THERMODYNAMICAL FRAMEWORK FOR MODELING CHEMO-MECHANICAL COUPLING IN MUSCLE CONTRACTION -FORMULATION AND PRELIMINARY RESULTS
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SUMMARY

We propose a muscle chemo-mechanical model by which cross-bridges in sarcomeres are considered as special chemical entities having internal mechanical variables pertaining to the actual geometric configuration. This provides a thermodynamical basis for modeling the complex interplay of chemical and mechanical phenomena at the sarcomere level. Important motivations for this modeling choice include the ability to represent (i) the so-called power-stroke phenomenon and (ii) short-time responses of a muscle, e.g. to load steps, and we will present some corresponding numerical simulations.
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Muscle contraction occurs at the nanoscale of a hierarchical multi-scale structure with the attachment of so-called cross-bridges within sarcomeres, namely, the creation of chemical bonds between myosin heads and specific sites on actin filaments. A cross-bridge in itself can be seen as a special chemical entity having internal mechanical variables -or degrees of freedom -pertaining to the actual geometric configuration, which implies that the free energy of the cross-bridge -whether in an attached or unattached state -must be made dependent on these internal variables [START_REF] Hill | Free Energy Transduction And Biochemical Cycle Kinetics[END_REF]. This provides a thermodynamical basis for modeling the complex interplay of chemical and mechanical phenomena at the sarcomere level. Within this framework we propose a muscle model with two mechanical variables associated with a cross-bridge as in [START_REF] Caruel | Muscle as a metamaterial operating near a critical point[END_REF]. This means that a cross-bridge is modeled by combining two mechanical components, here a linear spring and a bi-stable element. For the action of individual cross-bridges occurring at the nanometer scale, the energy provided by the Langevin thermostat cannot be neglected, and we therefore propose to endow the internal mechanical variables with stochastic dynamics. Our proposed chemo-mechanical model of a cross-bridge is summarized in Fig. 1 in each of the four stages of the so-called Lymn-Taylor cycle [START_REF] Lymn | Mechanism of adenosine triphosphate hydrolysis by actomyosin[END_REF]. Here we point out that we consider only two chemical states -namely, attached versus unattached -instead of four in [START_REF] Eisenberg | A cross-bridge model of muscle contraction[END_REF], albeit in our case with two internal mechanical variables instead of one.

Important motivations for this modeling choice include the ability to represent (i) the so-called powerstroke phenomenon and (ii) short-time responses of a muscle, e.g. to load steps. Our approach allows for systematic treatment of the model energetics, and in particular one goal of the proposed description is to investigate the potential benefit in mechanical efficiency with systems including -in addition to chemically-induced transformations -thermally-induced conformational changes such as the powerstroke.

In this contribution, we will first present the details of the proposed cross-bridge model, write the corresponding Langevin (stochastic) equations and give the associated Fokker-Planck equations. We will then show that the resulting model satisfies the essential thermodynamical requirements. This model can then be substituted for the simpler model considered in [START_REF] Chapelle | Energy-preserving muscle tissue model: Formulation and compatible discretizations[END_REF] -relying on two chemical states but only one internal mechanical variable for a cross-bridge -in order to obtain a complete muscle behavior description in a continuum mechanics framework. Finally we will present some numerical simulations of this model, in particular in steady-state shortening and isometric transient conditions. 

Figure 1 :

 1 Figure 1: Chemical-mechanical cross-bridge model in Lymn-Taylor cycle: attached (top) vs. detached (bottom) / pre-power-stroke (left) vs. post-power-stroke (right). The two internal mechanical variables are denoted by x and y, ėc is the sarcomere strain rate, and (k + , k ) denote the binding and unbinding reaction rates, respectively.
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