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Abstract 
Muscle cramps are an unexpected and sudden tightening of a muscle that are a common occurrence among 
adults. The components of muscle including the motor unit and sensory organs of  muscle spindle and golgi 
tendon organ have been studied but their role in creating, sustaining ,and relaxing a cramp are unknown. 
The goal of this present work is to develop a closed loop feedback system to model the force generation in 
a motor unit and the behavior of each sensory afferent. A muscle fiber, muscle spindle, and golgi tendon 
organ were represented using viscoelastic elements and modeled in Python. Closed loop models were 
developed by applying external stimuli of either efferent input or muscle stretch. Gains between the sensory 
organ firing and the subsequent central nervous system output were varied to see the effect on force 
generation at 5 seconds. Conditions representing increased muscle spindle sensitivity and decreased number 
of active golgi tendon organs produced cramp-like behavior. 
Keywords: Muscle cramps, Golgi tendon organ, muscle spindle

Introduction 
Cramps are an unexpected, sudden tightening of a 

whole or part of a muscle. They are a common occurrence 
among adults and develop in a variety of situations such as 
during rest, during exercise, and in different health 
conditions. Many treatments that are suggested to 
individuals are based on potential causes such as muscle 
fatigue, dehydration, electrolyte imbalance, stress, sitting 
for too long or overusing muscles, and lack of stretching1. 
Although it widely affects individuals, the mechanism of 
cramp formation and alleviation has not been studied. This 
paper outlines a computational model created to represent 
the behavior of muscle components to investigate different 
etiologies of cramping. 

Muscles consist of extrafusal fibers that stretch and 
contract, muscle spindles, and Golgi tendon organs. When 
a muscle is stretched, a muscle spindle (MS) senses the 
change in length and sends information to the central 
nervous system (CNS) about the length of the muscle and 
the speed of stretching. This feedback is excitatory and 
leads to muscle contraction2. Golgi tendon organs (GTOs) 
are muscle tension receptors and produce inhibitory 
feedback when the tendon is stretched by the contraction of 
the muscle. This provides the central nervous system with 
information regarding the tension applied to the tendon, or 
the force of muscle contraction3. 

The GTO’s response to single motor unit 
contractions has been studied and is most relevant to our 

current work4. Single motor units, composed of multiple 
muscle fibers, create tension on their connected tendons 
when contracting, which the GTO detects. Additionally, the 
response of the GTO has both a dynamic and static 
component that is proportional to the amount of tension 
applied, suggesting that the rate of tension applied and the 
absolute tension both affect signaling to the CNS6.  

The muscle spindle also has both a dynamic and 
static response, but to lengthening of the muscle7. The 
spindle is a unique structure that gives information to the 
central nervous system, receives information from the 
muscle, and receives information from the central nervous 
system via gamma efferent fibers. Literature suggests that 
these fusimotor drives can affect the muscle spindle’s 
sensitivity to task requirements9. Knowledge on these 
components have been used to model prostheses and 
voluntary control of muscle, but have not been combined in 
a  model for muscle cramps10-12.  

There are two main hypotheses in literature on 
cramping13. One hypothesis is the central origin of cramp 
formation which results from the hyperexcitability of motor 
neurons. The focus of this hypothesis is the motor neuron 
and its excitation, and specifically states that the 
hyperactivation of sensory afferents after either the 
contraction of muscle fibers or the stimulation of these 
afferents produces consistent inward action potentials to the 
spinal cord. This synaptic input to the central nervous 
system will affect the efferent signals given to the muscle 
fibers and produce the cramp. The second hypothesis 
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surrounding cramp formation is the peripheral origin 
hypothesis which results from an electrolyte imbalance or 
mechanical disturbance at the terminal branches of motor 
neuron axons14. These two factors theoretically will cause 
spontaneous discharges from motor neurons and spread to 
neighboring excitable axons through direct contact, 
eventually producing the cramp.  

In support of the first hypothesis, the involvement 
of the spinal pathways in cramp origin and sustenance is 
directly shown in nerve block experiments. In such 
experiments, cramps are induced through electrical 
stimulation at the nerve terminal branches and subsequent 
EMG data are recorded. By blocking peripheral nerves 
leading to the muscle, cramp induction results in discharges 
that are smaller in duration and intensity, more variable, and 
have a greater threshold of cramp elicitation when 
compared to trials with the peripheral nerves intact15. Nerve 
block experiments suggest a larger importance of efferent 
and afferent activity in the origin, sustenance, and extinction 
of cramps15. Therefore, we focused on the central origin 
hypothesis when researching and creating this model. 
Additionally, while the MS and GTO are known to alter 
firing to the muscle, it is not known to what extent their 
firing alters the CNS response. The gain between the 
sensory organ’s firing and the CNS response is unknown 
because most studies have been conducted in cat muscle and 
focused on the baseline firing and change in firing when the 
muscle is stretched16. This paper shows that the gains and 
alteration of sensory afferent sensitivity can recreate cramp-
like force generation.  

Results 

Figure 1 displays the function of the force 
generation model. Figure 1a shows the force of a single 
muscle twitch. This twitch was produced in response to one 
action potential from the central nervous system, and it 
shows the ramp up, peak, and decay of the force over time. 
Figure 1b shows the force generation over a time period of 
five seconds in response to different firing rates. Each firing 
rate was provided as neural input consistently throughout 
the duration of the modeled time. This graph allows us to 
see the varying maximum forces at different stimulus rates 
as well as the force ramp up and tetanus when high enough 
stimulus is applied. Figure 1c shows the maximum force 
generated by all possible firing rates in this model, ranging 
from 0 to 1000 pulses per second. The force was recorded 
in each condition after five seconds of modeled time. The 
purpose of this graph is to display the behavior of the model 
in response to every firing rate that may be applied by the 

Fig. 1. Response of the force generation model to (a) a single action 
potential, (b) different rates of stimulus over five seconds, and (c) stimulus 
rates varying from 0 to 1000 pulses per second. 

Fig. 2. Closed loop model response for (a) an initial force generation given 
by 100 pulses per second (pps) firing by the CNS to the muscle and (b) 
an initial stretch of 75 mm of the muscle. 



Matharoo & Sublett, 06 05 2024 – preprint copy - BioRxiv 

4 

central nervous system, thus showing the bounds of force 
generated by this model. 

For simplicity, the model was created as one motor 
unit connected to both a muscle spindle and golgi tendon 
organ. Model responses to different external stimuli are 
shown in Figure 2 and were used to see the behavior of each 
component throughout the 5 second simulation. Figure 2a 
shows the model’s response to a small force stimulation of 
one motor unit. Contraction leads to a small shortening in 
muscle length and the GTO responds. Conversely, the MS 
does not respond to this contraction. Feedback from the 
GTO leads to inhibitory signals to the CNS and resultant 
decrease in firing to the motor unit. In Figure 2b, an external 
stretch of 75 mm is applied to the whole muscle, and causes 
the muscle spindle to respond, leading to contraction in the 
motor unit. Subsequent force generated in the motor unit 
causes a comparatively insignificant GTO response. CNS 
receives feedback from both sensory organs and 
compositely efferent firing. 

Figure 3 allows us to compare the effects of each 
sensory organ on the force generated by the model. The gain 
between the sensory organ’s firing and the central nervous 
system’s response is unknown, thus the purpose of this 
surface plot is to investigate the model’s behavior at varying 
combinations of gain values. From the graph we can see that 
the muscle spindle gain has a greater effect on the overall 
force, with more variation shown along the muscle spindle 
axis compared to the golgi tendon organ axis. It also 
displays maximum force generation at high levels of muscle 
spindle gain and low levels of golgi tendon organ gain. 
Finally, when there is no muscle spindle gain, the model is 
inactive.  

Figure 4 shows the behavior of the muscle with 
varying golgi tendon organ gains and muscle spindle 
sensitivity when no stimulus is provided. Each surface plot 
represents a different muscle spindle gain applied to show 

the difference in behavior between no gain (spindle 
response of approximately 1 pps), a gain of 10, and a gain 
of 100. The force shown is the force generated five seconds 
into the simulation. At a muscle spindle gain of 100, almost 
every condition produces the maximum contraction force, 
with the lowest force occurring at a golgi tendon organ gain 
of 200 and no added muscle spindle sensitivity. Similar 
behavior is seen with a muscle spindle gain of 10, but with 
more variety among the golgi tendon gain and added muscle 
spindle sensitivity values. At high muscle spindle 
sensitivity and low GTO gain, the maximum contractile 
force is reached. Finally, with no muscle spindle gain, the 
behavior of the model is similar, but in a lower range of 
forces. The higher sensitivity numbers still produce 
sustained contraction, but do not reach the maximum force 
value. In all three conditions, the model outputs some form 
of sustained force even though no initial external stimulus 
is applied. 

Fig. 4. Force generated by model with no initial stimulus over varying golgi tendon organ gain values and varying muscle spindle sensitivity values. Force 
plotted after 5 seconds of modeling with a constant muscle spindle gain of (a) 100, (b) 10, and (c) 1 (no added gain). 

Fig. 3. Force generated by model in response to a 75 mm stretch of the 
total muscle plotted over varying golgi tendon organ and muscle spindle 
gain values. Force recorded after 5 seconds of modeling. 
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Discussion 

Our model has shown to be a functional closed loop 
feedback system of a motor unit and its sensory 
components. An action potential pulse train to the motor 
unit contracts the muscle fiber and the subsequent tension 
created elicits a response from the GTO and therefore sends 
inhibitory signals to the CNS to decrease firing to the motor 
unit (Figure 2). Similarly, a large stretch of the muscle 
elicits activity from the muscle spindle and subsequent 
contraction of the muscle.  

The force generation model shows an upper bound 
of force generation in response to rising frequencies of 
action potentials (Figure 1), as in normal muscle 
physiology. However, a limitation exists within the model 
that is also displayed by this graph by the discrete jumps in 
force at certain frequencies. This is not an accurate 
representation of physiology, but the model is limited by the 
discrete representation of time. To understand this, we need 
to first observe how the code works. 

The program is constructed such that it iterates 
through a loop that runs once every “millisecond” of 
modeled time. The neural input is represented as an array of 
ones and zeroes, with each index acting as one millisecond. 
During every iteration of the loop, the neural input array is 
read at the index corresponding to the current time point in 
the model. If the value at that index is one, an “action 
potential” occurs and a twitch is initiated. The overall force 
is calculated by summing the forces of all active twitches at 
the current time step. This neural input array is constructed 
at the beginning of the model and altered when the firing 
rate from the central nervous system changes. The program 
divides the number of array indexes per second, 1000, by 
the firing rate to find the interval between pulses. The array 
is then filled with a one at each interval, and a zero 
everywhere else. In order to fit the discrete nature of the 
array, the intervals between pulses can only be whole 
numbers, since the computer cannot place a value at any 
fraction of an index. As such, the code truncates any 
decimal when the interval is computed, causing many firing 
rates to produce the same neural input array, and thus the 
same force output. The groups of firing rates that yield the 
same force increase in size as the rate increases, and all rates 
from 501 to 1000 pulses per second produce a neural input 
array with an action potential occurring at every index. 

Based on the model behaviors displayed in Figure 
4, we can conclude that the conditions represented in these 
trials produce cramp-like behavior, as a sustained 
contraction occurred in the absence of voluntary muscle 
activation. Altering the baseline sensitivity of the muscle 
spindle agrees with prior literature in which muscle spindles 

in fatigued muscle have altered discharge patterns17. Our 
results imply that there is a possibility that the sensitivity of 
the muscle spindle can be modulated to independently cause 
a force generation in the motor unit.  

Thus, the set of conditions that produced these 
responses is a potential explanation for the mechanism of 
cramp formation. In this version of the model, the muscle 
spindle sensitivity is adjusted by raising the overall response 
of the spindle to stimulus. This also raises the baseline firing 
rate, which in its original state was very small. The model 
also includes a representation of motor adaptation occurring 
in the central nervous system. When feedback from the 
sensory organs is sustained for a period of time, the central 
nervous system activity is adjusted, creating a functional 
memory and adaptation of the nervous system to the 
feedback it receives. These two conditions together produce 
a feedback loop that causes a ramp up of contraction If the 
motor unit is well connected to many golgi tendon organs, 
the force is reduced by negative feedback, stabilizing the 
muscle at normal, non-cramping conditions. However, if the 
motor unit is not well connected and less golgi tendon 
organs are responding to the contraction, the negative 
feedback cannot overcome the force generated by the 
increasing sensitivity of the muscle spindle. In our model, 
the degree of connectivity is represented by the gain values. 
If the muscle spindle gain is increased, the ability of the 
GTO to balance the force becomes increasingly inadequate. 

The modeling conditions in Figure 4 represent 
varying degrees of connectivity between the motor unit and 
sensory organs. The added muscle spindle sensitivity, 
varied on the right most axis of the figure, represents the 
adjustment in muscle spindle sensitivity caused by gamma 
efferent firing18. The gamma efferent nerves connect to the 
muscle spindle, sending signals that can raise or lower its 
sensitivity and change the baseline rate of firing. Our model 
represents this by adding to the response of the spindle, 
which increases both the baseline and stimulus responses.  

At lower muscle spindle gain values and medium to 
low muscle spindle sensitivity, cramp-like behavior still 
occurs when the golgi tendon organ gain is low. The 
variation of gain values represents either a variation in level 
of impact of the GTO firing on the central nervous system 
output, a range of numbers of golgi tendon organs 
connected to the area of active muscle, or a combination of 
both. The first case serves a similar purpose to the muscle 
spindle gain, allowing us to test a range of possible 
interactions between the sensory organ and the central 
nervous system, which is usually left as a black box. The 
second case, focusing on the geometry of the muscle and 
sensory organs, represents a hypothesis for cramp 
formation. Lower gain values correspond to fewer golgi 
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tendon organs connected and responding to the contraction 
of one part of the muscle. A higher GTO gain models a 
motor unit in which more golgi tendon organs are connected 
and send feedback to the central nervous system. This 
variance of how many golgi tendon organs are connected to 
a motor unit comes from the conclusions drawn in literature 
about the organization of muscle fibers within motor units 
and the innervation of golgi tendon organs. Not every 
muscle fiber innervates a tendon organ, thus, not every 
motor unit is associated with the same number of tendon 
organs19,20. A motor unit comprised of several fibers may 
only have one or two fibers innervating a GTO. 
Furthermore, many or all of the fibers that do innervate a 
tendon organ might be connected to the same one, reducing 
the number of tendon organs sensing contraction of the 
motor unit. In the same way, there could be greater negative 
feedback associated with a motor unit if it happens to have 
a larger number of fibers that all innervate different tendon 
organs. The gain within our model simply represents a 
combination of these anatomical variations. 

These conditions and the results they produced 
suggest that in a cramping muscle, muscle spindle 
sensitivity is increased, fewer golgi tendon organs are 
connected to or accurately sensing force from the system of 
motor units that is contracting, and the central nervous 
system adapts with some type of memory to sensory organ 
firing. Based on our model, we conclude that this is a 
physiologically and mathematically realistic explanation of 
muscle cramps. 

The model contains several simplifications that 
allow us to represent the muscle  more easily and still 
observe relatively accurate system behaviors. One main 
simplification is the discrete representation of time. The 
model operates on a time step basis, with each step equaling 
one millisecond. This helps speed up the calculation of force 
by quickly indexing into the twitch array and summing the 
force of all action potentials. It does, however, prevent us 
from modeling continuous conditions. This has an effect on 
the force generation model, as explained in the discussion 
section of this paper. It creates discrete groups of forces 
produced by various firing rates, which is shown by the 
“jumps” in some of the graphs. While we are still able to 
observe the overall behaviors of the model, we lose some 
information about the intermediate results. Additionally, a 
limitation could be the source of the data to which our model 
was fitted. These data come from cat muscle and not human, 
leading to inaccurate numerical results for the development 
of a cramp in humans. 

Thus far, our model has shown responses to 
external stimuli and also exhibited cramp-like behavior 
when some components are modulated at rest. Future work 

should focus on setting up the model to test different 
hypotheses on the etiology of cramps and influences for its 
formation, sustenance, and relaxation. In studies eliciting a 
cramp via electrical stimulation, there was recruitment of 
additional motor units implying that a cramp not only forms, 
but spreads in a way that is connected to the central nervous 
system21,22. This model should be replicated to represent 
multiple motor units and connected to investigate the spread 
of force generation between motor units. Additionally, the 
specific arrangement and exact densities of tendon organs, 
muscle spindles, and connected units were shown to vary 
throughout one muscle and across different muscles23, 
suggesting a variance in connections between the muscle 
spindles and golgi tendon organs. Therefore another step to 
use this model can be to represent multiple motor units, with 
some being connected only to muscle spindles or golgi 
tendon organs. Lastly, in electrically elicited cramp 
formation, there has been evidence to show that reduced 
inhibitory feedback from golgi tendon organ afferents play 
an important role in cramp generation24. This, along with the 
change in sensitivity of muscle spindles, is a step future 
researchers should take to further research the role of 
sensory afferent firing in cramps. Ultimately, this project’s 
innovation in creating a comprehensive model to explain 
muscle cramps is significant because it will provide a 
framework to test different ways a cramp is formed, 
sustained, and relaxed. We hope that this model will be used 
to further investigate different types of cramps that may 
affect various populations, such as pregnant individuals or 
those undergoing kidney dialysis, and aid in the 
development of treatments and preventative measures for 
such individuals. 

Materials and Methods 
Development of the model started by representing 

the muscle spindle and golgi tendon organ using 
viscoelastic elements. The muscle spindle was previously 
modeled by McMahon25 and Milneusic et al.26, which is what 
was implemented in the model, shown in Figure 5. The 
muscle spindle response equation parameters were found by 
fitting the equations to MS responses of cat muscle27. The 
golgi tendon organ was modeled as a standard linear solid, 
and equation parameters were found by fitting the equation 
to cat GTO response data28 shown in Figure 6. The combined 
feedback model with all components is shown in Figure 7. 
The force generation model was represented by the behavior 
of one muscle twitch in one motor unit. Based on equations 
from a mechanical muscle modeling paper29, a single muscle 
twitch was defined as an array of force over time. When a 
twitch is initiated, the starting time point is saved. The 
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overall force at any given time point is calculated by 
summing the current force of every active twitch based on 
their start times. 

The model was developed in the Python 
programming language and exists as a set of multiple files. 
The muscle spindle, golgi tendon organ, and force 
generation components were first created individually, and 
exist in separate python files. The sensory organs exist as 
defined functions that take in their respective parameters 
and output firing rate. To represent the whole system, these 
components are included at the beginning of every file, 
allowing the functions to be called within the code. Force 
generation is built iteratively throughout the duration of the 
simulation, so it is defined within the model’s main loop. 
Each type of simulation is contained in one Python file, all 
with similar structures. First, the component models are 
included, and the twitch and force arrays are defined. If 
there is any external stimuli to initiate the model, such as 
stretch or a neural firing rate, it is defined here. After this 
setup, a for loop is initiated, which iterates the time array in 
one millisecond intervals. During each iteration of the loop, 
the program carries out many functions. First, it checks for 
an action potential in the central nervous system stimulus 
array, initiating a twitch if appropriate. Next, the current 
generated force is calculated, followed by the calculation of 
the muscle length. These values of force and stretch are then 
given as inputs to the golgi tendon organ and muscle spindle 
functions, respectively, which return the firing rates of each 
sensory organ. Finally, the central nervous system firing 
rate is modulated based on the sensory organ feedback, with 
the golgi tendon organ subtracting from the firing rate and 
the muscle spindle adding to it. This modulation is where 
the gains are implemented to run the tests discussed in the 
paper. At certain time intervals, the central nervous system 
baseline firing rate is updated based on prolonged sensory 
organ feedback. This represents motor adaptation, which 

has been shown to occur in a variety of sensorimotor 
conditions30. It is unknown for sure if this is how the central 
nervous system adapts during cramp formation, but the 
results produced by this adjustment in our model suggest 
that this is a key aspect of cramp formation. After the 
iteration is complete, time is adjusted incremented, and the 
loop is run again. 
 
  

Fig. 7. Visualization of component organization in the muscle. The central nervous system sends action potentials to motor units, eliciting muscular 
contraction of each fiber. Figure also shows inputs and outputs of each component. Units are given in parentheses. 
 

Fig. 5. Viscoelastic Representation of muscle spindle in parallel with 
muscle fibers from one motor unit. T represents an efferent drive to the 
muscle spindle that alters the organ’s sensitivity to stretch. Arrow 
component in muscle fiber represents the active component of contracting 
muscle. 
 

Fig. 6. Viscoelastic representation of Golgi tendon organ in series with 
muscle fibers from one motor unit. Arrow component in muscle fiber 
represents the active component of contracting muscle. 
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