four 
values {50,100,200,300} (degrees/s) and the three baseline 
cortical drive (c) among the three values of {0,5,10}% MVC 
by changing the baseline firing rate of the cortical neurons. We 
randomly selected combinations of parameters exhaustively, 
with each combination being tested only once. With four per-
turbations for each combination, the experiment constituted 
9 9 4 3 4 3888× × × × =  ramp-and-hold perturbations.

2.5. Analysis

Given that the stretch reflex loop is sensitive to both the 
muscle length and velocity, we analyzed the responses for 
both the phasic and tonic intervals of stretch [20]. We seg-
mented the responses per [21, 22]: (i) the phasic interval 
was 1400 (ms) starting at the onset of the perturbation; (ii) 
the tonic interval was 450 (ms) following the phasic interval. 
Figure 5 demonstrates how we defined the tonic force response 

Figure 2. Schematic of the neuro-mechano-morphic system, our experimental setup. A servo motor applied ramp-and-hold perturbations 
to the MCP joint of the cadaveric hand mounted rigidly on the experimental table. Tendon lengths and changes in tendon lengths due to the 
perturbations were recorded and provided to a set of FPGAs in real-time. The FPGAs were running in real-time, emulating the stretch reflex 
loops and provided the tendon force trajectories. Finally, DC motors actuated the tendon forces to follow the reference force trajectory.

Figure 3. The neuro-mechano-morphic design consists of two feedback loops: (i) the spinal and transcortical reflex loops running on 
FPGA, emulating the stretch reflex mechanism; (ii) the force controller loop, running on C++ to regulate the force output.
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as the difference between the baseline and the average of the 
response in the tonic interval. We further defined the phasic 
force response as the difference between the peak of the 
response during the phasic interval and the average tonic 
reflex amplitude. We then computed these measures across all 
combination of parameters.

3. Results

Figure 5 demonstrates typical emulated (i.e. commanded) 
and actual (i.e. measured) closed-loop force responses to a 
rotational perturbation that induces lengthening of muscle 
fibers. Both force responses (figure 5(B)) consist of a transient 
(phasic) and a steady-state (tonic) response. These emulated 
closed-loop force responses contain instantaneous contrib-
utions from the force-length and force-velocity properties of 
the muscle and the delayed reflex responses themselves. For 
consistency in the instantaneous responses, we set all ramp-
and-hold perturbations to start at the joint flexion angle of 24 
(degrees) and end at the joint extension angle of 18 (degrees). 
This way, all the changes that we see in our reflex responses 
are mostly due to changes in fusimotor and cortical drives 
as would be the case in living muscle. The principal differ-
ences between the emulated (figure 5(B)) and measured 
forces (figure 5(C)) arise from the nature and implementation 
of our muscles model, the bandwidth of the control loop of 
the brushless DC motors, plus the inertial and viscoelastic 
properties of the motors and tendons. These properties of the 
engineered and anatomical components led to high-frequency 
ringing and some delay in the ramp-up and ramp-down phases 
of the measured force responses. These force fluctuations are 

similar to those reported during length perturbations in human 
muscles [22, 23]. Thus, these differences between emulated 
and measured force responses do not challenge the validity 
of our results. These fluctuations might in turn result in small 
changes in the muscle fascicle length and consequently spindle 
length, inducing fluctuations in the afferent firing rates during 
these ramp phases as evident in figure 6.

Figure 6 shows representative responses to the ramp-and-
hold perturbation at four different levels of fusimotor and 
cortical drives. First and foremost, we note that the primary 
characteristics of the responses were qualitatively similar to 
experimental observations [17, 19, 24]. The afferent firing 
rates rapidly peaked at the onset of the phasic interval and 
then decayed to a steady-state shortly thereafter. This resulted 
in large bursts of response in the EMG during the ramp with 
mostly background activity during the hold. Similarly, both 
emulated and measured force responses peaked at the ramp 
interval and reached a steady-state at the hold interval.

Inspection of the representative responses reveals that 
the fusimotor and cortical drives significantly modulated 
responses at all levels of the system. A 200 (pps) increase in 

dγ , predictably, increased the firing rate of the primary (Ia) 
afferent during the ramp up from 500 to 810 (pps), but had 
only a small effect on the response of the secondary (II) 
afferent (increase of 10 (pps)). As a result, the ramps led to 
rapid recruitment of additional motor units—which in turn led 
to rapidly increased EMG and force (figure 6 column 1 versus 
column 2). Thus, an increase in dγ  increased the phasic force 
response.

Conversely, increasing the sγ , and c (i.e. static fusimotor 
and cortical drives), increased the responses during the hold 
(figure 6 column 1 versus columns 3–4). Increasing sγ  by 200 

Figure 4. Flowchart of the C  +  + code interfacing the neuromorphic system with the anatomical plant. It is a multithreaded program: 
FPGA thread read and write signals from and to the sensory and motor FPGAs; the controller thread is a real-time thread for 
communication to the ADC and DAC cards, implementing the force control PID controller and logging data; the experimental thread is a 
state machine running the experiments and updating the state of the servo motor perturbing the joint.
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(pps) also clamped offsets to the firing rates of both the pri-
mary (increase of 122 (pps)) and secondary (increase of 56 
(pps)) afferents. Moreover, increasing the sγ , and c also have 
the expected effect of increasing the baseline α motor neuron 
activity. This is seen clearly in columns 3–4 as increased 
α motor neuron activity before and after the muscle is 
lengthened.

Figures 7(A) and (B) illustrates the phasic and tonic force 
responses averaged across all four ramp velocities as a func-
tion over the 81 combinations of sγ  and dγ  with zero cortical 
drive. We present the average across all ramp velocities for 
the sake of brevity because the patterns were consistent across 
them. The contour plot for the phasic force response (panel 
(A)) shows concentric arcs illustrating both (i) the direct rela-
tion of the phasic amplitude to the dynamic fusimotor drive 
and (ii) its inverse proportionality to the static fusimotor drive. 
In contrast, while there was no strong correlation of tonic 
force response with dynamic fusimotor drive (panel (B)), the 
more vertical pattern suggests that force responses increased 
monotonically with static fusimotor drive.

Figures 7(C)–(F ) show the contour plots for responses 
with active cortical drive. Visual inspection of the phasic force 
response (panels (C) and (E)) reveals a similar response as for 
zero cortical drive (panels (A)), but illustrates a decrease in 
overall amplitude with an increase in cortical drive. In con-
trast, there was a sharp increases in the overall tonic force 
response in the presence of cortical drive (note light color of 
panels (D) and (F)). Note, however, that even when the sensi-
tivity to fusimotor drive decreased with cortical drive (panel 

(D) and F), we see an island of lower force response that sug-
gests a nonlinear, or at least non-monotonic, dependence on sγ  
and dγ  (panel (F)).

So far, we have found that dγ  mostly modulated the phasic 
force response while sγ  modulated both the phasic and tonic 
amplitudes. Moreover, the sensitivity of these relation-
ships could be altered by modulating the cortical drive. To 
quantify these effects, we calculated the slope of the linear 
regression on all 9 vertical slices from the phasic responses 
in figure 7(panels (A), (C) and (E)). Figure 8(A) shows that 
the sensitivity (i.e. slope) of the phasic force response to dγ  
decreased as a function of sγ . Changing the cortical drive 
affect the values slightly, but not their trend.

We similarly quantified the sensitivity of the tonic force 
responses to sγ  using the same linear regression approach, but 
now applied to horizontal slices of figure  7(panels (B), (D) 
and (F)). Figure  8(B) demonstrates sensitivity of the tonic 
force response to sγ , which did not change with dγ . However, 
for non-zero cortical drive there was no sensitivity to either 
static or dynamic fusimotor drive.

Previous experimental studies have revealed that variability 
of muscle force is proportional to the mean force exerted,  
i.e. signal dependent noise [25, 26]. This gave us the opportu-
nity to run a simple experiment where, in a set of isometric con-
tractions, we systematically increased the cortical drive to the 
muscle from 0 to 100% (MVC) in steps of 3.3% (MVC). This 
resulted in 30 trials, each lasting 10 s. We computed the average 
and standard deviation of force for each trial. Figure 9 demon-
strates that the standard deviation of force increases linearly as 
a function of its average similar to the experimental observa-
tions in isometric force production experiments. Consequently, 
an important emergent property of our setup is in that signal 
dependent motor noise emerges naturally even though it was 
not explicitly built into our model. The linear scaling of force 
variability as a function of the mean force level in our system 
is presumably as a result of the Hennemans size principle built 
into our motor neuron pool. This mechanism has been proposed 
by Jones et al as a source for signal dependent noise [27].

4. Discussion

4.1. Closed-loop effect of fusimotor drive on the stretch  
reflex response

We studied the fundamentals of muscle afferentation by 
building a real-time Neuro–mechano–morphic system. We find 
that this physiologically faithful implementation of the spinal 
and transcortical stretch reflex circuitry produces stable and 
robust closed-loop responses to ramp-and-hold perturbations 
for a wide range of levels of sγ  and dγ  fusimotor drives. We 
found that dγ  mostly modulated the responses of the primary Ia 
afferents, EMG and force during the phasic interval (i.e. ramp). 
In contrast, sγ  modulated responses at all levels during the hold 
interval. To our knowledge, this is the first exhaustive explora-
tion and characterization of the responses of the closed-loop 
monosynaptic spinal and transcortical stretch reflexes.

As one would expect, several nontrivial behaviors arose 
from coupling our neuromorphic circuits with anatomical 

Figure 5. Typical force response to ramp-and-hold perturbation 
with velocity of 300 (degrees s−1) is segmented to phasic and tonic 
intervals. We computed the reflex phasic and tonic amplitudes as 
illustrated in the figure. The phasic interval was 1400 (ms) long 
starting at the onset of the perturbation. The tonic interval was 450 
(ms) long following the phasic interval: (A) muscle length; (B) 
muscle emulated force; (C) measured force in the cadaveric tendon.
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Figure 6. Representative responses of spindle Ia (first row), spindle II (second row), motor neuron pool raster of 192 motor units from the 
smallest (1) to the largest (192) unit (third row), EMG (fourth row), emulated force (fifth row), measured force (sixth row) to ramp-and-
hold perturbation with velocity of 300 (degrees s−1) with different fusimotor and cortical drives: dynamic ( dγ ) and static ( sγ ) fusimotor and 
cortical (c) drives are zero (first column); dynamic fusimotor firing rate is 200 pps and cortical and static drives are zero (second column); 
static fusimotor firing rate is 200 pps and cortical and dynamic drives are zero (third column); both static and dynamic fusimotor drives are 
zero and cortical drive is 10% (MVC) (fourth column).
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tendons and joint structures. Chief among these is the nonlin-
earity in response across fusimotor parameter values and cor-
tical α-motor neuron drive, the complex force responses within 
a given ramp-and-hold perturbation, and the effects of tendon 
viscoelasticity. Our study reveals challenges not previously 
recognized in the motor control literature about the neural 
control of even simple stretch reflexes during interaction with 

compliant tendons and physical environments. These chal-
lenges are then amplified when we consider that the nervous 
system must control and coordinate the effects of such param-
eter changes across multiple muscles—and over time during 
everyday tasks. Interestingly, we saw that the changes with 
fusimotor parameter values were consistent across ramp veloc-
ities (figure 7). This is not necessarily unexpected because 

Figure 7. Contour plot of the mean value of the phasic and tonic force response as functions of the static and dynamic fusimotor firing 
rates averaged across all four ramp velocities: ((A) and (B)) phasic and tonic force responses at cortical drive of 0% (MVC); ((C) and (D)) 
phasic and tonic force responses at cortical drive of 5% (MVC); ((E) and (F)) phasic and tonic force responses at cortical drive of 10% 
(MVC).
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changes in ramp velocity simply induce a monotonic change in 
spindle output. However, this work enables a future systematic 
exploration of the effect of ramp velocity (e.g. [18]) on reflex 
responses—as done in clinics—to understand the role of fusi-
motor drive on healthy tone and pathologic catch responses.

As has been previously documented in many experimental 
studies, the CNS is capable of adjusting the sensitivity of the 
stretch reflex loop [28]. In particular, the sensitivity of the 
phasic force response to dγ  decreased with an increase in sγ  
(figure 8(A)). This was presumably due to the partial occlu-
sion mechanism modeled into our muscle spindle. We also 
observed that the sensitivity slightly decreased with increase 
in the cortical drive. Exploring the muscle length data revealed 
that the baseline of muscle length was 2.9% shorter and the 
muscle stretch to ramp-and-hold perturbation of the joint was 
1.9% shorter with background cortical drive. This is likely due 

to the elastic nature of the real tendons that stretched under 
baseline cortical drive and decreased the muscle length, as well 
as phasic and tonic tensions. This resulted in shorter muscle 
fibers. Afferent firing rate is lower when the muscle is shorter, 
and this decreased the phasic force response. Decrease in the 
phasic force response with increase in tonic contraction level 
in normal human has been previously reported in the literature 
but had remained difficult to explain [21, 29].

The sensitivity of the tonic force response to sγ  did not 
change with increase in dγ  (figure 8(B)). This was because 

dγ  is increasing the firing rate of primary Ia afferents only at 
the ramp interval, increasing only the phasic force response. 
However, the sensitivity of the tonic force response to sγ  
decreased dramatically with increase in cortical drive. But, 
what are the underlying mechanisms responsible for this? The 
2.8% reduction in muscle length because of strain in the ten-
dons cannot be the only mechanism. We carefully inspected 
the spindle and motor neuron rasters as illustrated in figure 10. 
It is evident that the static fusimotor drive increased the sec-
ondary firing rate with and without cortical drive (figure 10(A) 
all columns). However, the tonic force response sensitivity to 

sγ  was sensitive to this increase when cortical drive was zero 
(figure 10(C) column 1 and 2) but not sensitive at all when 
cortical drive was active (figure 10(C) column 3 and 4). Motor 
neuron raster demonstrates that sγ  alone could not significantly 
increase the force baseline (when the muscle was shortened) 
with no cortical drive (figure 10(B) column 1 and 2). This was 
because the motor neuron pool was not active and thus motor 
units were far from their thresholds. However, sγ  significantly 
increased the baseline when cortical drive was active (figure 
10(B) column 3 and 4). This was mainly because the cortical 
drive recruited the smaller motor neurons and thus facilitated 
the recruitment of larger ones with sγ . Since the baseline 
increases in parallel to tonic force with sγ , it only shifts the 
offset of the force and is unable to increase the tonic force 
response and thus the response becomes insensitive to sγ .

Figure 8. Sensitivity of the reflex amplitudes to the fusimotor drives change as functions of fusimotor and cortical drives (mean and 
standard deviation averaged across all four ramp velocities). Sensitivity was defined as the derivative of the phasic and tonic force responses 
as a function of the static and dynamic fusimotor drives. (A) Sensitivity of the phasic force response to the dynamic fusimotor drive as 
functions of static fusimotor and cortical drives; (B) sensitivity of the tonic force response to the static fusimotor drive as functions of 
dynamic fusimotor and cortical drives.

Figure 9. Signal dependent noise, an emergent property of our 
system. Variability of the force in isometric force generation tasks 
increases as a function of the average of the force.
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One can argue the the large scale trends in reflex response 
seen in our color maps (Figure 7) are to be expected and 
make sense. However, it is important to note that these prop-
erties emerged from interactions among elements that to our 
knowledge had not been connected previously. Moreover, it 
is equally interesting to note that the departure from linear 
trends must pose challenges to the nervous system when 
controlling afferented muscles. These difficulties are fur-
ther exacerbated when, as in the case of tonic response with 
10% cortical drive, the response is not monotonic across the 
parameter space. This can be seen as islands of high and low 
activity within the colormap. These nonlinearities (or at times 
departure from monotonicity) likely come about in part from 
the nonlinear nature of the spindle model [16]—which to our 
knowledge is the most physiologically faithful model in the 
literature.

4.2. Why neuro-mechano-morphic emulation

This work extends the work of Sreenivasa et al [30] by using 
a synthetic Neuro–mechano–morphic system to emulate the 
stretch reflex loop because our FPGA system can emulate the 
populations of neurons and control the mechatronic system in 
true real-time while emulating the physiological delays and 
neuromechanic multi-scale interactions. It is even capable of 
operation in hyper-time (365x real-time) to predict long-term 
changes of sensorimotor function [13]. This allowed us to use 
the MCP joint of a cadaveric hand as the plant to ensure ana-
tomical and physical fidelity. This enables us to perform real-
istic simulations and confront the very challenge the central 
nervous system faces when actuating actual tendons crossing 
anatomical joints [14, 15, 31]. A number of desirable features 
include: realistic viscoelastic properties of the joint, passive 
tissues and tendons, and realistic strain in loaded tendons and 
their non-constant moment arms [32]. These will result in 
realistic muscle lengths changes due to external perturbations 
that are quite difficult, if not impossible, to model and imple-
ment faithfully in computer simulations [33].

Therefore, this system is not simply doomed to succeed, 
but represents what is to our knowledge the first real-world 
implementation of the fundamental mechanisms and features 
of the stretch reflexes when coupled to real anatomical sys-
tems. The real power of this system is to provide a substrate 
on which to add the complexity as required to account for 
able motor function and pathology. Future work will be able 
to disambiguate whether and how the response of the system 
is due to neural or anatomical elements by systematically 
comparing this baseline behavior to that arising when indi-
vidual elements are replaced by alternative implementations 
(e.g. changing muscle models, varying the degree of ran-
domness in the spiking of individual neurons, changing the 
synaptic weightings, using inextensible tendons or tendons 
with varying degree of elasticity, constant moment arms, etc). 
Similarly, we will add other known elements such as Golgi 
tendon organs, Renshaw cells, Ib interneurons, etc to under-
stand their contributions above and beyond the behavior of 
this basic reflex circuitry.

4.3. Emergent properties

It is important to note that because of lack of objective 
models and limited computation power, it would be diffi-
cult, if not impossible to replicate all behaviors of the neu-
romuscular system. However, in a reasonable model, these 
behaviors should emerge naturally as a result of interaction 
among fundamental components of the system. Here we have 
observed and documented some of these emergent proper-
ties. Examples include phasic and tonic reflex responses to 
a ramp-and-hold perturbation, and signal dependent noise as 
shown in this paper; as well as maintaining a stable posture 
following a transient force perturbation to the joint as shown 
in the companion paper [12]. In future, we will explore other 
emergent properties of the system (see scientific and clinical 
implications below).

4.4. Limitations of the study

Numerical simulations are promising tools to understand 
healthy function, disease and role of therapeutic intervention 
[33]. In the context of afferented muscles [16, 34], several dif-
ferent mechanisms can potentially contribute to pathological 
muscle tone such as fusimotor drive of the muscle spindle, 
long-latency reflex response, inward currents, presynaptic 
modulation of the spindle Ia-motor neuron, interneuronal 
modulation of the spindle II-motor neuron projections, biasing 
of the various motor units with respect to their threshold and 
frequency-modulation nonlinearities, etc [28]. In this paper, 
we chose to study the effect of fusimotor drive as the first 
step to understand the sufficient pathways involved to emulate 
healthy and pathologic responses. Our hardware limitation of 
being able to implement only 128 pairs of spindle afferents 
per muscle (natural muscles have many more) has the conse-
quence that the aggregate strength of the afferent drive to the 
motor neuron pool is weaker than in its biological counterpart. 
Therefore, we added a scaling factor in the form of an offset 
and gain to increase firing rates to a level that was able to 
appropriately drive their respective motor neuron pools. This 
is why the firing rates for the spindle afferents in figure 6 are 
higher than those seen in spindle afferents which rarely fire 
faster than 250pps [16, 35]. However, we believe that this does 
not affect the validity of our results, and will not be necessary 
once we are able to implement thousands of spindle afferents.

While a model of the glutamatergic ribbon synapse from 
a hair cell in the cochlea was used in our work [36], there 
is ample evidence to support the role of serotonin synapses 
in the modulation of spinal reflexes and in the production of 
rhythmic locomotion [37, 38]. This makes the inclusion of 
models for these synaptic neurotransmitter a logical next step.

We used a conventional model of motor neuron pool con-
sisted of 128 6 768× =  motor units for each muscle whose 
parameters were adjusted according to [39] and a simple Hill-
type model of skeletal muscle [40]. It is trivial that the results 
might depend on the properties of the motor neuron pool such 
as motor unit firing rate, recruitment strategy, etc. We also 
believe that the choice of muscle model plays a significant 
role in the reflex responses (see scientific implications below). 
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In addition, our muscle model does not yet consider the 
aponeuroses of these muscles, which may have more signifi-
cant effects for the long intrinsic muscles [41]. Future work 
will test whether and how different muscle models affect force 
responses, including tremor and other force oscillations [42].

4.5. Scientific implications

Signal dependent noise was an emerging property of our 
system. This opens the possibility to study other types of 
motor variability such as physiologic and pathologic tremor 
as they have been attributed to physiological mechanisms 
including the stretch reflex loops [43]. The system we have 
built is an enabling platform to study the properties of tremor 
and its mechanical and neural mechanisms. As such, the 
neural connectivity across different motor unit pools can be 
changed to begin to, for example, understand the nature of 
cortico-muscular or musculo-muscular coherence, tremor and 
clonus in health and disease [44, 45].

We validated the notion that the fusimotor drive can sig-
nificantly modulate the stretch reflex response. But again, 
the main benefit of this work was to quantify the details of 
those responses, and how they are affected by both neural 

(e.g. fusimotor and cortical commands), physiological (e.g. 
muscle spindle structure and function), and mechanical (e.g. 
tendon compliance, moment arms, etc) properties. In future, it 
is within our goals to emulate and compare against data from 
pathologic responses in patients with disrupted reflexes, to 
find the range of fusimotor drive that is sufficient to mimic 
these behaviors. More specifically, we are interested to mimic 
spasticity and compare with clinical tests such as Modified 
Ashworth Scale [7, 46].

Regarding muscle function, we used a simple Hill-type 
muscle model with force-length and force-velocity curves 
that does not consider the dynamics of slow versus fast twitch 
fibers, post-activation potentiation, or dynamics of activa-
tion versus de-activation [47]. We have begun investigating 
other muscle models that are capable of explaining more 
complicated physiological phenomena as demonstrated in our 
companion paper [12]. By implementing a library of muscle 
models, our Neuro–mechano–morphic setup can provide a 
benchmarking system to compare them in closed-loop (i.e. 
with muscle afferentation). This is critical in understanding 
the mechanisms of muscle function, for instance, the choice 
of muscle model in replicating nonlinear properties of 
joint impedance [48] or in stability of the joint in response 

Figure 10. Sensitivity of tonic force response to sγ  decreases when there is background voluntary activity: (A) firing rate of spindle 
secondary afferent (the most sensitive afferent to sγ ) increases with sγ ; moreover, the firing rate of spindle is slightly decreased with 
voluntary, background activity which is due to the shorter muscle length when the muscle is voluntarily contracting; (B) motor neuron 
rasters show that the firing baseline (in the shortening phase of the perturbations) is absent or very small when the voluntary drive is absent 
and increases significantly with the voluntary drive, recruiting the smaller motor units; (C) muscle force shows that tonic force response 
increases with sγ  when voluntary drive is absent. The reflex tonic force is less sensitive sγ  in the presence of voluntary drive because both 
the force baseline and the absolute value of the force in the hold interval increase with sγ .
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to perturbations or in voluntary movement. Therefore, the 
selection of the muscle model is a known and unavoidable 
limitation of this work that merits further investigation by a 
systematic comparison for a variety of muscle models pro-
posed in the literature—whose behavior when coupled with 
a closed-loop neuromorphic system remains unknown [49].

Lastly, this study reinforces the notion that the time-critical 
coordination of afferented muscles undergoing eccentric con-
tractions during smooth and accurate voluntary movements 
remains poorly understood [50, 51, 52, 53]. Sherrington high-
lighted this at the birth of motor neuroscience as the problem 
of excitation-inhibition (refined now to include α γ−  coac-
tivation [54]) being fundamental to motor control [55]. Our 
recent theoretical and modeling work added details to the 
notion that controlling natural and compliant limb func-
tion requires careful orchestration of the obligatory changes 
in the lengths of all muscles in response to the rotation of a 
few joints—which is an overdetermined problem that is the 
opposite of redundant [50–52]. Our findings compound the 
difficulties posed by the need for appropriate α γ−  coactiva-
tion by the fact that the reflex response to eccentric contrac-
tions is sensitive to multiple factors including the details of the 
tendon excursion and its associated departure from linearity, 
the physiological response of the muscle spindles, etc. This 
underscores the longstanding difficulties in our understanding 
of motor control using simplified models [33, 56]. This work 
aims to provide a physiologically realistic platform to bring 
these issues to light by confronting the very challenge the cen-
tral nervous system faces: using multiple afferented muscles 
simultaneously to pull on viscoelastic tendons that act on ana-
tomical joints to interact with the physical world.

4.6. Clinical implications

Our goal is to understand how the musculotendon mechanics 
interact with spinal mechanisms to produce able and patho-
logic muscle function. This is significant in clinical research as 
a number of neuromuscular pathologies result in alteration in 
muscle tone or compromised musculotendon structures (e.g. 
muscle contractures, sarcopenia, increase in motor unit innerva-
tion numbers). Even if still in the early stages of its development, 
our Neuro–mechano–morphic system provides framework, test 
bed and reality check to quantify how presumed disruptions 
of these known mechanisms lead to pathologies, for example, 
in dystonia or spinal cord injury, which can be sufficiently 
described by simply tuning the offset and gain of the spinal or 
the transcortical loop [11]. Modeling other motor centers of the 
brain—such as the basal ganglia and the primary motor cortex—
may also allow us to model hyperkinetic pathologies [57]. The 
system can also allow us to verify the extent to which available 
or proposed interventions can improve these conditions [58–60].
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