S3 Text. ECM degradation and cell-ECM boundary conditions
ECM degradation is modeled by gradual fluidization of ECM particles. Degradation occurs at the
protrusion tip and close to the cell body and is implemented by a degradation factor fdegr , which has
a value between 1 (intact solid ECM) and 0 (fully degraded ECM). In order to prevent hindrance of
the cell by degraded material, the SPH formulation and boundary conditions are adapted such that
the degraded ECM particles are allowed to move freely through the cell. This requires to divide the
ECM particles into two phases for which different formulations apply: a solid (s) intact ECM phase
(fdegr > 0) and a fluid (f ) degraded ECM phase (fdegr = 0). In order to clearly distinguish the solid
and fluid phase and to prevent formation of very weak solid particles, fdegr is set to 0 as soon as it
drops below 0.1.
When a cell pushes against the ECM, the solid ECM deforms and resists cell movement by
buildup of hydrostatic pressure and deviatoric stress. Fluid particles are allowed to move freely
through the cell boundary and therefore do not build up hydrostatic pressure due to contact with the
cell. However, fluid particles can still build up hydrostatic pressure due to contact with neighboring
ECM particles. If a cell boundary pushes against solid ECM particles, these particles could lower
their hydrostatic pressure by pushing away neighboring fluid particles within the cell, resulting in
a reduced cell-ECM contact force and an inability of the solid ECM to resist cell migration. In
order to prevent his, fluid and solid mechanics are separated in the SPH formulation by giving the
ECM particles two densities: a fluid density ρf that is affected by fluid-fluid and fluid-solid particle
contact and a solid density ρs that is affected by solid-solid and solid-boundary particle contact.
The change in fluid density is calculated as:
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with F the set of fluid ECM particles and S the set of solid ECM particles. The solid density ρs is
affected by solid-solid and solid-boundary particle contact:
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with B the set of boundary particles, Z the set of line segments connecting the boundary particles
and γ and ∇γ the renormalization factor and gradient of the renormalization factor. This renormalization factor is introduced to correct the SPH formulations for an incomplete kernel support
at the cell boundary as introduced before [1, 2, 3]. A change in ρf and ρs results in a hydrostatic
pressure pf that leads to pressure-related forces for fluid-fluid and fluid-solid particle contact and a
hydrostatic pressure ps that leads to pressure-related forces for solid-solid and solid-boundary particle contact. With this implementation hydrostatic pressure that is built up by cell-ECM contact
cannot be relieved by pushing away fluid particles, while total hydrostatic pressure buildup in the
ECM according to the standard SPH formulation is respected. When a particle is degraded (by
decreasing fdegr ) it gradually changes from a solid to a fluid phase. This means that the change in
ρs that accumulated in all earlier time steps for solid-solid particle contacts is converted in a change
in ρf as the particle is being degraded. Besides, the accumulated change in deviatoric stress S is
gradually decreased as the particle is degraded. In this way no residual changes in ρs and S remain
for solid particles neighboring the fully degraded particle. The accumulated change in ρs and S for
solid particles due to contact with the cell boundary is subtracted only when fdegr drops below the

chosen solid-fluid transition value 0.1. In this way penetration of the cell boundary by particles that
are transitioning from the solid to the fluid phase is prevented. A free slip boundary condition is
ensured by only allowing build up of normal stress at the boundary and only allowing contact forces
in the direction normal to the boundary.
Modeling of contact between the ECM and a deformable cell requires adaptation compared to
contact with a rigid boundary as described in [1]. First, the density of the boundary particles should
be equal to the ECM particles and the volume of the boundary particles is defined by the angle
between the two connected line segments. Therefore, the mass of a boundary particle changes with
boundary curvature, resolution and stretching and is calculated as:
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with lz,i the average length of the two line segments connected to the boundary particle, dp the
typical particle distance in the ECM, m0 = ρ0 dp2 the reference mass for an initial density ρ0
(1000 kg/m3 ) and θ the external angle between the two line segments connected to the boundary
particle.
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