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1. Introduction 

Many sufferers of Parkinson’s disease (PD) experience a marked increase in muscle tone when at rest.  

This is known as Parkinsonian rigidity. Many explanations for the origins of Parkinsonian rigidity have 

been presented. We here investigate the feasibility of the hypothesis that rigidity originates from the 

locus of PD, the basal ganglia: specifically as a consequence of the elevated power of beta frequency 

oscillations (10-30Hz) in the basal ganglia that are often observed to correlate with the increase of 

pathological muscle tone at rest [1]. In healthy rodents and primates basal ganglia beta power is 

associated with postural maintenance and preparation for movement [2,3]. Furthermore, phase locked 

beta oscillations have been observed between the thalamus [4] or motor cortex [5] and muscles, detected 

using EMGs. 

 

Recent modelling work suggests that muscle tone could be generated by the cyclic co-activation of pairs 

of antagonistic movement commands in anti-phase with each other. However, the effect of these anti-

phase beta frequency oscillations have not been explored at the level of limb dynamics. We address this 

issue by driving a computational model of a body and a pair of antagonistic muscles using oscillatory 

signals that might be expected to be transmitted from a Parkinsonian basal ganglia. We find that 

oscillations are significantly attenuated when the driving frequency approaches the beta range. Thus we 

conclude that centrally generated beta oscillations are likely to manifest as muscle tone or rigidity rather 

than rapid limb motion. Next, we present a systematic approach to study the effect of different 

neuromusculoskeletal factors, such as inertial properties of the segments, joint type, muscle force 

capabilities and tendon routing, and how they can impact the feasible movement of the limb and 

consequently influence the coordination task of the nervous system. 

 

2. Materials and Methods 

A muscle can neither generate force nor relax instantaneously. The development of force is a complex 

sequence of events that begins with the firing of motor units and culminates in the formation of actin-

myosin cross-bridges within the myofibrils of the muscle. When the motor units of a muscle depolarize, 

action potentials are elicited in the fibers of the muscle and cause calcium ions to be released from the 

sarcoplasmic reticulum. The increase in calcium ion concentrations then initiates the cross-bridge 

formation between the actin and myosin filaments. In isolated muscle twitch experiments, the delay 

between a motor unit action potential and the development of peak force has been observed to vary from 

as little as 5𝑚𝑠 for fast ocular muscles to as much as 40𝑚𝑠 or 50𝑚𝑠 for muscles comprised of higher 

percentages of slow-twitch fibers. The relaxation of the muscle depends on the re-uptake of calcium 

ions into the sarcoplasmic reticulum. This re-uptake is a slower process than the calcium ion release, so 

the time required for muscle force to fall can be considerably longer than the time for it to develop [6]. 

 

The activation dynamics of a muscle can be modelled with a first-order differential equation. This 

equation relates the rate of change of muscle activation (i.e., the concentration of calcium ions within 

the muscle) to the muscle excitation (i.e., the firing of motor units): 
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where, 𝑢 and 𝑎 are the excitation and activation signals respectively. In the model, activation is allowed 

to vary continuously between 0 (no contraction) and 1 (full contraction) and are unit less quantities. 

Activation dynamics act as a low pass filter with a cutoff frequency ~4𝐻𝑧 for a time constant of 40𝑚𝑠 

(for the slowest process of deactivation). The cutoff frequency is approximated through the following 

equation: 

 

 𝑓𝑐𝑢𝑡 =
1

2𝜋𝜏
 (3) 

 

Moreover, we have designed a framework that translates a higher order instruction from the brain into 

a set of motor primitive commands to the biomechanical model. To this end the control of the 

musculoskeleture is performed in the task space [7], instead of joint space. This choice helps us to 

separate the control and evaluation of each task (i.e. reaching a target, balance control and external 

forces compensation). Furthermore, we are able to address scientific questions such as: how does the 

musculoskeletal properties can have an impact in shaping the possible movement of a task; which has a 

direct implication in the coordination of the muscles by the nervous system [8].  

 

A task is related to the generalized coordinates (joint angles) of the model through the Jacobian matrix: 

 

 �̇� = 𝐽(𝑞)�̇� (4) 

 

 �̈� = 𝐽(̇𝑞)�̇� + 𝐽(𝑞)�̈� (5) 

 

where, �̇�, �̈� are the velocity and acceleration of the task, �̇�, �̈� are the generalized coordinates’ higher 

order derivatives and 𝐽(𝑞) ∈ 𝑅𝑡𝑥𝑛 is the Jacobian matrix that is a mapping from joint space with 𝑛 

degrees of freedom to task space with 𝑡 (encodes information about the joints). After some derivations 

we can relate the task acceleration to the neuromusculoskeletal factors through the equation of motion: 

 

 �̈� = 𝐽(𝑞)𝑀−1(𝑞)𝑅(𝑞)𝑓𝑚 + 𝑁(𝑞) (6) 

 

 𝑁(𝑞) =  𝐽(̇𝑞)�̇� − 𝐽(𝑞)𝑀−1(𝑞)(𝐶(𝑞) + 𝐺(𝑞)) (7) 

 

where, 𝑁(𝑞) are the forces that are acting on the system (i.e. gravity and Coriolis), 𝑀(𝑞) ∈ 𝑅𝑛𝑥𝑛 is the 

skeletal inertial matrix (encodes the inertial properties of the skeletal system), 𝑅(𝑞) ∈ 𝑅𝑚𝑥𝑛 is the 

muscle moment arm matrix (encodes tendon routing and muscle geometry) with 𝑚 the number of 

muscles and 𝑓𝑚 are the muscle forces (encodes muscle properties i.e. maximum isometric force, force 

length/velocity dependencies). From Eq. 6 through simulation, we can construct the feasible acceleration 

set and visualize how the aforementioned properties of the neuromusculoskeleture can shape and 

constraint the possible movements of the task. 

 

3. Results 

With regards to the task of evaluating the hypothesis that rigidity can arise from the filtering effect 

caused by the activation dynamics, we have prepared a simple setup with two antagonistic muscles that 

attach to a body. Each muscle is modulated by a pulse train Fig. 1 (left) and the two inputs are in 

antiphase. In Fig. 1 (right) we can see that as we increase the frequency of the input excitations the 

amplitude of the oscillations is decreased and the body is almost motionless at high frequencies, where 

the filtering effect of activation dynamics is clear. 

 

In Fig. 2 we present a 3D visualization of the induced acceleration of each muscle on the index of the 

hand. As shown in Eq. 6, we can alter different neuromusculoskeletal parameters and visualize the 

resultant acceleration through simulation. In contrast to Fig. 2 (left) we choose to increase the inertia 



properties of the hand randomly, and visualize the feasible acceleration set (right). It is evident that the 

resultant effect of altering a parameter is difficult to infer, while by providing an intuitive visualization 

through simulation, one can study and compare possible results. 

 

  
Figure 1: Simulation results for evaluating the filtering effect of the activation dynamics of the muscles. The input 

of the two muscle pair (left) is a pulse train in antiphase. The simulated trajectory (right) shows clearly the 

attenuation effect of the activation dynamics as we increase the frequency of the two inputs. 

 

 
Figure 2: Visualization of the muscle induced acceleration for the index of the hand. The acceleration is visualized 

by an arrow corresponding to the direction and magnitude of the simulated acceleration On the left, we have the 

original feasible accelerations, while on the right we altered randomly the inertial properties of the hand body. 

 

4. Discussion and Conclusions 

We have proved that muscle activation dynamics can act as a low pass filter with 4𝐻𝑧 cutoff frequency 

and evaluated the hypothesis that antiphase beta oscillations can give rise to rigidity through simulation. 

While the oscillations are in antiphase one can think that they will cause tremor, as is the case with low 

frequency input (Fig. 1 right). As the frequency increases the amplitude of the oscillations is attenuated, 

because the activation dynamics process does not permit fast enough increase or decrease of its level, 

thus at high frequencies the two muscles are activated by a constant non-zero activation. The effect is 

an increase tone in the muscles that causes no movement. Although, we showed this for a simplistic case 

with two muscles, even through simulation, it is still difficult to prove the cause of rigidity in the 

presence of more muscles. That is because each muscle is unique (i.e. different strength, muscle routing, 

attachment points, spanning joint) and rigidity requires perfect cancellation of the induced acceleration. 

Nevertheless, the latter can give rise to small oscillations of the limb that may be termed as tremor, if 

their frequency is in the same band. 

 



Studying the effect on different neuromusculoskeletal properties is very important in understudying how 

muscles are coordinated by the nervous system. In this paper, we show a simplistic case where we can 

study the evolution of the feasible acceleration set induced by the muscles on a particular point of interest 

for variation of the inertial properties of the body. It should be emphasised that the concrete example, 

does not limit the possible analyses, where other important factors can be inferred. Combination of 

simulation and intuitive visualization can provide insight on quantities that are difficult to measure or 

estimated and their effect is unclear. Despite the fact that the coordination of movements can’t be 

modelled, because of its complexity, nevertheless, a simple but not too simple model can provide the 

necessary intuition on the cause-effect relation. 
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