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                    Abstract
Cell migration triggered by pseudopodia (or “false feet”) is the most used method of locomotion. A 3D finite element model of a cell migrating over a 2D substrate is proposed, with a particular focus on the mechanical aspects of the biological phenomenon. The decomposition of the deformation gradient is used to reproduce the cyclic phases of protrusion and contraction of the cell, which are tightly synchronized with the adhesion forces at the back and at the front of the cell, respectively. First, a steady active deformation is considered to show the ability of the cell to simultaneously initiate multiple pseudopodia. Here, randomness is considered as a key aspect, which controls both the direction and the amplitude of the false feet. Second, the migration process is described through two different strategies: the temporal and the spatial sensing models. In the temporal model, the cell “sniffs” the surroundings by extending several pseudopodia and only the one that receives a positive input will become the new leading edge, while the others retract. In the spatial model instead, the cell senses the external sources at different spots of the membrane and only protrudes one pseudopod in the direction of the most attractive one.
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Appendices
Appendix A: Heaviside and Level Set Functions
Let h(ψ) be the classical Heaviside function defined as 

$$ h ( \psi ) = \left \{ \begin{array}{l@{\quad}l} 1 & \psi > 0 \\ 0 & \mathrm{otherwise} \end{array} \right . $$

                    (29)
                

 and l(ϕ) the level set function which reads 

$$ l ( \phi ) = c $$

                    (30)
                

 where ψ is a real variable, ϕ is a set of real variables and c is a constant value.
Then, by composing the Heaviside and the level set function, three different applications are obtained as follows: 

$$ \begin{array}{l} \varOmega_{i} ( \boldsymbol{p} ) = h \circ l_{i} ( \boldsymbol{p}) \\\noalign{\vspace{4pt}} \mathrm{T}_{i} ( t ) = h \circ l_{i} ( t) \\\noalign{\vspace{4pt}} \varTheta_{i} ( \theta ) = h \circ l_{i} (\theta ) \end{array} $$

                    (31)
                

 which allow to determine whether a spatial particle with initial position p, a time instant t or an angle θ belong or not to a geometrical domain, a time interval or a range of directions, respectively.
Appendix B: Geometrical Level Set Functions
The annulus describing the actin network is defined by a characteristic function as follows: 

$$ l_{\mathrm{annulus}} ( \boldsymbol{p} ) = \Vert \boldsymbol{p} \Vert ^{2} - r_{\mathrm{annulus}}^{2} $$

                    (32)
                

 The cone of action is defined by 

$$ l_{\mathrm{cone},i}( \boldsymbol{p} ) = \| \boldsymbol{p}_{s,i} - p_{d,i}\boldsymbol{n}_{0,i} \| - tg( \varphi)p_{d,i} $$

                    (33)
                

 where p
                           
                              d,i
                            is the horizontal distance of a particle p
                           
                              s,i
                           =(p
                           
                    x
                  ,p
                           
                    y
                  ,0) of the pseudopod i from p
                           
                    cs
                  =(p
                           
                    cx
                  ,p
                           
                    cy
                  ,0) (Fig. 1c), which is the projection of the cell center of mass p
                           
                    c
                   on the x,y plane along the axis of the pseudopod n
                           0,i
                            (Fig. 1c). Thus, p
                           
                              d,i
                            is given by 

$$ p_{d,i} = ( \boldsymbol{p}_{s} - \boldsymbol{p}_{cs},\boldsymbol{n}_{0,i} ) $$

                    (34)
                

 where n
                           0,i
                           , which is always perpendicular to the cell membrane (Sect. 1.1), reads 

$$ \boldsymbol{n}_{0,i} = \cos\theta_{i}( t )\mathbf{i}_{x} + \sin\theta_{i}( t)\mathbf{i}_{y} $$

                    (35)
                

 with θ
                           
                    i
                   the angle of the pseudopod i.
Appendix C: Temporal Level Set Functions
The level set function l
                           
                    p
                  (t) and l
                           
                    c
                  (t) for the protrusion and the contraction phase are defined as follows: 

$$ \everymath{\displaystyle} \begin{array} {l} l_{p} ( t ) = \sin \biggl(2\pi \frac{t}{T_{\mathrm{migr}}} \biggr) \\\noalign{\vspace{6pt}} l_{c} ( t ) = - \sin \biggl(2\pi\frac{t}{T_{\mathrm{migr}}} \biggr) \end{array} $$

                    (36)
                


                        Appendix D: Temporal Sensing Model Level Set Functions
In order for the cell to be able to simultaneously extend multiple pseudopodia, three criteria need to be satisfied (Sect. 3.1). Each one of them is expressed through a specific analytical function Θ
                           
                    i
                  (θ)=h∘l
                           
                    i
                  (θ) and allows determining the admissibility of the angle θ
                           
                    i
                   of each pseudopod. Here, the level set functions associated to each criterion are defined.
Let θ
                           
                    i
                   being the direction of a pseudopod i and θ
                           
                              i+1 and θ
                           
                              i−1 the directions of its anticlockwise and clockwise nearest pseudopod, then l
                           crit1,i
                           (θ
                           
                    i
                  ) reads 

$$ l_{\mathrm{crit}1,i} ( \theta_{i} ) = \left \{ \begin{array}{l} \theta_{i} - ( \theta_{i + 1} + \frac{\pi}{36} ) \\\noalign{\vspace{3pt}} -\theta_{i} + ( \theta_{i + 1} - \frac{\pi}{36} ) \\\noalign{\vspace{3pt}} \theta_{i} - ( \theta_{i - 1} + \frac{\pi}{36} ) \\\noalign{\vspace{3pt}} -\theta_{i} + ( \theta_{i - 1} - \frac{\pi}{36} ) \end{array} \right . $$

                    (37)
                

 To contract and migrate, the cell must choose the pseudopod which is the best oriented in the direction θ
                           source,i
                           , thus Θ
                           crit2,i
                           (θ
                           
                    i
                  ) need to be verified. The associated level set function l
                           crit2,i
                           (θ
                           
                    i
                  ) reads 

$$ l_{\mathrm{crit}2,i} ( \theta_{i} ) = \left \{ \begin{array}{l} - \vert \theta_{i} - \theta_{\mathrm{source},i} \vert + \vert \theta_{i + 1} - \theta_{\mathrm{source},i} \vert \\\noalign{\vspace{3pt}} - \vert \theta_{i} - \theta_{\mathrm{source},i} \vert + \vert \theta_{i - 1} - \theta_{\mathrm{source},i} \vert \end{array} \right . $$

                    (38)
                

 Finally, the angle θ
                           
                    i
                   of the pseudopod Ω
                           ppod,i
                            chosen to migrate has to be in the same quadrant of θ
                           source,i
                           . Thus, Θ
                           crit3,i
                           (θ
                           
                    i
                  ) is implemented in the model and the associated level set function l
                           crit3,i
                           (θ
                           
                    i
                  ) is defined as 

$$ l_{\mathrm{crit}3,i} ( \theta_{i} ) = \left \{ \begin{array}{l@{\quad}l} \theta_{i} & \mbox{if } 0 < \theta_{\mathrm{source},i} < \frac{\pi}{2} \\\noalign{\vspace{3pt}} -\theta_{i} + \frac{\pi}{2} & \mbox{if } 0 < \theta_{\mathrm{source},i} < \frac{\pi}{2} \\\noalign{\vspace{3pt}} \theta_{i} - \frac{\pi}{2} & \mbox{if } \frac{\pi}{2} < \theta_{\mathrm{source},i} < \pi\\\noalign{\vspace{3pt}} - \theta_{i} + \pi & \mbox{if }\frac{\pi}{2} < \theta_{\mathrm{source},i} < \pi\\\noalign{\vspace{3pt}} \theta_{i} - \pi & \mbox{if } \pi < \theta_{\mathrm{source},i} < \frac{3\pi}{2} \\\noalign{\vspace{3pt}} - \theta_{i} + \frac{3\pi}{2} & \mbox{if } \pi < \theta_{\mathrm{source},i} < \frac{3\pi}{2} \\\noalign{\vspace{3pt}} \theta_{i} - \frac{3\pi}{2} & \mbox{if } \frac{3\pi}{2} < \theta_{\mathrm{source},i} < 2\pi\\\noalign{\vspace{3pt}} - \theta_{i} + 2\pi & \mbox{if } \frac{3\pi}{2} < \theta_{\mathrm{source},i} < 2\pi \end{array} \right . $$

                    (39)
                


                        Appendix E: Adhesion Surfaces and Forces
Similarly to the pseudopod domain Ω
                           ppod,i
                           (p), the frontal adhesion surface results from the intersection between the annulus and the cone at z=0. Thus, l
                           annulus(p
                           
                    s
                  ) and l
                           cone,i
                           (p
                           
                    s
                  ) are now expressed as follows: 

$$ \everymath{\displaystyle} \begin{array}{l} l_{\mathrm{annulus}} ( \boldsymbol{p}_{s} ) = \Vert \boldsymbol{p}_{s}\Vert ^{2} - r_{\mathrm{annulus}}^{2} \\\noalign{\vspace{3pt}} l_{\mathrm{cone},i} ( \boldsymbol{p}_{s} ) = \Vert \boldsymbol{p}_{s,i} - p_{d,i}\boldsymbol{n}_{0,i} \Vert - tg (\varphi )p_{d,i} \end{array} $$

                    (40)
                

 The level set function l
                           
                              r,i
                           (p
                           
                    s
                  ), which allows defining the rear adhesion surface ∂Ω
                           
                              r,i
                           (p
                           
                    s
                  ), reads 

$$ l_{r,i}( \boldsymbol{p}_{s} ) = - ( \boldsymbol{p}_{s} - \boldsymbol{p}_{cs},\boldsymbol{n}_{0,i} ) - l_{r}(24) $$

                    (41)
                

 where l
                           
                    r
                   is the distance of p
                           
                    cs
                   from the boundary of the rear adhesion surface and is here equal to 2 μm (Fig. 1c).
The level set functions l
                           
                    af
                  (t) and l
                           
                    ar
                  (t), which synchronize the adhesion forces with the active deformations (Sect. 3.3), are expressed as 

$$ \everymath{\displaystyle} \begin{array}{l} l_{af} ( t ) = - \frac{\partial ( \sin( 2\pi \frac{t}{T_{\mathrm{migr}}} ) )}{\partial t} \\\noalign{\vspace{6pt}} l_{ar} ( t ) = \frac{\partial ( \sin ( 2\pi \frac{t}{T_{\mathrm{migr}}} ) )}{\partial t} \end{array} $$

                    (42)
                


                        Appendix F: Sensitivity Analysis
The high number of parameters in the model (20, Table 1) does not allow performing an exhaustive sensitivity study. Nevertheless, the parameters can be classified in four categories: 
	
                      (1)
                      
                        the parameters referenced in the literature: E
                                       
                            s
                           (Laurent et al. 2005), μ
                                       
                            fv
                           (Bausch et al. 1999; Drury and Dembo 2001), ρ (Fukui et al. 2000), T
                                       migr (Allena and Aubry 2012; Dong et al. 2002), and the minimal distance between the pseudopodia (\(\pm\frac{\pi}{36}\)) (Bosgraaf and Van Haastert 2009a);

                      
                    
	
                      (2)
                      
                        the parameters that have been chosen within a reasonable physical range (Allena and Aubry 2012): r, E
                                       
                            fe
                          , ν
                                       
                            s
                          , ν
                                       
                            f
                          ;

                      
                    
	
                      (3)
                      
                        the parameters that have been arbitrarily chosen and for which a sensitivity analysis has been proposed in Allena and Aubry (2012), showing a slight influence on the final results: h, e
                                       
                                          ap0, ∂Ω
                                       
                                          r,i
                                       , μ
                                       
                            ff
                          , μ
                                       
                            fr
                          ;

                      
                    
	
                      (4)
                      
                        the parameters that have been arbitrarily chosen and for which a sensitivity analysis is proposed here: r
                                       annulus, φ, e
                                       
                                          ac0, α.

                        Each parameter has been allowed a variance of ±10 % in both the temporal and the spatial sensing models. The values of the source directions θ
                                       source,i
                                        are assumed to not affect the mechanical behavior of the cell, but just the path over the 2D substrate in both the temporal and spatial sensing models.

                      
                    

 As a general remark, for both the temporal and the spatial sensing models, the variation of the parameters do not highly affect the final results in terms of the covered distance and maximal velocities of the cell center of inertia during the protrusion and contraction phase (Table 2). More importantly, such a variation does not affect the fundamental principles of the mechanical model. Nevertheless, we can notice that higher values of the cone apex angle φ, the cyclic active contraction e
                           
                              ac0, the gradient amplitude α, as expected, enhance the movement forward in both the temporal and the spatial sensing models, thus the cell is able to migrate over a longer distance. On the contrary, a higher value of r
                           annulus, which reduces the volume of the actin network and, therefore, the volume of the pseudopod also (Eq. (32)) leads to a smaller covered distance. 
Table 2 Results for the sensitivity analysisFull size table
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