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INTRODUCTION 

There are many processes in which we feel that some energy 

is consumed (we are working) and crude mechanical models 

say that we are doing nothing. Typical examples of such a 

performance is carrying a heavy suitcase via a long horizontal 

road to a railway station or holding the beer-glass in the 

stretched arm (see Figure 1). The problem is that even for 

holding the suitcase or the beer-glass energy transfer to the 

muscles is necessary to prevent the fall of the items. The way 

how to express in exact mechanical terms the energy input to 

the muscles will be given. 

 

 

METHODS 

The main step in solving the problems where we feel that 

some energy is consumed - some work is done - and the 

simply calculated macro-work W is zero is to introduce a 

viscoelastic model of muscle rheology. Viscous parts of the 

viscoelastic models are combined with dissipation of energy in 

classical materials. In biomaterials also the opposite sign of 

energy occurs; by chemical processes the energy input to 

muscles, the feeding of them, is possible. We have used 

Maxwell model in the model transcription of the act of 

holding the beer-glass (right hand side of Figure 1). The 

weight of the beer-glass and the weight of the forearm F create 

the tension force T within the modelled muscle. The 

constitutive equation of the Maxwell model has the form (see 

e.g. 1,2 ) 
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where η is viscosity, E the Young`s modulus of elasticity, 

e strain (deformation), and σ stress (tension). If the constant 

stress σ0 is applied to the model, the Hook`s spring deforms 

immediately and then the deformation proceeds linearly with 

time t due to the deformation of the Newton`s viscous term. 

When the viscous flow occurs, the forearm is falling down and 

the beer starts to flows out of the glass. To avoid this accident 

the man strengthens the arm and remains in holding the glass 

in horizontal position. What does this action mean in energetic 

sense? Energy dissipation is combined with dilatation of the 

viscous part of the model. If we try to stop the dilatation, we 

must compensate the energy dissipation combined with it by 

energy input of the same magnitude; we must feed the 

muscular system. It is relatively easy to calculate the power 

output P of the Maxwell model of volume V if tension force T 

acts on it and the model dilate; 
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As we employ the concept of energetic compensation, we use 

the last expression to calculate the necessary power input 

within the muscle to hold the beer-glass. This is our idea of 

calculating the power produced by muscles by mechanical 

means. For details see 3,4 .  

 
Figure 1: A man holding the glass of beer and the Maxwell 

model used for rheology description of the act. 

 

 

RESULTS AND DISCUSSION 

The result given in eq. (2) will be now transformed to a form 

more convenient for studying the energy production in various 

muscle systems. Mathematically it means to replace the 

inconvenient integral form of eq. (2) by the much more 

flexible differential form. Instead of calculating the power 

produced in the pre-scribed parallelepiped volume V, the 

power density p produced in a given point xi at time t. We 

have got (detailed derivation in 3 ) for the power density the 

expression: 

               21
( , ) ( , )

( , )
i i

i

p x t x t
x t

      (3) 

It gives a simple bridge between the stress σ at a given point xi 

in a muscle and the power density p transferred in the point at 

time t. The bridge forms the viscosity term η which is the 

material term describing the state of the muscle in the given 

place at the given time. If energy input is assumed, η (t, xi) 

says how much power p is needed to produce the necessary 

stress σ in a given place xi at a given time t in the muscle. By 

using expression (3) the energy transfers may be studied 

respecting the tissues differences in different parts of the 

muscular system and different sizes and forms of the muscles. 

In soft parts of a muscle the term η is relatively small and 

energy transfer is large, in sinews η is very high and nearly no 

transfer occurs.  

 



The main advantage of this approach is that the power transfer 

is expressed by only one material value η (xi, t) and the local 

stress (tension) σ (xi, t). We write purposely material value η 

and not material constant η as the value of η is a function of 

many variables. It depends not only on the position in the 

muscle and time but also on the type of a muscle, on the state 

and condition of the human or animal body and may be on 

other conditions. 

 

As the extent of power transfer is inversely proportional to 

viscosity , we shall use for describing the state of the muscle 

the inverse value 1/   and we shall call it muscular activity. So 

the material term called muscular activity increases with 

increasing power transfer in the given place of a muscle what 

is a more natural description, The muscular activity increases 

with increasing density of actin myosin pairs in the place we 

determine it (see e.g. 5 ). The similarity of myosin motion in 

actin environment to that of the piston motion in the cylinder 

of viscous part of Maxwell model is remarkable. The 

necessary energy input of the process is gained from chemical 

energy obtained by hydrolysis of adenosine triphosphate 

(ATP) to adenosine diphosphate (ADP) and so the muscular 

activity should be correlated with chemical energy calculated 

for the ATP ADP process. 

 

By using expression (3) the energy transfers may be studied 

respecting the tissues differences in different parts of the 

muscular systems and different sizes and forms of the 

muscles. If we take into account that p is the power density, it 

comes out from eq. (3) that the power input P to the whole 

muscle may be written as an integral over the volume V of the 

muscle; 
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The eq. (4) looks simple but to evaluate it at a given time t the 

distributions of the variables σ(xi,t) and η(xi,t) in the muscle 

and the muscle dimensions must be known. It may be a 

serious task. Nevertheless, some qualitative results may be 

given without detailed calculations. The power P according to 

eq. (4) increases with increasing volume V if the muscular 

activity field 1/η(xi, t) doesn`t change substantially. So a man 

who wants to enlarge his output power P must enlarges the 

volume V of his muscles. The increase of the volume V is 

achieved by physical training which perhaps may also increase 

the activity value 1/η but probably not substantially. 

 

In 3  and 4  we have in a very crude approximation solved 

eq. (4) for the case of shot putting.. We have got an order of 

magnitude estimate of the average muscular activity in this 

case: 

        41 10  1 Pa.s  

If we assume that the muscular activity in the case of a man 

holding the beer-glass (see Figure 1)is lower, say 1/η = 10
-5 

(
Pa.s)

-1
, we

 
obtain from eq. (2) for the power input into the 

muscle modelled by the Maxwell model 

 
2

12 5 2 3 3

0 2

1 500
10 Pa.s . Pa .10  m 25 W

10
P V . 

This estimate is obtained if it is assumed that T = 10 F, 

volume V = 10
-3

 m, F = 50 N and the cross-section of the 

piston modelling the muscle S = 10
-2

 m
2
. The maximum 

activity of the muscle decreases with time (tiredness increases) 

and when it goes beneath the activity necessary to hold the 

load, we must drop the load. 

 

 

 CONCLUSIONS 

The way how to calculate the energy input to a muscle system 

necessary to produce some work using only mechanical tools 

has been done. Basic examples, how to use the technique for 

practical purposes, were given. The procedure is applicable 

also to situations where no macroscopic work is done as is, 

e.g., holding a load or walking via a horizontal road.  
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