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SUMMARY 
A recently published concept for a mechanical model of the 
CE with muscle-like hyperbolic force-velocity relation was 
tested with the test trilogy: simulation test, hardware test, and 
behavioral comparison test. Simulation test: The concept 
could be implemented in a numerical model and is therefore 
mathematically precise and logically sound. Hardware test: 
the concept could be implemented as a hardware prototype, 
which proves its real world functionality. Behavioral 
comparison test: the results of simulation and hardware test 
were compared against biological data. It revealed, that the 
concept predicts a qualitatively valid force-velocity relation, 
but it quantitatively deviates from the biological muscle. 
 
INTRODUCTION 
When looking at the variety and flexibility of human 
movements it seems a fair assumption that biological muscles 
are actuators well designed for human and animal locomotion. 
The construction of artificial muscles with similar capabilities 
is one of the most challenging developments in biomedical 
science. The application of artificial muscles is focused both 
on the construction of orthotics and prosthetics for 
rehabilitation and prevention purposes and on building 
humanoid walking machines for robotics research.  
 
Biomechanical understanding of muscle dynamics should be 
the basis for the development of such artificial muscles. 
Research in muscle biomechanics, a vital and broad field for 
over 80 years now (A.V. Hill 1922: Nobel prize in physiology 
for the explanation of the mechanisms of muscle contraction), 
explains the function and design of real biological muscles. 
Biomechanical muscle models therefore lay the fundament for 
the development of functional artificial muscles.  
 
One method of evaluating the validity of biomechanical 
muscle models is the “test trilogy” [2]. The test trilogy 
demands to perform three tests: simulation test, hardware test, 
and behavioral comparison test. The simulation test is used to 
verify that a biomechanical concept is logically precise and 
mathematically consistent. If the concept cannot be formulated 
mathematically to work in a computer simulation, it has to be 
rejected. The hardware test is used to verify the real-world 
functionality of the concept. In the behavioral comparison the 
previous test results are compared to the biological equivalent, 
which the concept claims to explain. This way, different 
concepts can be compared and it can be decided, which is the 
most realistic and biologically relevant concept. 

Here, we present simulation test and hardware test for a 
mechanical macroscopic muscle model [1] and compare it to 
literature data on biological muscles [3]. 
 
METHODS 
Biological muscles show particular contraction dynamics. 
E.g., the relation between concentric contraction force and 
contraction velocity was empirically found [3,4] to be a 
hyperbola: eq. (1). In macroscopic muscle models a respective 
hyperbolic function is assumed to represent the contraction 
dynamics of a contractile element CE,  
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FM + A( )⋅ ˙ l M = −B⋅ FM, 0 − FM( )                          (1) 

where lM is the contraction velocity, Fm the CE force, Fm,0 the 
isometric muscle force, and A and B are muscle specific 
parameters, which may be determined in quick release 
experiments. 
 
Concept: Recently, a concept was proposed to explain the 
mechanical origin of this characteristic hyperbolic relation [1]. 
This concept predicts that a combination (fig. 1) of a 
mechanical energy source (active element, AE), a force-
dependent parallel damping element (PDE), and a serial 
element (SE) exhibits CE operating points with hyperbolic 
force-velocity dependency. It was shown, that such an 
arrangement allows for an analytical derivation of the 
parameters A and B purely based on the mechanical 
parameters of these three elements [1]. Therefore, this CE 
concept could replace the empirical description with a 
mechanical model. 
 
As a reference muscle rat gastrocnemius muscle was chosen. 
The biological data were taken from quick release experiments  

 

Figure 1:  Theoretical construct of the CE [1]. The CE 
consists of three elements: active element AE, parallel 
damping element PDE, and serial element SE. y0 is the origin 
of the CE, y1 represents the length of the AE/PDE and y2 the 
length of the whole CE. 



[3]. The parameters for the three elements were derived as 
described in [5]. 
 
Simulation test: Quick release experiments were performed 
with a numerical model of the CE. Hereto, the CE length was 
fixed, while the AE was fully activated (AE force FAE=Fmax,rat). 
After 3 seconds, the CE was released and allowed to contract 
against a mass M. To extract the force-velocity relation 
maximum contraction velocity (vCE) and CE force (FCE) were 
determined for different masses m. 
 

 

Figure 2:  Hardware design. AE and PDE were realized with 
electric motors, SE with a mechanical spring. A variable 
weight was used for the external loading of the CE. 
 
Hardware test: A mechanical prototype (fig. 2) was built to 
implement the concept as explained in detail in [5]. AE and 
PDE forces were generated by two electric motors. SE was 
implemented as a mechanical spring. CE force was measured 
with a force sensor (load cell) and contraction velocity with 
the differentiated signal of a linear encoder. The prototype was 
driven as hardware in the loop by Matlab Simulink Real Time 
Workshop (Release 2010a, Mathworks Inc.). Quick release 
experiments were performed and evaluated as described for 
the simulation test. 
 
RESULTS AND DISCUSSION 
Simulation test and hardware test of quick release experiments 
resulted in similar hyperbolic force-velocity relations (fig.3). 
The behavioral comparison test could so far only be performed 
against literature data [3]. It reveals, that the CE concept 
depicted in fig. 1 predicts the hyperbolic force-velocity 
relation qualitatively, but it quantitatively deviates from the 
biological muscle (fig.3).  
 
The observed deviations most likely originate in an incorrect 
representation of SE and AE. The biological SE e.g., is 
presumably stiffer [1] than the metal spring used in the 
prototype and has non-linear viscoelastic characteristics [6]. 
Although the AE in biological muscle is more complex than 
modeled here – it shows force-length dependencies, force 
enhancement and depression effects, and activation dynamics 
– these missing properties cannot account for the deviations as 
the experiment is designed to disregard them [7]. Finally, the 
force in the AE used to derive the Hill relation in the model 
was assumed to decrease linearly with contraction velocity 
(see figure 5 in [1]). As our hardware experiment is based on 
non-changing AE force (FAE=const.), further theoretical 
analysis are necessary to throw light on the found difference 
between the predicted force-velocity relation, on the one hand,  

 
Figure 3:  Comparison of theoretical, numerical, and 
experimental CE force-velocity relation. The experimental 
data scatters around the numerical prediction; both show 
hyperbola-like force-velocity characteristics, but deviate from 
the theoretical prediction. The theoretical prediction [1] is 
based on biological data of a rat gastrocnemius muscle [3]. 
 
and both the measured and the simulated relations, on the 
other hand. 
 
CONCLUSIONS 
Simulation test and hardware test could be used to support the 
hypotheses about the mechanical origin of the force-velocity 
relation. The simulation test proved the mathematical integrity 
of the ansatz. The hardware test proved the real world 
functionality.  
With this successful proof of the real world functionality, the 
concept can be seen as a well-founded starting point for the 
development of bionic artificial muscles.  
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