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Abstract

The onset of self-organized motion is studied in a poroelastic two-phase model with free
boundaries for Physarum microplasmodia (MP). In the model, an active gel phase is
assumed to be interpenetrated by a passive fluid phase on small length scales. A
feedback loop between calcium kinetics, mechanical deformations, and induced fluid
flow gives rise to pattern formation and the establishment of an axis of polarity.
Altogether, we find that the calcium kinetics that breaks the conservation of the total
calcium concentration in the model and a nonlinear friction between MP and substrate
are both necessary ingredients to obtain an oscillatory movement with net motion of the
MP. By numerical simulations in one spatial dimension, we find two different types of
oscillations with net motion as well as modes with time-periodic or irregular switching
of the axis of polarity. The more frequent type of net motion is characterized by
mechano-chemical waves traveling from the front towards the rear. The second type is
characterized by mechano-chemical waves that appear alternating from the front and
the back. While both types exhibit oscillatory forward and backward movement with
net motion in each cycle, the trajectory and gel flow pattern of the second type are also
similar to recent experimental measurements of peristaltic MP motion. We found
moving MPs in extended regions of experimentally accessible parameters, such as
length, period and substrate friction strength. Simulations of the model show that the
net speed increases with the length, provided that MPs are longer than a critical length
of ≈ 120 µm. Both predictions are in line with recent experimental observations.

1 Introduction 1

Dynamic processes in biological systems such as cells are examples of when 2

spatio-temporal patterns develop far from thermodynamic equilibrium [1,2]. One 3

fascinating instance of such active matter are intracellular molecular motors that 4

consume ATP [3] and can drive mechano-chemical contraction-expansion patterns [4] 5

and, ultimately, cell locomotion. Further biological examples of such phenomena are 6

discussed in [5–7]. 7

The true slime mold Physarum polycephalum is a well known model organism [8] 8

that exhibits mechano-chemical spatio-temporal patterns. Previous research in 9

Physarum has addressed many different topics in biophysics, such as genetic activity [9], 10

habituation [10], decision making [11] and cell locomotion [12,13]. Physarum is an 11
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unicellular organism, which builds large networks that exhibit self-organized 12

synchronized contraction patterns [8, 14,15]. These contractions enable shuttle 13

streaming in the tubular veins of the network and allow for efficient nutrient transport 14

throughout the organism [16]. Many groups have investigated the network’s 15

dynamics [17–19], however size and complex topology of these networks make analyzing 16

and modeling them challenging. 17

Physarum microplasmodia (MP) allow one to study Physarum’s internal dynamics 18

in a simpler setup. These MPs can be produced by extracting cytoplasm from a vein 19

and placing it on a substrate. After reorganization, these droplets of cytoplasm show a 20

surprising wealth of spatio-temporal patterns such as spiral, standing and traveling 21

waves and irregular and anti-phase oscillations in their height [20]. After several hours, 22

MPs are deforming to a tadpole-like shape and start exploring their 23

surroundings [21–24]. 24

MP motion is composed of an oscillatory forward and backward motion. Their 25

forward motion has a larger magnitude than the backward motion. There are 26

experimental observations of two distinct motility types: peristaltic and 27

amphistaltic [13, 24]. In the more common peristaltic case forward traveling contraction 28

waves result in forward motion of the whole cell body. In the amphistaltic type, 29

standing waves cause front and rear to contract in anti-phase. 30

Different modes of motion driven by periodic deformation waves are not restricted to 31

Physarum MP, but are also found in rather general mathematical models [25] and in the 32

locomotion of a wide variety of limbless and legged animals [26]. More recently, different 33

modes have also been found in the Belousov-Zhabotinsky reaction in a light-driven 34

photosensitive gel [27–30]; Epstein and coworkers have classified the modes using the 35

terms retrograde and direct wave locomotion [28] and also report on a form of oscillatory 36

migration without net displacement of the average position [29]. 37

Common models for cell locomotion and the cytoskeleton’s dynamics are based on 38

active fluid and gel models [31–34]. While simple fluids and solids are governed by a 39

single momentum balance equation, poroelastic media belong to the class of two-fluid 40

models and possess individual momentum balance equations for each of the phases. 41

This approach is useful if the two constituent phases have largely different rheological 42

properties and penetrate each other on the relatively small length scales on which 43

cytosol permeates the cytoskeleton [35]. 44

To describe the MP’s motion, we utilize an active poroelastic two-phase 45

description [35,36]. Active poroelastic models have been used to describe the pattern 46

formation in resting [37] and moving [38] poroelastic droplets. In simple generic models, 47

a feedback loop between a chemical regulator, mechanical contractions and induced 48

flows give rise to pattern formation in a resting droplet [37]. In [38], we have studied 49

this model with free boundary conditions and linear friction between droplet and 50

substrate. While we were able to observe back and forth motion of the boundaries, the 51

center of mass (COM) position remained fixed. The droplet did not exhibit net motion. 52

Moreover, we derived an argument that COM motion is impossible with a spatially 53

homogeneous substrate friction. Furthermore, numerical simulations have shown that 54

an additional mechanism establishing an axis of polarity that is stable on long 55

timescales is necessary for net motion [38]. 56

In this work, we proceed in two steps. First we extend the model described in [38] 57

with a nonlinear slip-stick friction between droplet and substrate to create a spatially 58

heterogeneous substrate friction. Second, we consider a specific model derived for 59

Physarum MP that contains a reaction kinetics. Within this enhanced model, we 60

explore the conditions for the onset of motion of Physarum MP. 61

Previous work on models for resting Physarum MP by Radszuweit et al. has shown 62

that inclusion of a nonlinear reaction kinetics for the calcium regulator can result in the 63
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emergence of uni-directional traveling mechano-chemical waves that establish an axis of 64

polarity inside the MP [39,40]. Nonlinear friction is a common assumption in 65

biology [41,42] and can also be found in other eucaryotic cells [43,44]. Here, we utilize a 66

simplified version of the nonlinear slip-stick friction model introduced by Barnhart et al. 67

to account for oscillatory modulations of keratocyte movement [44]. The nonlinear 68

friction dynamics and its synchronization with other properties such as the local strain 69

inside a cell are also important for other types of amoeboid motion such as 70

chimneying [45]. Moreover, regulation of the friction strength is significant for 71

locomotion in other biological systems such as snails or slugs [46,47]. 72

Section 2 contains a comprehensive description of the model. In Section 3, we 73

analyze the linear stability of the model and identify different types of motion. 74

Furthermore, we explore the effects of parameters that are accessible in the experiment 75

such as the period of the internal dynamics, the length and the substrate friction 76

strength. Section 3 contains a comparison of our findings with recent experiments of 77

Physarum MP. Afterwards, we summarize our results in the discussion and briefly 78

address possible extensions of the model. 79

2 Model 80

We follow our earlier work [37–40,48,49] and utilize an active poroelastic two-phase 81

model in one spatial dimension to describe homogeneous and isotropic Physarum 82

microplasmodia (MP). We assume that MP consist of an active gel phase representing 83

the cytoskeleton that we model as a viscoelastic solid with a displacement field u and 84

velocity field u̇ [50]. The gel is penetrated by a passive cytosolic fluid phase with flow 85

velocity field v. For related models see [51,52]. 86

The total stress in the medium is given by σ = ρgσg + ρfσf , where ρg (ρf ) denotes 87

the volume fraction and σg (σf ) the stress tensor in gel and fluid phase, respectively. 88

While the time evolution for the gel fraction is given by ρ̂g = ρg (1− ∂xu), only the 89

constant term ρg enters into the equations due to our small strain approximation with 90

|∂xu| � 1. Assuming that no other phases are present, the volume fractions obey 91

ρg + ρf = 1 [53]. 92

Each phase satisfies a momentum balance equation ∂x(σg/f − p) + fg/f + fsub = 0, 93

where p denotes the hydrodynamic pressure. The friction between both phases is given 94

by Darcy’s law with fg = −ff = ρgρfβ (v − u̇). Following [44], we assume that the 95

friction between gel and substrate depends nonlinearly on the the local gel speed 96

according to fsub = −γ(|u̇|)u̇ and no friction between fluid and substrate. 97

We model MPs in an one-dimensional time-dependent domain B with boundaries 98

denoted by ∂B. Assuming that B is infinitely large in the y-direction, the boundary is 99

straight, and we omit terms that depend on interface tension or bending. Free boundary 100

conditions in x-direction enable boundary deformations and thus motion in response to 101

bulk deformations [54–56]. The total stress has to be continuous across the boundary 102

and with the assumption that the MP is embedded in an inviscid fluid, the first 103

boundary condition is given by 104

σ − p
∣∣∣
∂B

= σout

∣∣∣
∂B

= 0. (1)

The model is composed of two phases with individual momentum balances. Hence, we 105

need a second boundary condition to close the model equations. Neglecting permeation 106

of gel or fluid through the boundary, the second boundary condition is 107

u̇
∣∣
∂B = v

∣∣
∂B. (2)

Free boundary conditions require solving the momentum balances at the boundary, 108

whose position must be determined in the course of solving the evolution equations. To 109
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circumvent this problem, we formulate the model in a co-moving body reference frame. 110

The details of the transformation from the laboratory to the body reference frame can 111

be found in [37–39]. S1 Fig displays a visual comparison of a quantity plotted in the 112

body reference and the laboratory frame. 113

The stress of the passive fluid with viscosity ηf is given by σf = ηf∂xv. The gel’s 114

stress can be decomposed in a passive part, σve, and an active part, σact. The passive 115

part is described as a viscoelastic Kelvin-Voigt solid with σve = E∂xu+ ηg∂xu̇ [50, 57] 116

where E denotes Young’s modulus and ηg the dynamic viscosity. For a discussion on the 117

effects of different linear and nonlinear viscoelastic models see [36, 58]. The active stress 118

is assumed to be governed by a chemical regulator c, which is usually identified as 119

calcium [13,59,60], according to 120

σact = T (c) = T0 − ξ
c

1 + c
. (3)

In this formulation, the homogeneous part of the active stress T0 is inhibited by calcium 121

concentration c with a coupling strength ξ > 0. 122

In [38], we identified a heterogeneous substrate friction as a requisite for motion of 123

the MP’s center of mass (COM). While the exact nature of the Physarum friction 124

dynamics is not known, recent experiments indicate that MP exhibit nonlinear slip-stick 125

friction with an underlying substrate resulting in a heterogeneous friction [13]. We 126

assume that there are adhesive bonds between gel and substrate which break once the 127

force acting on them is larger than a critical value and that this force depends on the 128

local gel speed |u̇| [44]. Therefore, if |u̇| is larger than the critical slip speed vslip these 129

bonds will break and the friction coefficient will decrease locally, yielding 130

γ(|u̇|) = γ0

{
1, for |u̇| < vslip

(1− α), for |u̇| ≥ vslip
(4)

with 0 < α < 1. With α = 0 the friction coefficient is always homogeneous, higher 131

values allow for heterogeneous friction coefficient values. In the following, we call α the 132

slip-ratio and γ0 the base friction coefficient. 133

The fluid phase contains dissolved chemical species that can perform regulatory 134

activities. Following [40], we consider an advection-diffusion-reaction dynamics for two 135

control species with local instantaneous concentrations: calcium c and a control species 136

a that chemically interacts with calcium. Calcium determines the gel’s active tension 137

while the control species represents all biochemical interactions between calcium and 138

other components of the cytosol. We assume an oscillatory Brusselator-type kinetics for 139

a and c [40]. 140

Both species are dissolved in the fluid and advected with its flow. Furthermore, they 141

diffuse with coefficient Dc and Da, respectively. We assume that both species cannot 142

cross the boundary, resulting in no-flux boundary conditions. 143

Linearizing with respect to the gel strains ∂xu yields advection-diffusion-reaction 144

equations with the relative velocity of the fluid to the gel v− u̇ as the advection velocity. 145

In the body reference frame the equations for c and a read 146

∂tc+ ∂x [(v − u̇) c] = Dc∂xxc+ ψ
(
A+ c2a−Bc− c

)
∂ta+ ∂x [(v − u̇) a] = Da∂xxa+ ψ

(
−c2a+Bc

)
.

(5)

Here, ψ = 0.105/s represents the temporal scale of the calcium kinetics which can be 147

used to fit the experimentally observed time scale of the mechano-chemical waves. 148

The homogeneous steady state (HSS) of the model is given by c = A and a = B/A. 149

The HSS destabilizes through a Hopf-Bifurcation if B > Bcr = 1 +A2 [40]. Here, we fix 150

A = 0.8 and then vary B above its critical value Bcr. With the inclusion of a calcium 151
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kinetics, the total amount of calcium is not conserved anymore. In addition, the calcium 152

kinetics can introduce an axis of polarity [39,40]. The case with calcium conservation 153

was examined in earlier studies for resting [37] and moving poroelastic droplets [38]. 154

Fig. 1 gives an overview of the different elements in the model. Calcium regulates 155

the gel’s activity. Spatial variations in the calcium concentration yield a heterogeneous 156

active tension which results in deformation and motion of the gel. Once the gel moves, 157

there is nonlinear friction between gel and substrate. Furthermore, the gel’s motion 158

induces pressure gradients. Due to these gradients and friction between the gel and the 159

fluid phase, the fluid starts to flow and the dissolved chemical species are advected with 160

the fluid, closing the feedback loop between the different elements in the model. 161

advective flow

active tension

Substrate

reaction

nonlinear friction

 

frictio
n

p
re

ssu
re

Viscoelastic Gel

 Viscous Fluid

Fig 1. Sketch of the model. Calcium regulates the gel’s active tension and varying
calcium concentration levels cause gel deformations. When the gel moves, there is
nonlinear friction between gel and substrate. Moreover, pressure gradients arise and
there is friction between both phases. Both cause the fluid to start flowing and
advecting the dissolved chemical species.

In summary, the model equations are given by 162

ρfηf∂xxv + ρgηg∂xxu̇

+ρgE∂xxu− ρgγ(|u̇|)u̇− ∂xp = −ρg∂xT (c)

ηf∂xxv − ρgβ(v − u̇)− ∂xp = 0

∂x(ρgu̇+ ρfv) = 0

∂tc+ ∂x [(v − u̇) c]−Dc∂xxc = ψ
(
A+ c2a−Bc− c

)
∂ta+ ∂x [(v − u̇) a]−Da∂xxa = ψ

(
−c2a+Bc

)
.

(6)

Following [39], we introduce the Péclet number Pe = ξ/(Dcβ) as a measure for the ratio 163

of diffusive to advective time scales to characterize the strength of the active tension [37]. 164

We also define the dimension-less ratio of the Péclet number to the critical Péclet 165

number for the onset of the mechano-chemical instability without a calcium kinetics [40] 166

as F = ξA/
(
Dcβ (1 +A)

2
)

. For F > 1(F < 1), the HSS is stable (unstable). 167

3 Results 168

We solve Eq. (6) numerically in a one-dimensional domain of length L with parameters 169

adopted from [40] which are listed in S1 Table, unless stated otherwise. Our initial 170
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condition is the weakly perturbed homogeneous steady state (HSS) with 171

u = u̇ = v = 0, c = c0 = A, a = a0 = B/A. (7)

The length L remains constant due to the incompressibility of the medium. We use the 172

center of mass (COM) position xCOM =
∫ L

0
u(x)dx as a measurement of the position. 173

Note that we will compare the COM’s motion to our results from [38] where we utilized 174

the location of the left boundary as the position and the COM always remained fixed. 175

In addition, we utilize the temporal distance between subsequent peaks in the calcium 176

concentration c as a measure for the period P of the internal dynamics. 177

Depending on the parameter values of active tension (F), nonlinear friction 178

(α, vslip, γ0) and calcium kinetics (B,ψ), we can observe resting, stationary MPs and 179

MPs performing three types of oscillatory motion: first, with fixed COM; second, with 180

back and forth moving COM; third, with back and forth moving COM together with 181

net displacement of the COM (net motion). In addition, we analyze the effect of 182

parameters that are accessible in the experiment like the length L and the base friction 183

coefficient γ0. 184

Nonlinear slip-stick friction allows for COM motion. First, we analyze the 185

effect of the nonlinear substrate friction without calcium kinetics (ψ = 0), i. e. the 186

calcium dynamics is governed by a pure advection-diffusion dynamics and the total 187

amount of calcium is conserved. Afterwards, we introduce a nonlinear calcium kinetics 188

to establish an axis of polarity. 189

We vary the slip-ratio α and the slip-velocity vslip. For spatially uniform substrate 190

friction (α = 0), there are gel deformations, and the boundaries change their position, 191

but the COM’s position remains fixed as described in [38]. Increasing α > 0 gives rise to 192

spatially heterogeneous friction allowing for COM motion. For small increases of α, the 193

mode of motion usually remains the same as with a homogeneous friction, but it is now 194

accompanied by COM motion of the same type but with a smaller magnitude. In 195

general, the COM motion’s amplitude will increase when increasing α (S2 Fig). 196

However, large values of α might result in a change of the mode of motion, for example, 197

an initially periodic dynamics might become irregular. For values of vslip > max(|u̇|) 198

the friction is always in the sticking regime. Therefore, the friction coefficient is 199

homogeneous. Likewise, for low values of vslip the moving MP is almost always in the 200

regime of slipping friction resulting in an effectively homogeneous friction coefficient of 201

γ = γ0(1− α). Intermediate values of vslip result in a heterogeneous distribution of the 202

friction coefficient. 203

Comparable to our results in [38], the position over time remains fixed or undergoes 204

periodic (irregular) motion of the COM and the boundaries together with a periodic 205

(irregular) calcium dynamics, as shown in Fig. 2. However, we found no cases of net 206

motion. As discussed in [38], the lack of net motion gives rise to the question of why the 207

time-averaged position vanishes for all of these cases. While the calcium distributions 208

produced by pure advection-diffusion dynamics may look asymmetric at certain 209

instances in time, the long time-averaged distribution is always symmetric. This 210

indicates that the front-back symmetry is not broken on timescales of t� P , and that 211

an additional mechanism to establish an axis of polarity is needed. 212
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Fig 2. COM (orange) and boundary (blue) trajectories (top row) and
calcium dynamics (bottom row) for regular (left column) and irregular
(right column) motion with nonlinear substrate friction without calcium
kinetics (ψ = 0). The nonlinear substrate friction creates a spatially heterogeneous
friction which allows for COM motion (orange line) together with motion of the
boundaries (blue). The regular calcium dynamics (bottom left) results in oscillatory
back and forth motion of COM as well as the boundaries (top left). An irregular
calcium dynamics (bottom right) creates irregular motion (top right). There is no net
motion for both cases. Parameters: vslip = 6.0 µm/s, α = 0.25, γ0 = 10−5 kg/s,
L = 130 µm, Pe = 50 (left) and vslip = 30.0 µm/s, α = 0.3, γ0 = 10−5 kg/s, Pe = 9.5,
β = 10−4 kg µm−3 s−1, E = 0.01kg µm−1 s−2, ηg = 0.01kg µm−1 s−1,
ηf = 2× 10−8 kg µm−1 s−1 (right).

Note that the exact nature of Physarum’s friction dynamics can not be inferred from 213

the available experimental data. A nonlinear dependency of γ on other quantities such 214

as the calcium concentration c, the local contraction amplitude ∂xu (which is 215

proportional to the height h [39]), and more complex slip-stick models led to 216

qualitatively equivalent results for the onset of COM motion. 217

Nonlinear calcium kinetics creates an axis of polarity. One self-organized way 218

that leads to the emergence of uni-directional traveling mechano-chemical waves which 219

establishes an axis of polarity that is stable on timescales of t� P is to introduce a 220

nonlinear calcium kinetics as studied in [39, 40]. Introducing this calcium kinetics allows 221

for a temporal variation of the total amount of calcium. The amplitude of calcium 222

waves can vary while traveling waves can annihilate on collision with a boundary. This 223

is in contrast to the behavior with a pure advection-diffusion dynamics where calcium is 224

conserved and waves always get reflected at the boundaries. 225

The linear stability of the HSS (Eq. 7) against small perturbations is analyzed in 226

detail in [39, 40]. In [40] five regions with qualitatively different dispersion relations are 227

given: i) the HSS is stable for small F and B. ii) Upon increasing the chemical activity 228

B > Bcr the HSS undergoes a supercritical Hopf bifurcation. iii) Decreasing B < Bcr 229
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and increasing the mechanical activity F > 1 gives rise to an oscillatory 230

short-wavelength instability as already identified and discussed in [40]. iv) For B > Bcr 231

and F > 1 both instabilities are present and more complex wave patterns can emerge. 232

v) A further increase of F results in the real eigenvalues maximum to become purely 233

real for small k. However, for larger k these eigenvalues still have an imaginary 234

component 6= 0. Note that we analyzed the linear stability of the model with linear 235

friction (fsub = −γ0u̇), as the nonlinear friction terms vanishes in the linear 236

approximation. The forms of the typical resulting dispersion relations are analogous to 237

the ones displayed in [40]. 238

In numerical simulations, we find modes defining an axis of polarity that is stable on 239

timescales of t� P for parameters in region iv. These modes are distinguished by a 240

spatially asymmetric long time-averaged calcium distribution. This is in contrast to the 241

averaged calcium distributions produced by the pure advection-diffusion dynamics 242

which are always spatially symmetric. Such an axis of polarity that remains stable on 243

long timescales will be referred to as stable polarity in the remainder of this work. 244

Nonlinear calcium kinetics combined with nonlinear substrate friction 245

result in net motion. We identified the two ingredients we need to build a model 246

with net motion. For appropriate values for the parameters of the calcium kinetics and 247

the substrate friction oscillatory back and forth motion with net motion of the COM is 248

observed. In the following, we characterize two types of oscillations with net motion 249

occurring in two different parameter regions. 250

In the first type (type 1), calcium waves emerge periodically at the front traveling 251

backwards with decreasing amplitude together with backward motion of both 252

boundaries. While traveling backward, the calcium wave causes forward motion of gel 253

and COM. Upon collision with the rear boundary, the calcium concentration first peaks 254

and the wave is then annihilated. Once the calcium wave has decayed, the tension in 255

the material relaxes and there is no motion until the next calcium wave arises. The slip 256

velocity vslip is only exceeded while a wave is propagating. Therefore, there is only 257

COM motion during wave propagation, and the COM remains at a constant position 258

otherwise. 259

The continuous emergence of calcium waves at the front and their annihilation at 260

the back together with the asymmetric time-averaged calcium distribution indicate the 261

establishment of a stable polarity. This dynamics results in oscillatory back and forth 262

motion of COM and boundaries together with net motion. 263

The period of this motion is P ≈ 95 s. In each period the COM moves forward by 264

≈ 18 µm which results in a net speed of 0.2 µm/s. Fig. 3 shows gel velocity, calcium 265

dynamics as well as boundary (blue) and COM (orange) position for the first type of 266

oscillations with net motion. This type is the most commonly observed case of COM 267

oscillations with net motion, and we observe it for a wide range of parameters. 268
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Fig 3. Gel velocity (top), calcium dynamics (middle) and trajectories
(bottom) of boundary (blue) and COM (orange) for type 1 motion.
Backward traveling calcium waves emerge periodically at the front, together with
backward motion of the boundaries. Once the calcium wave is traveling backward, it
causes forward gel flow and COM motion. On their arrival at the rear, the calcium
concentration peaks, but the wave is annihilated upon collision with the boundary. The
resulting forward gel motion is of a greater amplitude than the backward motion
resulting in net motion with vnet = 0.2 µm/s. Parameters B = 3.5, γ0 = 7× 10−6 kg/s,
vslip = 2.5 µm/s, α = 0.15, L = 160 µm and F = 12.3.

For the second type (type 2) of COM oscillations with net motion, calcium waves 269

emerge alternating from both sides traveling towards the opposite boundary. Upon 270

approaching the front (rear), the calcium waves coincide with forward (backward) 271

motion of the boundaries. When the wave hits the boundary, the calcium concentration 272

peaks, sparking the emergence of a new wave traveling into the opposite direction. 273

Waves emerging from the front have a higher amplitude than waves from the back as 274

displayed in S3 Fig. The higher amplitude of waves traveling from front to rear indicate 275

a stable polarity and results in net motion. 276

The boundaries as well as the COM oscillate with the same period of P ≈ 14 s, 277

however the amplitude of the COM motion is smaller than the amplitude of the 278

boundaries motion. The COM advances the boundaries by a quarter period. In each 279

cycle, the COM moves forward by ≈ 3 µm yielding a net speed of vnet = 0.21 µm/s. 280

Fig. 4 shows gel velocity, calcium dynamics and COM and boundary trajectories for 281

type 2 motion. The gel velocity resembles the pattern found in [38], but now the 282

calcium kinetics creates a stable polarity. 283
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Fig 4. Gel velocity (left), calcium dynamics (middle) and trajectories
(bottom) of boundary (blue) and COM (orange) for type 2 motion. Calcium
waves emerge alternating from front and back traveling towards the opposite side. The
collision with a boundary sparks a new wave traveling backwards. Waves emerging at
the front have a larger amplitude than waves originating at the rear resulting in net
motion. Parameters: B = 2, γ0 = 10−5 kg/s, vslip = 1.54 µm/s, α = 0.1, L = 125 µm
and F = 18.5.

In addition to the two types of oscillations with net motion described above, we find 284

several modes with time-periodic or irregular switching polarity (S4 Fig). 285

Model reproduces experimentally observed types of movement. Comparing 286

our simulations with Physarum experiments reveals several qualitative and quantitative 287

similarities. In experiments, MPs explore their surrounding with an oscillatory forward 288

and backward motion [21,24]. Their forward motion is of larger magnitude than their 289

backward motion, resulting in net motion in each cycle. An experimental MP trajectory 290

is shown in [24] (Fig 6b). 291

Although experimental measurements of the free calcium dynamics are noisy, 292

forward traveling calcium waves can be discerned that annihilate on collision with the 293

front [13]. Moreover, the velocities of two different quantities can be measured: endo- 294

and ectoplasm [13]. The ectoplasm is gel-like and connected to the MP’s membrane 295

while the endoplasm is fluid-like. Strength and direction of the ectoplasm’s velocity 296

correlate with measured traction forces exerted on the substrate. In the model, the gel 297

is viscoelastic and exhibits friction with the substrate. Hence, the velocities of gel and 298

ectoplasm should be compared. For the more common peristaltic type of MP motion, 299

the ectoplasm’s velocity alternates periodically between forward and backward direction 300

at a fixed position. While the velocity’s direction at front and back are equal, the center 301

part is moving into the opposite direction with a weaker amplitude than at the 302

boundaries. Forward ectoplasm motion has a larger amplitude than backward motion, 303

resulting in a net speed of vexp ≈ 0.05-0.25 µm/s with an internal period of 304

Pexp ≈ 80 s-130 s [13,23]. A space-time plot of the ectoplasm velocity is shown in [13] 305
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(Fig. 7a). 306

Both types of simulated movement exhibit oscillatory COM motion with net motion 307

in each cycle. For type 1 motion (Fig. 3) the period of ≈ 95 s and net speed of 0.2 µm/s 308

are comparable to the experiment. However, the COM is only moving while a calcium 309

wave is propagating and is at rest otherwise which has not been observed in the 310

experiment. Type 2 motion (Fig. 4) features continuous forward and backward motion 311

with a net speed of 0.21 µm/s and a period of 14 s. Aside from the substantially shorter 312

temporal period, this type does more closely resemble the experimental observations. 313

The calcium dynamics of both types feature traveling waves. Type 1 motion exhibit 314

only backward traveling waves that annihilate at the rear. However, for type 2 motion 315

waves get partly reflected and there are forward and backward traveling calcium waves. 316

In the experiment, only forward traveling waves that annihilate at the front can be 317

observed [13]. 318

In addition, we can compare the experimental ectoplasm velocity with the simulated 319

gel velocity. For type 1 motion, each calcium wave causes huge gel deformations that 320

are accompanied by COM motion. When the calcium wave has abated, the stress in the 321

medium relaxes and after ≈ 25 s all deformations have decayed. There is no further 322

motion until the next calcium wave emerges. The velocity patterns in this type of 323

motion have not been observed experimentally. 324

However, there are several similarities between the velocity patterns in peristaltic 325

MP and type 2 motion. In experiment as well as simulation the gel’s velocity alternates 326

between forward and backward direction at a given position. Usually, the gel’s velocity 327

possesses the same direction at front and back, whereas there is opposing motion at the 328

center. The forward velocity has a larger amplitude, which results in net motion 329

towards the front. However, there are also differences: In the experiment, the 330

ectoplasm’s velocity at the rear is higher than at the front which is not the case in our 331

simulations under the chosen parameter values. As mentioned above, the period of 332

≈ 14 s is shorter than experimentally measured periods. 333

Microplasmodia speed depends on length L, base friction coefficient γ0 and 334

internal period P . In the parameter plane spanned by base friction strength γ0 and 335

length L the type of motion as well as net and mean speed changes as displayed in 336

Fig. 5. The mean speed is measured by the averaged speed of the boundaries. For very 337

high values of γ0 (≥ 3× 10−5 kg/s) global calcium oscillations emerge without any gel 338

or COM motion, regardless of the length. For low values of γ0 (< 10−6 kg/s), there is 339

effectively no friction between gel and substrate. In this case, the equations do not 340

possess full rank and we omit showing these results. 341
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Fig 5. Net (top) and mean speed (bottom) for different strengths of base
substrate friction γ0 and length L. Larger MPs possess both a higher net and
mean speed. The net speed reaches a maximum for a medium base friction coefficient of
γ0 = 6× 10−6 kg/s while the mean speed increases with decreasing friction. There is a
critical length of Lcr ≈ 120 µm in the model and L need to be larger than Lcr to
transition from global calcium oscillations to states with motion of the boundaries. This
is in qualitative agreement with the linear stability analysis that predicts the transition
to an oscillatory short-wavelength instability (green line, bottom) at 130 µm for
γ0 = 6× 10−6 kg/s. Parameters: B = 3.5, vslip = 2.5 µm/s, α = 0.15 and F = 12.3.

In the intermediate range the length L strongly affects the emerging dynamics. For 342

γ0 = 10−5 kg/s global calcium oscillations occur when L ≤ 100 µm. Increasing L above 343

110 µm gives rise to type 1 motion with a low net speed of 0.03 µm/s (Fig. 5, top). 344

With a further increase of L the net speed rises up to 0.16 µm/s for L = 170 µm. When 345

decreasing the base friction coefficient to γ0 = 5× 10−6 kg/s, the net speed increases to 346

0.21 µm/s where it reaches a maximum. A further decrease yields lower net speeds. At 347

2× 10−6 kg/s a transitions to oscillations of the COM without net motion is observed. 348

Additionally, we find a critical length Lcr ≈ 120 µm for the transition between global 349

calcium oscillations and states with motion of the boundaries (Fig. 5, bottom). Our 350

linear stability analysis predicts that there is a critical length for the transition to an 351

oscillatory short-wavelength instability (green line). This prediction is close to the 352

transition from global calcium oscillations to COM oscillations without net motion 353

(bottom panel). 354

The existence of a critical length as well as the increasing net speed for longer MPs 355

are qualitatively in line with experimental observations. It was found that there is a 356

critical MP size for the onset of locomotion which is around 100 µm-200 µm [13,61]. 357

Furthermore, previous experiments show that an increase in the longitudinal length 358

increases the net speed [61,62]. Note that MPs start to branch when they grow above 359

300 µm-500 µm [13,21, 63] and that the model cannot capture any effects caused by this. 360

By changing the temporal scale ψ of the calcium kinetics (Eq. 5) we can adjust the 361

period P of the internal dynamics for type 1 motion. In general, higher (lower) values of 362

ψ result in a shorter (longer) period P . The net speed decreases when increasing the 363
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period P (Fig. 6). With a decreasing period the intervals between two calcium waves 364

become shorter. As each wave results in net motion, the net speed decreases with higher 365

periods until there is a transition to global calcium oscillations without any motion for 366

periods of more than P ≥ 145 s. In the experiment, the maximum period observed for 367

moving MP is 128 s, which is qualitatively in line with the maximum period of ≈ 145 s 368

for moving MP. Consistent with our results above, a larger slip-ratio α increases the net 369

speed. 370

To our knowledge, there is no published experimental data where the MP net speed 371

is compared to the period of its internal dynamics. Our modeling results may hence be 372

tested in future more detailed experimental studies of motion of MP. 373
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Fig 6. A higher period P of the internal dynamics results in lower net
speeds for type 1 motion. For a period of more than P > 145 s there is a transition
to global calcium oscillations without any motion. The experimentally observed periods
are between 78 s and 127 s, taken from [13]. Parameters: B = 3.5, vslip = 3.0 µm/s and
F = 12.3.

4 Discussion 374

In the present work, we have extended the two-phase model with free-boundaries for 375

poroelastic droplets from [38] in two steps. First, we introduce a nonlinear slip-stick 376

friction between droplet and substrate. While we were able to observe back and forth 377

motion of the boundaries in [38], we showed that COM motion is impossible with a 378

spatially homogeneous substrate friction. The nonlinear stick-slip approach results in a 379

heterogeneous friction coefficient and allows for COM motion. Second, we consider a 380

nonlinear oscillatory chemical kinetics that was derived for calcium as the regulator 381

which controls the gel’s active tension in Physarum microplasmodia (MP) [40]. It is 382

known from previous studies [39,40] that introducing a nonlinear calcium kinetics can 383

lead to a uni-directional propagation of mechano-chemical waves that establishes an axis 384

of polarity which is stable. This is in contrast to our previous work where the pure 385

advection-diffusion dynamics of a passive regulator does not lead to the establishment of 386

a polarity axis necessary for net motion [38]. 387

With this extended model, we explore the conditions for self-organized motion of 388

Physarum MP. We identified varying modes of locomotion ranging from global calcium 389
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oscillations without motion to spatio-temporal oscillations with and without net motion. 390

Our study was restricted to one spatial dimension which can be rationalized by the 391

experimental evidence that moving MPs have an elongated shape and motion is mostly 392

caused by deformation waves along the longitudinal axis [62]. 393

With the extended model, we could identify two different types of COM oscillations 394

with net motion in addition to modes with time-periodic or irregular switching polarity. 395

The more frequent type is characterized by mechano-chemical waves traveling from the 396

front towards the rear that are accompanied by COM motion (Fig. 3). The second, less 397

frequent type is characterized by mechano-chemical waves that appear alternating from 398

front and back (Fig. 4). While both types exhibit oscillatory forward and backward 399

motion with net motion in each cycle, in particular the trajectory and gel flow pattern 400

of the second type resemble experimental measurements of peristaltic MP motion [13]. 401

Interestingly, there are also experimental observations of two different types of 402

oscillations with net motion in addition to disorganized patterns [13]. 403

Further, we varied parameters that are accessible in experiments, such as the period 404

of the internal dynamics P , the length L, and the base substrate friction coefficient γ0. 405

In the parameter plane spanned by the base friction coefficient (γ0) and the length 406

(L), the model predicts that MPs need to be longer than a critical length of ≈ 120 µm 407

to transition from global calcium oscillations to states with motion of the boundaries 408

(Fig. 5). This result agrees with the linear stability analysis which indicated a transition 409

to an oscillatory short-wavelength for ≈ 125 µm-130 µm. Furthermore, experimental 410

studies found a minimal length of 100 µm-200 µm for MPs to start their motion [13,61]. 411

In addition, the net speed in the simulations increases with length L which was also 412

observed in experiments [62]. 413

The net speed becomes maximal for intermediate values of γ0 and larger slip-ratios 414

α result in a larger net speed (Fig. 6). While the exact nature of Physarum’s friction 415

dynamics can not be inferred from the available experimental data, introducing a 416

nonlinear friction dynamics is crucial for COM motion. Future experiments may provide 417

more quantitative information on the interactions between substrate and MP which 418

could be used to improve the model. 419

The net speed in the simulations decreases monotonically with an increasing period 420

(Fig. 6). For parameters leading to a period P > 145 s, we only found global calcium 421

oscillations without any motion. This is qualitatively in line with experimental results, 422

where the maximum observed period is 128 s for moving MP [13]. 423

With the results from this work, we have been able to identify components that are 424

essential for different types of MP locomotion. It is known from [37] that a feedback 425

loop between a passive chemical regulator, active mechanical deformations, and induced 426

flow is sufficient for the formation of spatio-temporal contraction patterns. In [38], we 427

extended the model by employing free boundary conditions and linear substrate friction 428

which yielded oscillatory and irregular motion of the MP’s boundaries with a resting 429

COM. In the present work, we introduced nonlinear stick-slip substrate friction that 430

enables COM motion. Moreover, inclusion of a nonlinear oscillatory calcium kinetics 431

leads to a self-organized stable polarity which eventually allows for net motion. Fig. 7 432

summarizes the connection between these components and describes the corresponding 433

types of locomotion. 434
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Fig 7. Overview of the different levels in the model and corresponding
types of locomotion.

Much larger forms of Physarum like mesoplasmodia and extended networks show a 435

clear separation of gel and fluid-like phases [8, 12, 63, 64]. Recently, a study by Weber et. 436

al [65] identified that differences in the activity between two phases can lead to a phase 437

separation. Future extensions of our model may include this aspect by treating the 438

phase composition as a spatially dependent local variable that includes transitions 439

between both phases. 440

Supporting information 441

S1 Fig. Moving MP in body reference (top) and lab frame (bottom). We 442

solve our model equations in the gel’s body reference frame and the resulting quantities 443

are defined in this frame. However, observers are located in the lab frame. The 444

quantity’s transformation from body reference to lab frame is given by the displacement 445

field u with X0 = x0 + u(x0). Here, x0 the position in the body reference and X0 is the 446

position in the lab frame. Parameters from Fig. 4 in the main text. 447

S2 Fig. MP net speed increases with a larger slip ratio α. 448

S3 Fig. Calcium concentration at the MP’s boundaries. The magnitude of 449

emerging waves is always higher at the MP’s front and it is moving into this direction. 450

Parameters from Fig. 4 in the main text. 451

S4 Fig. COM (orange) and boundary (blue) trajectories (top) and 452

calcium dynamics (bottom) with irregularly switching polarity. Parameters: 453

B = 2.5, α = 0.1, vslip = 3.1, γ0 = 10−5 kg/s, L = 125 µm and F = 15.4. 454

S1 Text. Supplemental Information. S1 Text provides the following: i) a visual 455

comparison of a moving MP in lab and body reference frame ii) Dispersion relations for 456

the linear stability analysis iii) A table with the default parameters. 457

S1 Table. These parameters are used throughout this work and any derivation is 458

explicitly marked. Taken from [40]. 459
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S1 Data. S1 Data provides the data for all figures in the paper 460
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6. Mayer M, Depken M, Bois JS, Jülicher F, Grill SW. Anisotropies in Cortical
Tension Reveal the Physical Basis of Polarizing Cortical Flows. Nature.
2010;467(7315):617–621. doi:10.1038/nature09376.
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