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Integration of neural architecture 
within a finite element framework 
for improved neuromusculoskeletal 
modeling
Victoria L. Volk1,2, Landon D. Hamilton3, Donald R. Hume3, Kevin B. Shelburne3 & 
Clare K. Fitzpatrick  2*

Neuromusculoskeletal (NMS) models can aid in studying the impacts of the nervous and 
musculoskeletal systems on one another. These computational models facilitate studies investigating 
mechanisms and treatment of musculoskeletal and neurodegenerative conditions. In this study, we 
present a predictive NMS model that uses an embedded neural architecture within a finite element 
(FE) framework to simulate muscle activation. A previously developed neuromuscular model of a 
motor neuron was embedded into a simple FE musculoskeletal model. Input stimulation profiles 
from literature were simulated in the FE NMS model to verify effective integration of the software 
platforms. Motor unit recruitment and rate coding capabilities of the model were evaluated. The 
integrated model reproduced previously published output muscle forces with an average error of 
0.0435 N. The integrated model effectively demonstrated motor unit recruitment and rate coding in 
the physiological range based upon motor unit discharge rates and muscle force output. The combined 
capability of a predictive NMS model within a FE framework can aid in improving our understanding 
of how the nervous and musculoskeletal systems work together. While this study focused on a simple 
FE application, the framework presented here easily accommodates increased complexity in the 
neuromuscular model, the FE simulation, or both.

Human movement requires complex interactions between the nervous system and musculoskeletal system. 
The nervous system generates electrical signals in the brain that are transmitted through the spinal cord to the 
neuromuscular junction. At the junction, the electrical signal is converted to a muscle activation that generates a 
muscle force causing motion at the joints. A major limitation in studying human systems, particularly the nervous 
system and the neuromuscular junction, is the challenge of performing in vivo experiments. In humans, studies 
investigating the neuromuscular junction are oftentimes difficult or infeasible to perform, particularly due to 
ethical concerns1. Recording electrical activity at the cellular level can be dangerous to perform in humans and 
although there are types of external recordings, such as electroencephalography (EEG) and electromyography 
(EMG), these recordings occur at the brain and muscle level and do not provide cellular level data about what 
is occurring at the neuromuscular junction. This is where computational models, specifically fully predictive 
neuromusculoskeletal (NMS) models, can play a significant role. NMS models include components of both the 
nervous and musculoskeletal systems necessary to fully study the neuromuscular junction and resulting move-
ment in a manner that is not possible in vivo.

In the field of biomechanics, musculoskeletal simulations are used to perform analyses capable of assessing 
geometry, loading and boundary conditions, and material properties in situations that cannot be measured within 
a living organism2. Two key types of musculoskeletal models are rigid body and finite element (FE) models. 
Rigid body simulations are useful for simulating musculoskeletal dynamics and calculating joint kinematics 
from experimental data3. For more complex problems, such as detailed representation of the joints that include 
soft tissue geometries and material properties, FE analyses are often more useful. FE simulation environments 
(e.g. FEBio, febio.org; Abaqus, Simulia) can be used for both rigid-body simulations and more complex FE 
simulations. However, neither of these approaches involve neural control to drive the musculoskeletal models.
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Neural data-driven models that use EMG as the input are an exception to this lack of neural control in driving 
musculoskeletal models4–9. They are beneficial for in-depth studies to quantify musculoskeletal function and 
control8 via neural drive, or common synaptic input, to the spinal cord and muscles4. However, these EMG driven 
models inform force production based only on decomposition of discharge times and no other neural anatomy. 
They also only operate in a feed-forward method that does not have the feedback from the musculoskeletal system 
to the nervous system required for the nervous system to adapt during movement.

Alternatively, fully predictive NMS models utilize a pool of motor neurons10–12 or neural networks with 
motor neurons, Renshaw cells, and interneurons13–17 to simulate a neural command that generates a simulated 
muscle force used in a musculoskeletal model. This means that the signal being converted into muscle force is 
based upon a variety of neural factors such as anatomy, types of ion channels, and connectivity between different 
neurons, which can all be modified to study their effects. Neural factors can be varied throughout the simulation 
that make the overall outputs representative of the adaptation that occurs in the body. This is a key benefit of fully 
predictive models, rather than studying musculoskeletal function from a specific neural drive1.

NEURON is an open-source, Python-based simulation environment that is used to create models ranging 
from individual neurons to networks of neurons18. Previously developed models in NEURON have been able 
to accurately simulate the neural drive to muscles19, but do so in a single motor unit that would not represent 
in vivo muscle contraction. Motor unit recruitment and rate coding are the two ways in which muscle forces in 
skeletal muscle are varied and controlled20. If a neuromuscular model does not exhibit these two functions, then 
it cannot replicate muscle force or movement generation in an in vivo manner. Recruitment is the concept that 
not all motor units (a motor neuron and all the muscle fibers it innervates) are active at a given time, but instead 
are recruited in an orderly manner20. Motor units are recruited in size order from smallest to largest, following 
Henneman’s size principle21, where ones that generate smaller forces are recruited first followed by larger force 
producing motor units. Rate coding involves a proportional relationship between stimulation intensity and dis-
charge rate, such that as the intensity of a stimulus increases, so does the rate of discharging action potentials20. 
All motor neurons have a recruitment threshold, below which no action potential will be generated. For stimuli 
that are above the recruitment threshold there exists a linear relationship between the level of injected current 
and the resulting discharge rate. The discharge rate will continue to increase with increased current intensity 
until the peak rate is achieved. After this point, there is little variation in discharge rate, even with a continued 
increase in excitatory drive. NEURON by itself simulates the electrical impulses representative of movement, 
but does not simulate the actual movement. By integrating NEURON with a FE environment, we can create a 
comprehensive multiscale simulation framework with the ability to model movement from initial neural com-
mand generated in the brain at the cellular level through to the resulting muscle contraction necessary for joint 
movement at the human systems level.

In this study, we develop a fully predictive NMS model that uses an embedded neural architecture within a FE 
environment to simulate muscle activation and force. We demonstrate the ability of this integrated framework to 
implement motor unit recruitment and rate coding capabilities in the human physiological range. This is accom-
plished by integrating finite element (Abaqus, Simulia, Providence, RI) and NEURON simulation environments 
and is demonstrated here using a motor neuron pool innervating a soleus muscle in a simple musculoskeletal 
model. A combination of complex neuronal networks with musculoskeletal modeling is needed for multifaceted 
analyses and simulation of the interaction between the nervous and musculoskeletal systems. The novel frame-
work developed in this study has been implemented here in a simple FE model. However, this framework can 
accommodate increased complexity in the neuromuscular model, the FE simulation, or both, facilitating the 
development of multi-system models that may be used in future work for investigation of neurodegenerative or 
neurodevelopmental conditions.

Results
The muscle force outputs from the single motor neuron FE NMS simulation at three muscle 
lengths—0 mm, − 8 mm, and − 16 mm—or lengthened, optimal, and shortened muscle states, respectively, 
reproduced the results reported by Kim19 (Fig. 1). The root mean square error (RMSE) between the NEURON 
force predictions of the neural model by itself and the integrated FE NMS model at the optimal muscle length 
are 0.0513 N and 0.0492 N for the reproduction of Kim Figs. 3b and 4b19, respectively. The RMSE at the length-
ened and shortened muscle states are 0.0467 N and 0.0407 N for Fig. 3b and 0.0424 N and 0.0307 N for Fig. 4b, 
respectively19. These RMSE values verify the effective integration of the NEURON and FE software environments.

The total time for a 10.0 s simulation in the FE NMS model framework was approximately 12 min for a single 
motor neuron. Of that, 8 min was the time taken for the NEURON component of the simulation and 4 min for 
the Abaqus FE component.

Verification of in vivo neural behavior.  The integrated FE NMS model scaled to a neuronal network of 
310 motor units effectively demonstrated motor unit recruitment for two stimulation profiles at three muscle 
force levels (Figs. 2, 3). Motor unit recruitment follows an exponential distribution where smaller motor units 
are recruited before larger motor units. The resulting muscle forces increased linearly until the last motor unit 
of that simulation was recruited, which is representative of physiologically accurate muscle behavior at greater 
force levels20. The interspike interval plots (Figs. 2d–f, 3d–f) show a decrease in time between successive action 
potential discharges, or increased discharge rate, with an increase in stimulation intensity and correspond to an 
increase in percent maximum voluntary contraction (%MVC). 

All motor units had recruitment thresholds between > 0 and 75% MVC and followed an exponential distribu-
tion. The average (± standard deviation) motor neuron diameter in the neuronal network of 310 motor units was 
61.58 ± 13.08 μm. The average (± standard deviation) motor neuron diameter for motor units recruited between 
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0 – 30% MVC was 57.77 ± 8.25 μm. The average (± standard deviation) motor neuron diameter for motor units 
recruited between 50 and 75% MVC was 94.60 ± 3.10 μm.

The neuronal network exhibits rate coding based upon the discharge rates of each motor unit, shown for two 
representative motor units (Fig. 4). Below the minimum discharge rate (6.78 nA), no spiking occurs. After the 
minimum discharge rate, there is a linear relationship between stimulation intensity, represented by an increase 
in amplitude of the applied current, and the discharge rate. This relationship continues until the peak discharge 
rate is reached, after which point the discharge rate has little variation.

Incorporation of tissue mechanics predictions.  The contact pressure between tibial and talus articu-
lar cartilage during ankle plantar flexion was measured throughout the simulation (Fig. 5). The peak pressure 
achieved during the simulation was 14.89 MPa. The inclusion of cartilage and contact interaction in the inte-
grated model demonstrates the ability of the model to perform more complex biomechanical analyses than is 
possible using rigid body simulations.

Discussion
The direct agreement between the muscle force output from Kim19 and the single motor neuron FE NMS model 
verifies that the NEURON model has been accurately integrated with the Abaqus FE environment. The capabil-
ity of the integrated NMS model with neuronal network to exhibit the principles of motor unit recruitment and 
rate coding show that the model accurately simulates the neural drive to muscles.

The independent computation times for the NEURON and Abaqus components of the FE NMS model 
highlight the ability to increase complexity in either component without modifying the run time in the other. A 

Figure 1.   (a, b) Input activation profiles from Kim19 implemented in the single neuron NMS model to 
show software integration. (c, d) Neuromuscular muscle force results from Kim19 (Figs. 3B, 4B), reproduced 
here using publicly available data from ModelDB32. (e, f): Muscle force outputs from FE NMS simulations at 
lengthened, optimal, and shortened muscle lengths.
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Figure 2.   (a–c) Discharge times for every 20th motor unit (dashes) with resulting output muscle force (solid 
line). Motor unit 1 is the smallest and motor unit 310 is the largest, with an exponential size distribution. The 
stimulation profile increased linearly for two seconds until reaching the peak amplitude corresponding to that 
%MVC, after which point it was held constant for two seconds. (d–f) Interspike interval measurements between 
each subsequent discharge for every motor unit through the length of the simulation. Intervals with less than 
five occurrences were not included in the figure for visualization.

Figure 3.   (a–c) Discharge times for every 20th motor unit (dashes) with resulting output muscle force 
(solid line). The stimulation profile increased linearly for two seconds until reaching the peak amplitude 
corresponding to that %MVC, after which point it decreased linearly back to baseline over two seconds. (d–f) 
Interspike interval measurements between each subsequent discharge for every motor unit through the length of 
the simulation. Intervals with less than five occurrences were not included in the figure for visualization.
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benefit of using NetPyNE to scale the neural architecture to be more representative of physiological muscle is that 
the software has been designed to run parallelized simulations, which in future models will increase efficiency 
of large-scale neuronal networks.

The efficacy of this model to accurately simulate various neural commands at different muscle force levels 
was shown through the verification of the principles of motor unit recruitment and rate coding. This illustrated 
the ability of the NMS model to accurately simulate skeletal muscle forces needed to drive in vivo movement. 

Figure 4.   (a) Discharge times for every 20th motor unit (dashes) with resulting muscle force output (solid 
line). The stimulation profile increased linearly for one second until reaching the peak amplitude corresponding 
to 10% MVC, after which point it was held constant for two seconds. (b) Discharge rate, in pulses per second, 
of motor units 40 and 60 over the course of the simulation, showing the relationship between intensity and 
discharge rate to demonstrate rate coding.

Figure 5.   (a) Contour map from Abaqus (version 2020; https://​www.​3ds.​com) simulation integrated with 
NEURON (version 7.7.2) showing contact pressure on the tibia articular cartilage during ankle plantarflexion. 
The region of higher contact pressure is located posteriorly. (b) Plantarflexed position of the tibia-talus joint.

https://www.3ds.com
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It was shown that the NMS model is capable of robust neural architecture scaling, and is therefore applicable to 
muscles of all sizes throughout the body.

The interspike intervals presented at 10% MVC (Figs. 2d, 3d) are slightly lower than those reported by 
Thompson et al.22 for soleus motor unit spontaneous discharges, but spontaneous discharges would be more 
variable, and therefore have longer interspike interval times than stimulated motor units. Also, the decrease 
in interspike interval with an increase in intensity is physiologically accurate across both stimulation profiles 
(Fig. 2, 3) because discharge rate increases with intensity resulting in a decrease in time between subsequent 
discharges. In the ramp-up and ramp-down stimulation profile (Fig. 3), there was an asymmetry in discharge 
rates between recruitment and de-recruitment of motor units, as was shown to be the case in soleus motor units 
during experimental recordings23.

The average motor neuron diameters within recruitment threshold ranges were calculated to verify the motor 
unit size distribution in the neuronal network. The average diameters were comparable to previously published 
values24, showing that the recruitment threshold distribution occurring due to the exponential diameters of 
the motor units matched in vivo values. The discharge rates at 10% MVC ranged from 7.03 to 11.28 pulses per 
second (pps) (Fig. 4). These values are within the range found for motor unit discharge rates at recruitment and 
peak force25.

The model developed here has a similar neural architecture to previously developed fully predictive NMS 
models10–17. The neuron geometry in this model was reconstructed from a cat spinal motor neuron19, which is 
more complex and physiologically accurate than previous models which built two-compartment cell models13,14. 
The most similar model is the five-component model (motor neuron pool, muscle spindles, half-sarcomere, fiber, 
and continuum mechanics) of Heidlauf and Röhrle11. Our model incorporates a program designed specifically 
for neuronal network simulations, rather than using a general bioengineering software11. This has potential 
benefit because it is easier to create larger, complex neural architectures, as exhibited here with a 310 motor 
neuron pool compared to 10 in prior literature11. This can be accomplished with NetPyNE, as was done in the 
motor unit recruitment and rate coding verification, since it was designed to facilitate the development of large 
neuronal networks using NEURON.

In this study we presented a FE model with a simplified representation of the ankle with two point-to-point 
muscles to serve as proof-of-concept that a NEURON simulation can be integrated with a FE environment to 
create a fully predictive NMS model. Musculoskeletal model complexity in the isometric contraction simulations 
used for verification of software integration is similar to that of existing NMS models with rigid-body musculo-
skeletal representation15–17. The inclusion of contact interaction at the tibia-talus joint takes the analysis a step 
further to demonstrate that additional FE model complexity can easily be incorporated within our integrated 
FE NMS environment.

Abaqus is frequently used for more complex musculoskeletal simulations, including the use of 3D muscle 
geometries and sophisticated biomaterial models26–30. Future work on this model will focus on incorporating 
these components so that the FE NMS model may be extended to perform more complex biomechanical analy-
ses that better capture physiological interactions and dependencies between the nervous and musculoskeletal 
systems. Additionally, the neuronal network developed in this study will facilitate future work with complex 3D 
muscle architectures because the current network can be minimally modified to include muscle fiber innervation.

The scope of this work was limited to verifying integration between the software platforms and the resulting 
muscle force generation from the FE NMS model. Limitations of the current model are the simplicity of the mus-
culoskeletal model, lack of validation against kinematic data, and neural signal only including input from motor 
neurons. The complexity of the FE model should be increased in future work to incorporate 3D representations 
of musculature and ligaments and validate the resulting human motions against experimental data. Additionally, 
the NEURON simulation should be expanded to include additional cell types representative of electrical signals 
generated in the brain necessary to study neurodegenerative disorders.

This is the first time that a predictive neural architecture has been integrated into a musculoskeletal finite ele-
ment environment. A fully predictive NMS model capable of running within a FE environment, as presented in 
this work, can aid in improving our understanding of how the neural and musculoskeletal systems work together 
to generate and control movement in both healthy and pathological individuals. In the future, this model may 
be applied to study neurodegenerative and neurodevelopmental movement disorders.

Methods
The design approach for the NMS model was to develop an accurate representation of nerve-muscle interaction 
that would mimic in vivo muscle activation. To do this, the slow motor unit model developed by Kim19 in the 
NEURON simulation environment (version 7.7.2) was modified to generate a motor neuron pool consisting of 
310 motor units and incorporated into a FE musculoskeletal model based upon a previously developed model31.

The neuromuscular model developed by Kim consists of a single motor neuron innervating a cat soleus 
muscle19 and is publicly available on ModelDB32. The alpha motor neuron has 311 dendrites connected to the 
soma, which is then connected to the axon hillock and initial segment (Fig. 6). The 3D neuron geometry was 
reconstructed from scans of a cat spinal motor neuron19. All cellular components exhibit passive properties, and 
the soma, dendrites, axon hillock, and initial segment also include various ion channels for active property defini-
tions. The potassium (delayed rectifier, calcium-activated) and sodium (fast, persistent) channels elicit spiking 
in all active cells, and the calcium channels (N-type, L-type) play a vital role in bursting activity that elicits force 
generation in muscles required for movement. The model of the neuromuscular junction includes components 
for calcium dynamics, activation dynamics, and force production. The force production is based on a Hill-type 
muscle model with active and passive force generating elements19.
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The musculoskeletal model is a simplified representation of a human ankle joint (Fig. 7). All geometry in 
the model was segmented from the Visible Human Male dataset33. The model includes the soleus and tibialis 
anterior muscles represented as axial connectors positioned to run through the centroid of the muscle cross-
sectional geometry. The model also includes the foot bones, tibia, and 3D articular cartilage31 at the tibia-talus 
joint. Muscle contraction is controlled by applying the forces from the NEURON simulation calculations to the 
soleus axial connector. Neural parameters determined for felines have been shown to share many of the same 
features as those seen in humans34, therefore many NMS models of humans utilize feline neural parameters13,14,16, 
as was done in this study.

All simulations were performed in Abaqus/Explicit, which included a Fortran user-subroutine (vuamp) 
as an interface between NEURON and Abaqus (Fig. 8). NEURON is called every 100 ms of the simulation by 
running a Python script from inside the Abaqus-specific Fortran subroutine. During the NEURON simula-
tion, the activation calculated in the calcium dynamics and activation dynamics modules is input into the force 
calculation. The resulting forces are input back into the Fortran user-subroutine to apply to the soleus muscle 
connector in Abaqus.

Verification of software integration.  An integrated NMS model containing a single motor neuron in 
the motor neuron pool was used for verification of the two software environments. The same input stimulation 
profiles as the Kim motor unit model were used as input into the simulation19. The simulated forces from the 
single motor neuron FE NMS model were then compared to published results (Fig. 1) and the RMSE between 
the output profiles was calculated.

Verification of in vivo neural behavior.  Motor unit recruitment and rate coding capabilities of the model 
were demonstrated to show the efficacy of the model to produce muscle forces from neural commands generated 
from a neuronal network. A neuronal network, or motor neuron pool, was generated using NetPyNE (Networks 

Figure 6.   (a) 2D and (b) 3D representations of alpha motor neuron.

Figure 7.   Abaqus musculoskeletal model of the ankle joint including geometries of the bones, muscles, and 
cartilage.
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using Python and NEURON)35. NetPyNE was chosen to scale a single neuron into a network of 310 motor units 
because the program was designed specifically to facilitate the development of large-scale, complex neuronal 
networks written in NEURON. The diameters of the neurons were varied for motor unit recruitment to occur 
following an exponential distribution20 with a range from 48.8 to 99.7 μm, which is within the diameter range 
estimated for human motor neurons16. The peak twitch force for each motor neuron was calculated using an 
exponential distribution with a 100-fold range20. In the network model, the total muscle force which was applied 
to the soleus muscle in the FE environment was calculated as the summation of twitch forces from all motor 
units20. A neuronal network of 310 motor units was created to innervate the soleus muscle based on estimates of 
the total number of motor units per specific muscle in humans and felines36–39.

For motor unit recruitment verification, two activation profiles were applied to all motor units uniformly with 
randomly distributed noise applied independently for each motor unit. Noise was an offset to the stimulation 
amplitude at each time point in the simulation and was calculated as a random number from a normal distribu-
tion with a mean of 0 nA and standard deviation of 0.2 nA. The modeled motor neuron pool was activated to 
simulate three amplitudes corresponding to 10%, 40%, and 75% of MVC, or approximately 3 N, 12 N, and 23 N, 
respectively. These values correspond to feline muscle forces, as the original neuromuscular model parameters19 
were tuned to match those experimental values. The first stimulation profile consisted of a 4 s simulated ramp 
and hold contraction that increased linearly from baseline amplitude to the target force over a 2 s period and 
was then held constant for an additional 2 s. The second profile linearly ramped up to the target force and then 
downward to baseline amplitude, both over a 2 s period. The resulting muscle forces were plotted to ensure they 
followed accurate muscle behavior20. The interspike interval, or the time between each subsequent discharge, 
for each motor unit was calculated at each force level. Additionally, the recruitment threshold, or force at which 
each motor unit is recruited, was calculated as a %MVC to verify the motor neuron diameter distribution and 
orderly recruitment.

To demonstrate rate coding in the integrated FE NMS model, a simulation was performed with a ramp and 
hold force profile which ramped up to 10% MVC over 1 s, followed by 2 s of constant stimulation intensity. The 
muscle force level of 10% MVC was chosen for comparison to previously published data25. The discharge rate for 
each motor unit was calculated as the instantaneous frequency40 and plotted to ensure an accurate relationship 
between stimulation intensity and discharge rate.

Incorporation of tissue mechanics predictions.  The integrated NMS model with a network of 310 
motor units was used to verify that the integrated model could be used to study human joint biomechanics. 
The hill-type muscle model parameters were modified to match human levels with 300 N of force applied to the 
soleus muscle for ankle plantarflexion to occur. The contact pressure between articular cartilage at the tibia-talus 
joint was measured throughout the simulation.

Data availability
The neuromuscular model used here to validate results from the finite element framework was provided by 
ModelDB (Kim19) at the publicly available repository: https://​sense​lab.​med.​yale.​edu/​Model​DB/ (Model #235769). 
The integrated model is also available on ModelDB (Model #267184).

Received: 23 March 2021; Accepted: 10 November 2021

Figure 8.   Flow of information in the integrated FE NMS model. A NEURON simulation is performed using 
a call from the Abaqus-specific Fortran user-subroutine every 100 ms. From that simulation, the activation 
is input into the muscle force calculation. The force is then applied to the soleus muscle in the Abaqus 
musculoskeletal model.

https://senselab.med.yale.edu/ModelDB/


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22983  | https://doi.org/10.1038/s41598-021-02298-9

www.nature.com/scientificreports/

References
	 1.	 Sartori, M., Llyod, D. G. & Farina, D. Neural data-driven musculoskeletal modeling for personalized neurorehabilitation technolo-

gies. IEEE Trans. Biomed. Eng. 63, 879–893. https://​doi.​org/​10.​1109/​TBME.​2016.​25382​96 (2016).
	 2.	 Herrera, A. et al. Applications of finite element simulation in orthopedic and trauma surgery. World J. Orthop. 3, 25–41. https://​

doi.​org/​10.​5312/​wjo.​v3.​i4.​25 (2012).
	 3.	 Seth, A. et al. OpenSim: Simulating musculoskeletal dynamics and neuromuscular control to study human and animal movement. 

PLoS Comput. Biol. 14, e1006223. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10062​23 (2018).
	 4.	 Farina, D. & Negro, F. Common synaptic input to motor neurons, motor unit synchronization, and force control. Exerc. Sport Sci. 

Rev. 43, 23–33. https://​doi.​org/​10.​1249/​jes.​00000​00000​000032 (2015).
	 5.	 Fernandez, J. et al. Multiscale musculoskeletal modelling, data-model fusion and electromyography-informed modelling. Interface 

Focus 6, 20150084. https://​doi.​org/​10.​1098/​rsfs.​2015.​0084 (2016).
	 6.	 Lloyd, D. G. & Besier, T. F. An EMG-driven musculoskeletal model to estimate muscle forces and knee joint moments in vivo. J. 

Biomech. 36, 765–776. https://​doi.​org/​10.​1016/​s0021-​9290(03)​00010-1 (2003).
	 7.	 Ma, Y., Xie, S. & Zhang, Y. A patient-specific EMG-driven neuromuscular model for the potential use of human-inspired gait 

rehabilitation robots. Comput. Biol. Med. 70, 88–98. https://​doi.​org/​10.​1016/j.​compb​iomed.​2016.​01.​001 (2016).
	 8.	 Sartori, M., Yavuz, U. & Farina, D. In vivo neuromechanics: Decoding causal motor neuron behavior with resulting musculoskeletal 

function. Sci. Rep. 7, 13465. https://​doi.​org/​10.​1038/​s41598-​017-​13766-6 (2017).
	 9.	 Wiedemann, L. G. et al. Neuromuscular characterisation in Cerebral Palsy using hybrid Hill-type models on isometric contrac-

tions. Comput. Biol. Med. 103, 269–276. https://​doi.​org/​10.​1016/j.​compb​iomed.​2018.​10.​027 (2018).
	10.	 Callahan, D. M., Umberger, B. R. & Kent-Braun, J. A. A computational model of torque generation: Neural, contractile, metabolic 

and musculoskeletal components. PLoS ONE 8, e56013. https://​doi.​org/​10.​1371/​journ​al.​pone.​00560​13 (2013).
	11.	 Heidlauf, T. & Rohrle, O. Modeling the chemoelectromechanical behavior of skeletal muscle using the parallel open-source software 

library OpenCMISS. Comput. Math. Methods Med. 2013, 517287. https://​doi.​org/​10.​1155/​2013/​517287 (2013).
	12.	 Siddiqi, A., Poosapadi Arjunan, S. & Kumar, D. K. Computational model to investigate the relative contributions of different neu-

romuscular properties of tibialis anterior on force generated during ankle dorsiflexion. Med. Biol. Eng. Comput. 56, 1413–1423. 
https://​doi.​org/​10.​1007/​s11517-​018-​1788-1 (2018).

	13.	 Cisi, R. R. & Kohn, A. F. Simulation system of spinal cord motor nuclei and associated nerves and muscles, in a Web-based archi-
tecture. J. Comput. Neurosci. 25, 520–542. https://​doi.​org/​10.​1007/​s10827-​008-​0092-8 (2008).

	14.	 Elias, L. A., Watanabe, R. N. & Kohn, A. F. Spinal mechanisms may provide a combination of intermittent and continuous control 
of human posture: Predictions from a biologically based neuromusculoskeletal model. PLoS Comput. Biol. 10, e1003944. https://​
doi.​org/​10.​1371/​journ​al.​pcbi.​10039​44 (2014).

	15.	 Schuurmans, J., van der Helm, F. C. & Schouten, A. C. Relating reflex gain modulation in posture control to underlying neural 
network properties using a neuromusculoskeletal model. J. Comput. Neurosci. 30, 555–565. https://​doi.​org/​10.​1007/​s10827-​010-​
0278-8 (2011).

	16.	 Sreenivasa, M., Ayusawa, K. & Nakamura, Y. Modeling and identification of a realistic spiking neural network and musculoskeletal 
model of the human arm, and an application to the stretch reflex. IEEE Trans. Neural Syst. Rehabil. Eng. 24, 591–602. https://​doi.​
org/​10.​1109/​TNSRE.​2015.​24788​58 (2016).

	17.	 Stienen, A. H., Schouten, A. C., Schuurmans, J. & van der Helm, F. C. Analysis of reflex modulation with a biologically realistic 
neural network. J. Comput. Neurosci. 23, 333–348. https://​doi.​org/​10.​1007/​s10827-​007-​0037-7 (2007).

	18.	 Hines, M. L. & Carnevale, N. T. NEURON: A tool for neuroscientists. Neuroscientist 7, 123–135. https://​doi.​org/​10.​1177/​10738​
58401​00700​207 (2001).

	19.	 Kim, H. Muscle length-dependent contribution of motoneuron Ca(v)1.3 channels to force production in model slow motor unit. 
J. Appl. Physiol. (Bethesda, Md.: 1985) 123, 88–105. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00491.​2016 (2017).

	20.	 Fuglevand, A. J., Winter, D. A. & Patla, A. E. Models of recruitment and rate coding organization in motor-unit pools. J. Neuro-
physiol. 70, 2470–2488. https://​doi.​org/​10.​1152/​jn.​1993.​70.6.​2470 (1993).

	21.	 Henneman, E., Somjen, G. & Carpenter, D. O. Functional significance of cell size in spinal motoneurons. J. Neurophysiol. 28, 
560–580. https://​doi.​org/​10.​1152/​jn.​1965.​28.3.​560 (1965).

	22.	 Thompson, C. K. et al. Robust and accurate decoding of motoneuron behaviour and prediction of the resulting force output. J. 
Physiol. 596, 2643–2659. https://​doi.​org/​10.​1113/​JP276​153 (2018).

	23.	 Oya, T., Riek, S. & Cresswell, A. G. Recruitment and rate coding organisation for soleus motor units across entire range of voluntary 
isometric plantar flexions. J. Physiol. 587, 4737–4748. https://​doi.​org/​10.​1113/​jphys​iol.​2009.​175695 (2009).

	24.	 Del Vecchio, A., Negro, F., Felici, F. & Farina, D. Distribution of muscle fibre conduction velocity for representative samples of 
motor units in the full recruitment range of the tibialis anterior muscle. Acta Physiol. (Oxf) https://​doi.​org/​10.​1111/​apha.​12930 
(2018).

	25.	 Holobar, A., Farina, D., Gazzoni, M., Merletti, R. & Zazula, D. Estimating motor unit discharge patterns from high-density surface 
electromyogram. Clin. Neurophysiol. 120, 551–562. https://​doi.​org/​10.​1016/j.​clinph.​2008.​10.​160 (2009).

	26.	 Ezquerro, F., Simón, A., Prado, M. & Pérez, A. Combination of finite element modeling and optimization for the study of lumbar 
spine biomechanics considering the 3D thorax-pelvis orientation. Med. Eng. Phys. 26, 11–22. https://​doi.​org/​10.​1016/​s1350-​
4533(03)​00128-0 (2004).

	27.	 Halloran, J. P., Erdemir, A. & van den Bogert, A. J. Adaptive surrogate modeling for efficient coupling of musculoskeletal control 
and tissue deformation models. J. Biomech. Eng. 131, 011014. https://​doi.​org/​10.​1115/1.​30053​33 (2009).

	28.	 Hume, D. R., Navacchia, A., Rullkoetter, P. J. & Shelburne, K. B. A lower extremity model for muscle-driven simulation of activity 
using explicit finite element modeling. J. Biomech. 84, 153–160. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2018.​12.​040 (2019).

	29.	 Lu, Y. T., Zhu, H. X., Richmond, S. & Middleton, J. Modelling skeletal muscle fibre orientation arrangement. Comput. Methods 
Biomech. Biomed. Eng. 14, 1079–1088. https://​doi.​org/​10.​1080/​10255​842.​2010.​509100 (2011).

	30.	 Navacchia, A., Hume, D. R., Rullkoetter, P. J. & Shelburne, K. B. A computationally efficient strategy to estimate muscle forces in 
a finite element musculoskeletal model of the lower limb. J. Biomech. 84, 94–102. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2018.​12.​020 
(2019).

	31.	 Hume, D. R., Rullkoetter, P. J. & Shelburne, K. B. ReadySim: A computational framework for building explicit finite element mus-
culoskeletal simulations directly from motion laboratory data. Int. J. Numer. Method Biomed. Eng. https://​doi.​org/​10.​1002/​cnm.​
3396 (2020).

	32.	 McDougal, R. A. et al. Twenty years of ModelDB and beyond: Building essential modeling tools for the future of neuroscience. J. 
Comput. Neurosci. 42, 1–10. https://​doi.​org/​10.​1007/​s10827-​016-​0623-7 (2017).

	33.	 Spitzer, V. M. & Whitlock, D. G. The visible human dataset: The anatomical platform for human simulation. Anat. Rec. 253, 49–57. 
https://​doi.​org/​10.​1002/​(sici)​1097-​0185(199804)​253:2%​3c49::​Aid-​ar8%​3e3.0.​Co;2-9 (1998).

	34.	 Jankowska, E. & Hammar, I. Spinal interneurones; how can studies in animals contribute to the understanding of spinal interneu-
ronal systems in man?. Brain Res. Brain Res. Rev. 40, 19–28. https://​doi.​org/​10.​1016/​s0165-​0173(02)​00185-6 (2002).

	35.	 Dura-Bernal, S. et al. NetPyNE, a tool for data-driven multiscale modeling of brain circuits. Elife https://​doi.​org/​10.​7554/​eLife.​
44494 (2019).

	36.	 Boyd, I. A. & Davey, M. R. Composition of Peripheral Nerves Vol. 56 (Wiley, 1969).

https://doi.org/10.1109/TBME.2016.2538296
https://doi.org/10.5312/wjo.v3.i4.25
https://doi.org/10.5312/wjo.v3.i4.25
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1249/jes.0000000000000032
https://doi.org/10.1098/rsfs.2015.0084
https://doi.org/10.1016/s0021-9290(03)00010-1
https://doi.org/10.1016/j.compbiomed.2016.01.001
https://doi.org/10.1038/s41598-017-13766-6
https://doi.org/10.1016/j.compbiomed.2018.10.027
https://doi.org/10.1371/journal.pone.0056013
https://doi.org/10.1155/2013/517287
https://doi.org/10.1007/s11517-018-1788-1
https://doi.org/10.1007/s10827-008-0092-8
https://doi.org/10.1371/journal.pcbi.1003944
https://doi.org/10.1371/journal.pcbi.1003944
https://doi.org/10.1007/s10827-010-0278-8
https://doi.org/10.1007/s10827-010-0278-8
https://doi.org/10.1109/TNSRE.2015.2478858
https://doi.org/10.1109/TNSRE.2015.2478858
https://doi.org/10.1007/s10827-007-0037-7
https://doi.org/10.1177/107385840100700207
https://doi.org/10.1177/107385840100700207
https://doi.org/10.1152/japplphysiol.00491.2016
https://doi.org/10.1152/jn.1993.70.6.2470
https://doi.org/10.1152/jn.1965.28.3.560
https://doi.org/10.1113/JP276153
https://doi.org/10.1113/jphysiol.2009.175695
https://doi.org/10.1111/apha.12930
https://doi.org/10.1016/j.clinph.2008.10.160
https://doi.org/10.1016/s1350-4533(03)00128-0
https://doi.org/10.1016/s1350-4533(03)00128-0
https://doi.org/10.1115/1.3005333
https://doi.org/10.1016/j.jbiomech.2018.12.040
https://doi.org/10.1080/10255842.2010.509100
https://doi.org/10.1016/j.jbiomech.2018.12.020
https://doi.org/10.1002/cnm.3396
https://doi.org/10.1002/cnm.3396
https://doi.org/10.1007/s10827-016-0623-7
https://doi.org/10.1002/(sici)1097-0185(199804)253:2%3c49::Aid-ar8%3e3.0.Co;2-9
https://doi.org/10.1016/s0165-0173(02)00185-6
https://doi.org/10.7554/eLife.44494
https://doi.org/10.7554/eLife.44494


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22983  | https://doi.org/10.1038/s41598-021-02298-9

www.nature.com/scientificreports/

	37.	 Buchthal, F. & Schmalbruch, H. Motor unit of mammalian muscle. Physiol. Rev. 60, 90–142. https://​doi.​org/​10.​1152/​physr​ev.​1980.​
60.1.​90 (1980).

	38.	 Burke, R. E., Levine, D. N., Salcman, M. & Tsairis, P. Motor units in cat soleus muscle: Physiological, histochemical and morpho-
logical characteristics. J. Physiol. 238, 503–514. https://​doi.​org/​10.​1113/​jphys​iol.​1974.​sp010​540 (1974).

	39.	 Feinstein, B., Lindegard, B., Nyman, E. & Wohlfart, G. Morphologic studies of motor units in normal human muscles. Acta Anat. 
23, 127–142. https://​doi.​org/​10.​1159/​00014​0989 (1955).

	40.	 Desmedt, J. E. & Godaux, E. Ballistic contractions in man: Characteristic recruitment pattern of single motor units of the tibialis 
anterior muscle. J. Physiol. 264, 673–693. https://​doi.​org/​10.​1113/​jphys​iol.​1977.​sp011​689 (1977).

Acknowledgements
This work was supported in part by the NIH National Institute of Arthritis and Musculoskeletal and Skin Dis-
eases, National Institute of Biomedical Imaging and Bioengineering, and the National Institute of Child Health 
and Human Development grant U01 AR072989. This material is based upon work supported by the National 
Science Foundation Graduate Research Fellowship Program under Grant No. 1946726. Any opinions, findings, 
and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily 
reflect the views of the National Science Foundation. The authors would like to thank the NIH BRAIN Initiative 
and instructors at the University of Missouri for motivating this study.

Author contributions
V.L.V.: design of the study, developed the integrated model, performed all analyses, prepared figures, primary 
writer. L.D.H.: contributed to verification of in vivo neural behavior, provided guidance on neural modeling. 
D.R.H.: contributed to FE model development and interpretation of results. K.B.S.: contributed to FE model 
development and interpretation of results. C.K.F.: study concept, design of the study, interpretation of results. 
All authors contributed to editing and revision of the manuscript for intellectual content.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.K.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1152/physrev.1980.60.1.90
https://doi.org/10.1152/physrev.1980.60.1.90
https://doi.org/10.1113/jphysiol.1974.sp010540
https://doi.org/10.1159/000140989
https://doi.org/10.1113/jphysiol.1977.sp011689
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Integration of Neural Architecture within a Finite Element Framework for Improved Neuromusculoskeletal Modeling
	Publication Information

	Integration of neural architecture within a finite element framework for improved neuromusculoskeletal modeling
	Results
	Verification of in vivo neural behavior. 
	Incorporation of tissue mechanics predictions. 

	Discussion
	Methods
	Verification of software integration. 
	Verification of in vivo neural behavior. 
	Incorporation of tissue mechanics predictions. 

	References
	Acknowledgements


