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S U M M A R Y 

The intricate architecture of plant root systems is crucial for nutrient and water uptake, 
significantly influencing plant growth and productivity. Induced polarization is a promising 

non-destructive technique for analysing plant roots in their natural conditions. This study 

introduces a novel theoretical and numerical model to explain the significant low-frequency 

polarization of plant root cells observed in previous experiments. Our approach addresses the 
limitations of existing models by incorporating geometric constraints and internal mechanisms 
of cell polarization, particularly focusing on interfacial polarization across the cell membrane. 
Through comprehensive simulations, we investigate various geometries and boundary con- 
ditions, demonstrating that densely packed root cells exhibit significant polarization signals 
within a measurable frequency range due to coupling effects. Our findings align with experi- 
mental observations, indicating that the peak frequency is highl y sensiti ve to cell arrangement 
and membrane properties, while the maximum phase shift remains consistent. This model 
provides a robust framework for interpreting polarization signals in root systems, offering po- 
tential applications for in-situ characterization of plant roots and enhancing the understanding 

of root dynamics under different environmental conditions. 

Key words: Induced polarization; Numerical modelling; Hydrogeophysics.. 
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 I N T RO D U C T I O N  

he intricate architecture of plant root systems is crucial for nutri-
nt and water uptake, directly influencing plant growth, health and
roductivity (Taiz & Zeiger 2002 ). This subterranean component of
he plant, often dubbed the ‘hidden half’, plays a pivotal role in the
oil-plant-atmosphere continuum, mediating various biogeochemi-
al cycles and soil interactions. In laboratories, roots can be studied
sing techniques such as magnetic resonance imaging, X-ray com-
uted tomography and positron emission tomography (Atkinson
t al. 2019 ; Tracy et al. 2020 ; Griffiths et al. 2022 ; Hou et al. 2022 ).
o wever , examining these root systems in their natural field condi-

ions without causing harm or disturbing the environment has long
een a challenge for researchers and agronomists. This has led to
he development of innovativ e, non-destructiv e methods that allow
or insights into root structure and function (Ehosioke et al. 2020 ).
ne such method involves measuring the spectral impedance by

ttaching an electrode to the plant and inserting another into the
oil, utilizing the dielectric properties of the roots (Dalton 1995 ;
zier-Lafontaine & Bajazet 2005 ; Cao et al. 2011 ; Dietrich et al.
012 ; Cseresny és et al. 2013 ; Peruzzo et al. 2021 ; Cseresny és et al.
022 ). Although this technique has shown promise, it is limited to
nalysing one plant at a time. In addition, some studies have high-
ighted the importance of current leakage from the proximal part.
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
his means that the electric current might enter the soil without
assing through the root (e.g. Dietrich et al. 2012 ; Peruzzo et al.
021 ). 

Geophysical measurements, including electrical resistivity to-
ography (ERT), offer ways to detect subsurface root systems over

arge areas (Cimpoia s ¸u et al. 2020 ; Ehosioke et al. 2020 ; Liu et al.
021 ). Ho wever , ERT often faces challenges due to the low con-
rast between the roots and surrounding soil, influenced by the low
olume of roots and variations in soil resistivity (Ehosioke et al.
020 ). Since roots and soil grains are not naturally conductive,
istinguishing between them using ERT is challenging. Recent ad-
ancements in techniques like induced polarization (IP), impedance
omography and impedance spectroscopy have demonstrated poten-
ial for detailed in-situ analysis of root systems (Kessouri et al. 2019 ;
impoia s ¸u et al. 2020 ; Ehosioke et al. 2020 ; Tsukanov & Schwartz
020 ; Liu et al. 2021 ). These methods, by embedding electrodes
n the soil, can provide essential spatial information both at the
urface and in depth. Experimental studies have shown that root
ells can produce significant polarization signals, indicating a high
ensitivity of these methods to the presence of roots (Mary et al.
017 ; Weigand & Kemna 2017 , 2019 ; Ehosioke et al. 2023 ). Inter-
stingly, when roots are measured directly, the magnitude of their
esponse is comparable to that of metal grains (Ozier-Lafontaine &
ajazet 2005 ; Cseresny és et al. 2013 ; Peruzzo et al. 2021 ; Ehosioke
oyal Astronomical Society. This is an Open Access 
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Figure 1. The concept of the model. The cell (green) is in the water (blue). 
σout and σin represent the conductivity outside and inside of cell. E is the 
electric field direction. r is pointing outward from the centre of the cell. θ is 
the angle between the direction of electric field E and r . Closed up view of the 
interface of cell shows the membrane with a thickness of l and permittivity 
of ε. Q in and Q out are the ions accumulated on the cell membrane inside 
and outside of the cell. r in is defined inside of the cell, pointing toward 
membrane. r out is defined outside of the cell, pointing outward from the 
membrane. 
et al. 2023 ). Since metals are traditionally the primary focus of IP 

measurements, the fact that roots elicit a similarly strong response 
is promising. The surrounding soil exhibits different IP responses 
depending on factors such as water content and organic matter (e.g. 
Breede et al. 2011 ; Schwartz et al. 2014 ). Since roots exhibit a 
strong IP response, we expect this to dominate variations if mea- 
sured accurately, similar to the case of disseminated iron, where 
even a small amount in geological material can produce a large 
response (e.g. Abdel Aal et al. 2014 ; Gurin et al. 2015 ). A previous 
study (Weigand et al. 2022 ) attempted to detect herbaceous plant 
roots in field measurements, and in our view, the results suggest that 
further improvements (e.g. Wang et al. 2021 ; Weigand et al. 2022 ; 
Wang et al. 2024 ) are needed to refine the measurement system for 
shallow soil with greater spatial resolution. Although this remains 
a technical challenge, it lies beyond the scope of our study. 

Many existing models simplify root cells as elements in an elec- 
trical circuit or as spherical cells diluted in water (Mancuso 2012 ; 
Bera et al. 2016 ; Cseresny és et al. 2017 ; Gu et al. 2024 ). These 
models assign empirically deter mined proper ties such as complex 
permitti vity, conducti vity or impedance to the root cells. Conse- 
quently, they do not adequately explain the internal mechanisms by 
which cells polarize. The polarization of plant root cell based on 
traditional models (Tsukanov & Schwartz 2021 ), centred around the 
polarization inside electrical double layer concept, have fallen short 
in explaining the magnitude of polarization signals in experiments 
(Ozier-Lafontaine & Bajazet 2005 ; Cseresny és et al. 2013 ; Peruzzo 
et al. 2021 ; Ehosioke et al. 2023 ), b y se veral orders of magnitude. 
This discrepancy points to an incomplete understanding of the com- 
ple x mechanisms gov erning root cell polarization and highlights the 
necessity for a revised theoretical and numerical approach that can 
better reproduce the experimental results. 

In this context, our research introduces a new theoretical and 
numerical model specifically designed to explain the experimental 
results concerning root cell polarization by focusing on interfacial 
polarization of the cell. The interfacial polarization of the cell is a 
well-established concept, primarily used to calculate the impedance 
of microbial and blood cells (e.g. Flores-Cos ́ıo et al. 2020 ; Turcan 
& Olariu 2020 ). It has also been considered a potential source of 
polarization in plant roots (Bera et al. 2016 ; Bera 2018 ; Peruzzo 
et al. 2018 ; J ócs ák et al. 2019 ). Our aim here is therefore to obtain a
more fundamental understanding of the polarization processes of a 
single root segment that can reasonably explain both the qualitative 
and quantitative aspects of previous experimental results. Follow- 
ing the previous study about the effect of geometry and boundary 
conditions on the polarization of metal grains (Izumoto 2023 ), we 
simulated polarization in various geometries such as densely packed 
cells. In Izumoto ( 2023 ), metal grains were modelled with infinitely 
high conductivity based on the theory of Feng et al. ( 2020 ). In con- 
trast, cells have limited conductivity within their structure, requiring 
a different modelling approach. By providing a solid theoretical base 
and simulation results for the interpretation of polarization signals 
in root systems, our model paves the way for further investigations 
into root dynamics with spectroscopic electrical measurements. 

2  T H E O RY  

2.1 Deri ving anal ytical solution f or a single cell 
surrounded by water 

We considered a cell embedded in water as depicted in Fig. 1 . The 
cell membrane is modelled through its thickness and permittivity. 
This allows charges to accumulate on both sides of this membrane 
due to the electric current directed toward it. The membrane itself 
could be attributed an electrical conductivity (Kotnik & Miklavcic 
2000 ) but we will account here for potential charge transport across 
the membrane through ion channels. Our focus is on the interfacial 
polarization across the cell membrane, rather than the polarization 
on just one side. When positive charge gathers on one side of the 
membrane, it induces the accumulation of ne gativ e charge on the 
opposite side due to the electric field created by the positive charge. 
This phenomenon can be linked to the capacitance in an electrical 
circuit, where capacitance involves a pair of flat metal plates sep- 
arated by a dielectric material. In our model, the cell membrane 
functions similarly, with the lipid bilayer acting as the dielectric and 
being surrounded by conductive solutions. This setup provided the 
necessar y boundar y conditions on both sides of the cell membrane. 

We built a theoretical model based on the above concept. The 
electric field satisfies Laplace’s equation to ensure the zero diver- 
gence of electric current in the absence of source: 

∇ 

2 φ = 0 (1) 

The charge accumulation on the cell membrane is given by: 

F 

∂ Q in 

∂t 
= −σin 

∂φin 

∂r in 
, (2) 

F 

∂ Q out 

∂t 
= σout 

∂φout 

∂r out 
, (3) 

where F is Faraday constant ( C mol −1 ), σ, φ are electric conduc- 
tivity ( S m 

−1 ), and potential ( V ) with its subscript indicating either 
inside or outside of the cell. Q ( mol m 

−2 ) is the virtual ion concen- 
tration accumulated on the surface that is responsible for the excess 
charge. It means that Q can be ne gativ e if the net charge is ne gativ e. 
The partial deri v ati ve of r in is defined inside of the cell, taken toward 
the membrane surface, and that of r out is defined outside of the cell, 
taken outward from the membrane surface (Fig. 1 ). Using these 
coordinates, if the bulk virtual ion concentration outside of the cell 
is written as Q bulk , out ( mol m 

−3 ), it follows Q out = 

∫ 
Q bulk , out dr out . 

Similar equation holds for inside too. Note that the right-hand side 
of eqs ( 2 ) and ( 3 ) can be interpreted as electric current flowing to- 
ward the membrane surface. From the concept (Fig. 1 ), the potential 
difference across the membrane was given by 

φin = φout − F l 
Q out , (4) 
ε 

art/ggaf110_f1.eps
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out = φin − F l 

ε 
Q in , (5) 

where l is the thickness of the membrane and ε is the permittivity
f the membrane. Replacing the Q in eqs ( 2 ), ( 3 ) by eqs ( 4 ), ( 5 ): 

∂φout 

∂t 
= 

∂φin 

∂t 
+ 

lσin 

ε 

∂φin 

∂r in 
, (6) 

∂φin 

∂t 
= 

∂φout 

∂t 
− lσout 

ε 

∂φout 

∂r out 
. (7) 

hese equations were used to derive equations for numerical simu-
ations later. 

Biological cell has ion channels that facilitate ion exchange be-
ween inside and outside of the cell (Taiz & Zeiger 2002 ). We

odelled such channels as holes to pass the accumulated charges
hrough the cell membrane. Such charge transport is driven by the
otential difference between inside and outside of the cell. Thus,
qs ( 2 ) and ( 3 ) were modified as: 

F 

∂ Q in 

∂t 
= −σin 

∂φin 

∂r in 
+ α ( φout − φin ) , (8) 

F 

∂ Q out 

∂t 
= σout 

∂φout 

∂r out 
− α ( φout − φin ) (9) 

ith α in eqs ( 8 ) and ( 9 ) representing the ability of the channel
o transport the charge across the membrane. Note that α could be
requency dependent but we did not consider yet this assumption in
his work. In a later section, we will determine whether α is negli-
ible by using the highest conductivity value across the membrane
eported in the literature. From eqs ( 4 ), ( 5 ), ( 8 ) and ( 9 ), we replace
he charge terms to obtain: 

∂φout 

∂t 
= 

∂φin 

∂t 
+ 

lσin 

ε 

(
∂φin 

∂r in 
− α

σin 
( φout − φin ) 

)
, (10) 

∂φin 

∂t 
= 

∂φout 

∂t 
− lσout 

ε 

(
∂φout 

∂r out 
− α

σout 
( φout − φin ) 

)
. (11) 

et us consider the spherical cell in uniform sinusoidal electric
otential. The centre of the cell was set as zero potential. In spherical
oordinate, the applied potential is written as E 0 r cos θ e iωt , where
is the angular frequency ( rad s −1 ). The analytical solution can be
ritten in the form of spherical harmonics (MacRobert 1967 ): 

in = 

∞ ∑ 

l= 1 
a l r 

l P l e 
iωt , (12) 

out = −
( 

E 0 r cos θ + 

∞ ∑ 

l= 1 
B l r 

−( l+ 1) P l 

) 

e iωt , (13) 

here P l represents Legendre polynomials, a l and B l are its coeffi-
ients. The boundary conditions on the membrane surface, eqs ( 11 )
nd ( 10 ) determined the coefficients of the Legendre polynomials
s: 

B l = 

{ 

R 3 ( ( 1 −σr ) β+ 2 Aσr ) 
2 β+ 4 Aσr + σr β

E 0 if l = 1 
0 otherwise 

, (14) 

here 

A = 

lσout 

2 ε 
, (15) 

r = 

σin 

σout 
, (16) 

= iωR + 

2 AαR 

σout 
(17) 
nd R is the radius of the spherical cell. The coefficients inside the
ell is: 

 l = 

{ 

−
(

1 
R 3 

+ 

4 A 
β R 3 

)
B l + 

(
2 A 
β

− 1 
)

E 0 if l = 1 

0 otherwise 
. (18) 

hus, we obtained the solutions: 

in = a 1 r cos θe iωt , (19) 

out = − (
E 0 r + B 1 r 

−2 
)

cos θe iωt (20) 

ith a 1 and B 1 given by the above equations. The above equations in-
lude many parameters. We reduced the number of parameters by
ntroducing non-dimensional form as summarized in Table 1 . In
on-dimensional form, the potential outside the cell is: 

∗
out = − (

r ′ + B 

∗
1 r 

′−2 
)

cos θe iωt (21) 

ith 

B 

∗
1 = 

(1 − σr )( iω 

∗ + 2 α∗) + 2 σr 

2( iω 

∗ + 2 α∗) + 4 σr + σr ( iω 

∗ + 2 α∗) 
, (22) 

here the non-dimensional variables were defined as φ∗
out =

out /R E 0 , r ′ = r /R , ω 

∗ = ωR /A , α∗ = αR /σout . This also sug-
ests the following useful relationship between frequency and pa-
ameters: 

 ∝ 

A 

R 

= 

lσout 

2 Rε 
. (23) 

or the potential inside the cell, 

∗
in = a ∗1 r 

′ cos θe iωt (24) 

ith 

 

∗
1 = −

(
1 + 

4 

iω 

∗ + 2 α∗

)
B 

∗
1 + 

(
2 

iω 

∗ + 2 α∗ − 1 

)
, (25) 

here the non-dimensional potential was defined as φ∗
in = φin /RE 0 .

Based on these results, we calculated at which frequency φ′′ takes
eak value on the surface of the cell. At this frequency, termed as
eak frequency, on the surface ( r = R), ∂ ( Im ( φ) ) 

∂ω 
= 0 . We obtained

he peak frequency as: 

 c,φ′′ = 

2 A 

(
2 αR 
σout 

+ 2 σr + 

αR σr 
σout 

)
R(2 + σr ) 

. (26) 

n non-dimensional form, it becomes 

 

∗
c,φ′′ = 2( α∗ + 2) − 8 

σr + 2 
(27) 

ith ω 

∗
c,φ′′ = ω c,φ′′ R/A . For α∗ = 0 (no ion channel, see eqs 8 and

 ), the above equation can be written as: 

 

∗
c,φ′′ ,α= 0 = 

4 σr 

2 + σr 
. (28) 

t this frequency, φ′′ can be calculated as: 

′′ 
peak = − 3 Rσ 2 

r 

2(2 + σr ) 
(

2 αR 
σout 

+ 2 σr + 

αR σr 
σout 

) E 0 . (29) 

n non-dimensional form, the above equation becomes 

′′∗
peak = − 3 σ 2 

r 

2(2 + σr )(2 α∗ + 2 σr + α∗σr ) 
(30) 

ith φ′′∗
peak = φ′′ 

peak /RE 0 . For α∗ = 0 : 

′′∗
peak ,α= 0 = − 3 σr 

4(2 + σr ) 
(31) 
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Table 1. The list of parameters used in the analytical solutions, and the conversion from dimensional variables to dimensionless variables. 

Potential Frequency Coordinate Conductivity 
Membrane 

conductivity 

Permittivity 
Electric field 

Radius 
Membrane thickness Phase shift 

Dimensional φin , φout , φ′ , φ′′ ω r σin , σout α ε, E 0 , R, l
Dimensionless φ∗

in , φ
∗
out , φ

′∗, 
φ′′∗

ω 

∗ r ′ σr α∗ – 
 

Conversion 
from dimensional 
to dimensionless 

Di vide b y RE 0 ω 

∗ = 

2 εωR/ lσout 

Di vide b y R σr = σin /σout α∗ = αR /σout – –

 

 

 

Notably, the above equation is independent of A (defined in eq. 15 ), 
suggesting the independence of peak φ′′ to the properties of mem- 
brane such as thickness and permittivity. The phase shift, defined 

by 
 = arctan 
(

Im ( φ) 
Re ( φ) 

)
, at the surface was calculated in a similar 

manner. At the peak phase shift, Im ( φ) 
Re ( φ) takes the peak value. Thus, at 

this frequency, ∂( Im ( φ) / Re ( φ)) 
∂ω 

= 0 . Solving this equation led to: 

ω c,
 

= 

2 A 

R 

⎛ 

⎝ 

(
2 αR 
σout 

+ 2 σr + 

αR σr 
σout 

)(
αR 
σout 

+ σr 

)
2 + σr 

⎞ 

⎠ 

1 / 2 

(32) 

In non-dimensional form, 

ω 

∗
c,
 

= 2 

(
(2 α∗ + 2 σr + α∗σr )( α∗ + σr ) 

2 + σr 

)1 / 2 

(33) 

with ω 

∗
c,
 

= ω c,
 

R/A . For α∗ = 0 , 

ω 

∗
c,
,α= 0 = 2 σr 

(
2 

2 + σr 

)1 / 2 

(34) 

At this peak frequency, the phase shift can be calculated as: 


 peak = arctan 

⎛ 

⎜ ⎝ 

− σ 2 
r 

2 
((

2 αR 
σout 

+ 2 σr + 

αR σr 
σout 

)(
αR 
σout 

+ σr 

)
(2 + σr ) 

) 1 
2 

⎞ 

⎟ ⎠ 

= arctan 

( 

− σ 2 
r 

2 ( ( 2 α∗ + 2 σr + α∗σr ) ( α∗ + σr ) (2 + σr ) ) 
1 
2 

) 

(35) 

For α∗ = 0 , the equation becomes: 


 peak = arctan 

( 

−σr 

4 

(
2 

2 + σr 

) 1 
2 

) 

(36) 

The above equation suggests that 
 peak is independent of membrane 
properties, represented by A , as well as the size of the cell R. 

2.2 Analysing and comparing the analytical solution of a 
single cell to experimental data 

2.2.1 Potential distribution 

From the analytical solutions given in eqs ( 21 ), ( 22 ), ( 24 ) and ( 25 ),
we illustrated the potential distribution across space. Fig. 2 (a) dis- 
plays this distribution for specific parameters ( α = 0 , σr = 1 , θ = 0 ) 
for different frequencies. At the lowest frequency, the potential gra- 
dient near the cell membrane is almost flat, indicating minimal 
current flow through the cell at this frequency . Additionally , the 
potential difference across the cell membrane is greatest at the low- 
est frequency. As the frequency increases, the potentials inside and 
outside the cell membrane converge. At the highest frequency, the 
g radient becomes unifor m across the space, suggesting a continu- 
ous potential across the cell, which implies that the current flows 
through the cell at high frequency (as schematically hypothesized 
in Ehosioke et al. ( 2023 ) but with a different mechanism). 

Fig. 2 (a2) shows that the magnitude of the out-of-phase potential, 
| φ′′∗| , peaks at the middle frequency for the entire area. At this 
frequency, the disparity between the potentials inside and outside 
of the cell is also most pronounced, whereas it is minimal at both 
low and high frequencies. 

Analysing φ′∗ and φ′′∗ together, the cell behaves like a resistor 
at low frequencies, blocking current flow and showing no out-of- 
phase polarization. At high frequencies, the cell becomes ‘invisible’ 
to current flow, with no out-of-phase polarization detected. Such 
behaviours are reported in previous modelling studies of the cells 
(Asami 2006 , 2007 ). Ho wever , at middle frequencies, the out-of- 
phase polarization is most significant, making the cell detectable by 
measuring φ′′∗. 

The behaviour of the cell at high frequencies differs from that 
of metals. In simulations, metals act as a bypass for the electric 
current at high frequencies (Izumoto 2023 ), whereas in our theoret- 
ical results, the cell appears as if it is not present, due to its similar 
conductivity to the surrounding water ( σr = 1 ), unlike metals which 
are considered to have infinitely high conductivity. We consider this 
assumption ( σr = 1 ) is reasonable because cells regulate osmotic 
pressure to reduce stress (Xiao & Zhou 2023 ), helping to maintain 
a stable salt concentration ratio between the inside and outside of 
the cell. 

2.2.2 Potential and phase shift over frequency 

Fig. 2 (b) presents the analytical solution on the surface of the cell 
( r ′ = 1 , outside of the cell) as a function of frequenc y, deriv ed from
eqs ( 21 ) and ( 22 ). We set parameters α = 0 and σr = 1 . The results
display a typical polarization response; the real part of the potential 
(shown in Fig. 2 b1) reaches its lower and upper limits asymptotically 
as the frequency decreases and increases, respecti vel y. Meanwhile, 
the imaginar y par t of the potential and the phase shift (illustrated in 
Figs 2 b2 and b3) each show a single peak. 

To compare with experimental data, we focused on measure- 
ments where the current passes through the inside of the root. This 
includes single-root measurements (Ehosioke et al. 2023 ) and mea- 
surements in which one electrode is inserted into the stem and the 
other into the soil (Ozier-Lafontaine & Bajazet 2005 ; Cseresny és 
et al. 2013 ; Peruzzo et al. 2021 ). In these latter cases, we assume 
that the measured phase shift is primarily caused by the plant rather 
than the soil, as its magnitude is similar to that of single-root mea- 
surements. The rele v ant data from pre vious studies are summarized 
in Table 2 . Notably, the magnitude of the phase shift in our theory 
(Fig. 2 b3) aligns with experimental findings. 
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Figure 2. Theoretical results. Note that the non-dimensional frequency ω 

∗ can be converted to ordinary frequency f ( s −1 ) by assuming the parameters discussed 
in theory section as f = ω/ 2 π ≈ 1 . 1 × 10 6 × ω 

∗s −1 . Also, non-dimensional distance r ′ is related to the dimensional distance r ( μm) as r = 20 × r ′ μm . (a) 
Potentials over distance. (a1) Real part of the non-dimensional potential φ′∗ and (a2) imaginar y par t of non-dimensional potential φ′′∗. (b) The theoretical 
results at the surface of the cell. (b1) Real part of non-dimensional potential, φ′∗. (b2) Imaginary part of non-dimensional potential, φ′′∗. (b3) Phase shift, 
 . 

Table 2. List of studies that investigated the polarization of plant. We picked up the measurements with the largest absolute value of peak phase shift in each 
study. We excluded measurements where extracting data from the figure was difficult due to overlapping plots. Note that we exclude the studies that measured 
polarization of plant by putting all the electrodes in water or in soil, without directly touching plant, since we consider only the plant part and not the soil part. 

Ehosioke et al. 
( 2023 ) (maize) 

Ehosioke et al. 
( 2023 ) (Brachypodium) 

Cseresnyes et al. 
(2013) 

Ozier-Lafontaine 
and Bajazet ( 2005 ) 

Peruzzo et al. 
( 2021 ) 

Maximum | 
 | (rad) 0.5 0.62 0.64 0.65 0.58 
Peak frequency (s −1 ) 4000 5000 1000 5700 over 8000 
Electrodes’ position Root Root Stem and soil Stem and soil Stem and soil 
Plant species Maize Brachypodium Maize Tomato Pecan 
Growth period 8 d after sowing 8 d after sowing Between 10 and 

27 d (averaged) 
14 d 

after planting 
From September 

to 26 April 
Electrodes 
configuration 

4 electrodes 4 electrodes 2 electrodes 2 electrodes 4 electrodes 

Growth condition Plastic tubes filled with 
fine and coarse sand 

Plastic tubes filled with 
fine and coarse sand 

Plastic cell 
containing Arenosol 

Greenhouse Hoop house 
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To convert non-dimensional frequency to ordinary dimensional
requency, we considered the thickness of the cell membrane
 l = 8 nm ) (Taiz & Zeiger 2002 ), its relative permittivity (set at
, equi v alent to ε = 2 . 64 × 10 −11 F m 

−1 ) (Stern & Feller 2003 ),
nd the conductivity of the water just outside the cell membrane.
e calculated this conductivity based on ion concentrations (Taiz &
eiger 2002 ) using PhreeqC software (Parkhurst & Appelo 2013 ),

esulting in σout = 0 . 9 S m 

−1 . The cell’s size, estimated from visual
bservations of Ehosioke et al. ( 2023 ), is about R = 20 μm . 

The relationship between non-dimensional and dimensional fre-
uencies is given by ω = lσout ω 

∗/ 2 Rε = 6 . 8 × 10 6 × ω 

∗. Hence,
he ordinary frequency can be calculated as f = ω/ 2 π ≈ 1 . 1 ×
0 6 × ω 

∗. Given that the peak frequency is near ω 

∗ = 1 (rad), these
alculations suggest a peak frequency f c = 1 . 1 × 10 6 s −1 , which
b  
oes not align with previous experimental results. In the next sec-
ion, we check if this discrepancy comes from the approximation of
he parameters α = 0 and σr = 1 . 

.2.3 Conductivity ratio σr and ion exchange parameter α∗

e derived the analytical solution for the peak frequency of the
hase shift, ω 

∗
C,
 

, as shown in eq. ( 33 ). We plotted this relationship
s a function of the conductivity ratio, σr , in Fig. 3 (a1). The results
ndicate that a higher σr , which corresponds to higher internal con-
uctivity of the cell, leads to an increased ω 

∗
C,
 

. Additionally, as the
on exchange parameter α∗ increases, ω 

∗
C,
 

becomes less influenced
y σr below a certain σr (the higher the transfer, the higher contrast
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Figure 3. Theoretical results as a function of parameters representing the conductivity ratio between inside and outside the cell ( σr and the ion exchange 
through the cell membrane ( α∗). Note that the non-dimensional frequency ω 

∗ can be converted to ordinary frequency f ( s −1 ) by assuming the parameters 
discussed in theory section as f = ω/ 2 π ≈ 1 . 1 × 10 6 × ω 

∗. (a) Dependency of peak frequency and peak phase shift on the ratio of conductivity between inside 
and outside the cell, σr . Lighter colour represents smaller α∗. (a1) The non-dimensional peak frequency, ω 

∗
C,
 

. (b2) Peak phase shift, 
 peak . (b) Dependency of 
peak frequency and peak phase shift on the ion exchange across the cell membrane, α∗. Lighter colour represents smaller σr . (b1) The non-dimensional peak 
frequency, ω 

∗
C,
 

. (b2) Peak phase shift, 
 peak . 

 

 

needs to be to have an effect). This observation suggests that vari- 
ations in ionic concentration between the inside and outside of the 
cell become less significant with increased ion exchange. 

Fur ther more, we examined the peak phase shift, 
 peak , using 
eq. ( 35 ). We found that | 
 peak | is larger for higher σr values 
(Fig. 3 a2). This occurs since at low frequencies, the current does 
not pass through the cell, as opposed to the current path at high 
frequencies. The difference in current flow between these extremes 
approximately indicates the degree of polarization. Thus, a higher 
σr means the cell contributes more to the overall current flow at high 
frequencies, leading to a larger | 
 peak | . 

We also analysed ω 

∗
C,
 

as a function of α∗, shown in Fig. 3 (b1), 
suggesting that ω 

∗
C,
 

is higher for larger α∗ v alues, likel y be- 
cause increased ion exchange reduces charge accumulation, allow- 
ing quicker establishment of polarization. Moreover, when σr is 
high, ω 

∗
C,
 

shows reduced sensitivity to α∗, indicating that in such 
cases, the conductivity ratio, rather than ion exchange, becomes the 
limiting factor for polarization speed. 

Lastly, we plotted 
 peak against α∗, revealing that | 
 peak | de- 
creases as α∗ increases due to reduced charge accumulation from 

more frequent ion exchanges (Fig. 3 b2). When σr is high, | 
 peak | is 
less sensitive to α∗, suggesting that ion exchange has only minor ef- 
fect under large concentration within the cell. Although the value of 
α∗ remains somewhat uncertain, the highest conductivity reported in 
the literature for ion channels is approximately α = 5 S m 

−2 (Smith 
& Kerr 1987 ; Tyerman & Skerrett 1998 ). Note that value can change 
depending on the plant variety and that the activation of the ion 
channels and proton pump. This would then lead to values sev- 
eral orders of magnitude below ( 10 −3 S m 

−2 ) (Findlay et al. 1994 ). 
Based on calculations in Section 2.2.2., the ion exchange parameter 
is estimated to be α∗ = 1 . 1 × 10 −6 , indicating that the effect of ion 
exchange is likely negligible. 

Finally, we check if we can match the analytical and experimental 
results of peak frequency and | 
 | by varying σr under α∗ ≈ 0 . Ac- 
cording to the calculation in the Section 2.2.2., the analytical solu- 
tion of the peak frequency at α∗ = 0 and σr = 1 ( f c = 1 . 1 × 10 6 s −1 )
needs to be more than 100 times lower to match the experimental 
results. Fig. 3 (a1) shows that fixing α∗ to the smallest value requires 
σr to be roughly 100 times smaller. Ho wever , Fig. 3 (a2) sho ws that 
this also reduces | 
 | by roughly 100 times, resulting in | 
 | ≈ 0 . 002 ,
which is much smaller than the experimental results shown in Ta- 
ble 2 . Therefore, if we adjust σr to match the experimental peak 
frequency, | 
 | does not match, and vice versa. 

From the above discussion, it is clear that the analytical solution 
in the simplified geometry does not fully explain the experimen- 
tal results. Thus, we explored geometric effects through numerical 
simulations in the subsequent sections. 

3  N U M E R I C A L  S I M U L AT I O N  

From our theoretical analysis, we determined that the peak fre- 
quency for a single cell within a large volume of water is too high 
with respect to experimental e vidence. Howe ver, in actual roots, 
cells are densely packed within a small area inside the root (for ex- 
ample, see table 3 in Ehosioke et al. 2023 ), which requires further 
numerical investigation if we want to test different geometries, and 
cell density for instance. Additionally, we found that the effects of 
ion exchange through the cell membrane are minimal (see Fig. 3 b2 
for low values of α∗). Therefore, in our simulations, we focus on 
the impact of geometric factors (cell size, shape and density) with- 
out considering ion exchange. The simulations are implemented 
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ith the open-source computational-fluid-dynamic software Open-
OAM ( https://openfoam.org/ ). 

.1 Governing equations 

hen attempting to apply the same boundary conditions on both
ides of the membrane as those in the analytical equations (eqs 6
nd 7 ) after converting from time domain to frequency domain,
he numerical solutions were unstable and failed to converge. To
ddress this issue, we simplified the model by reducing the number
f independent equations to two, as outlined below. Eqs ( 6 ) and ( 7 )
ield: 

∂φin 

∂t 
= 

∂φout 

∂t 
− lσout 

2 ε 

(
∂φout 

∂r out 
+ 

σin 

σout 

∂φin 

∂r in 

)
. (37) 

After transform, the real part and imaginary part of potentials are
btained as: 

′ 
in = φ′ 

out −
lσout 

2 εω 

(
∂φ′′ 

out 

∂r out 
+ 

σin 

σout 

∂φ′′ 
in 

∂r in 

)
, (38) 

′′ 
out = φ′′ 

in + 

lσout 

2 εω 

(
∂φ′ 

out 

∂r out 
+ 

σin 

σout 

∂φ′ 
in 

∂r in 

)
. (39) 

ote that, in the membrane inner boundary for analytical case (eqs 6
nd 7 ), when α = 0 and ω = 0 , we obtain the conditions: 

∂φin 

∂r in 
= 

∂φout 

∂r out 
= 0 . (40) 

n the other hand, when ω = 0 , the above governing equations for
he numerical simulations (eqs 39 and 38 ) only give: 

σin 

σout 

∂φ′ 
in 

∂r in 
= −∂φ′ 

out 

∂r out 
. (41) 

or the imaginary part, we presumed φ′′ 
in = φ′′ 

out ≈ 0 for ω = 0 given
he conceptual view. Thus, the numerical equation for the real part
f potential (eq. 38 ) should be modified. We separated the real part
nto the externally applied potential and induced potential as: 

′ 
out = φex + φ′ 

ind , (42) 

here φex is the externally applied potential and φ′ 
ind is the real part

f induced potential. Since cell membrane does not pass through
he in-phase component of the potential, φex satisfies 

∂φex 

∂r out 
= 0 . (43) 

rom the conceptual view, φind = 0 for ω = 0 . Thus, by taking the
eri v ati ve of eq. ( 42 ) with respect to r out , we obtained ∂φout 

∂r out 
= 0 . This

s now consistent with the analytical case, eq. ( 40 ). The potentials,

ex , φ′ 
ind , φ

′′ 
in , φ

′ 
out and φ′′ 

out , satisfy Laplace’s equation: 

 

2 φ = 0 . (44) 

rom eqs ( 38 ), ( 39 ) and ( 42 ), potentials on the cell membrane can
e written as: 

′ 
in = φex + φ′ 

ind −
lσout 

2 εω 

(
∂φ′′ 

out 

∂r out 
+ 

σin 

σout 

∂φ′′ 
in 

∂r in 

)
, (45) 

′′ 
out = φ′′ 

in + 

lσout 

2 εω 

(
∂φ′ 

ind 

∂r out 
+ 

σin 

σout 

∂φ′ 
in 

∂r in 

)
. (46) 

Above equations were transformed to non-dimensional form as
elow (summary in in Table 3 ). For the potentials in the field: 

 

∗2 φ∗ = 0 , (47) 

′∗
out = φ∗

ex + φ′∗
ind , (48) 
here all the potentials denoted by ∗ are normalized by charac-
eristic potential φ0 , and ∇ is taken in the non-dimensional space.
n the surface of cell, the in-phase component of electrical current
erpendicular to the cell surface, J ex , does not pass through the
embrane. Thus, φ∗

ex satisfies 

J ex = 

∂φ∗
ex 

∂ r ′ out 

= 0 (49) 

ith r ′ out = r out /L , where L is characteristic length. On the cell
embrane, φ′∗

in and φ′′∗
out are given by 

′∗
in = φ∗

ex + φ′∗
ind −

1 

ω 

∗

(
∂φ′′∗

out 

∂ r ′ out 

+ σr 
∂φ′′∗

in 

∂ r ′ in 

)
, (50) 

′′∗
out = φ′′∗

in + 

1 

ω 

∗

(
∂φ′∗

ind 

∂ r ′ out 

+ σr 
∂φ′∗

in 

∂ r ′ in 

)
, (51) 

here ω 

∗ = 2 εωL/ lσout is non-dimensional angular frequency and

r = σin /σout is the relative conductivity inside of the cell relative to
hat of outside. To satisfy the membrane inner boundary conditions
pecified in eqs ( 50 ) and ( 51 ), these values were updated iteratively
ollowing the equation and stop when the ‘initial residual’ value in
he Laplacian solver in OpenFOAM reaches below 2 × 10 −6 , except
or Scenario 3 ( 10 −5 ) and Scenario 4 ( 2 × 10 −4 ) shown in the next
ection: 

′∗
in ,n + 1 = φ′∗

in ,n − δs 

(
φ′∗

in ,n −
(

φ∗
ex ,n + φ′∗

ind ,n −
1 

ω 

∗

(
∂φ′′∗

out ,n 

∂ r ′ out 
+ σr 

∂φ′′∗
in ,n 

∂ r ′ in 

)))
(52) 

′′∗
in ,n + 1 = φ′′∗

in ,n − δs 

(
φ′′∗

in ,n −
(

φ′′∗
out ,n −

1 

ω 

∗

(
∂φ′∗

ind ,n 

∂ r ′ out 
+ σr 

∂φ′∗
in ,n 

∂ r ′ in 

)))
(53) 

′∗
ind ,n + 1 = φ′∗

ind ,n − δs 

(
φ′∗

ind ,n −
(

φ∗
in ,n − φ′ 

ex ,n + 

1 

ω 

∗

(
∂φ′′∗

out ,n 

∂ r ′ out 
+ σr 

∂φ′′∗
in ,n 

∂ r ′ in 

)))
(54)

′′∗
out ,n + 1 = φ′′∗

out ,n − δs 

(
φ′′∗

out ,n −
(

φ′′∗
in ,n + 

1 

ω 

∗

(
∂φ′∗

ind ,n 

∂ r ′ out 
+ σr 

∂φ′∗
in ,n 

∂ r ′ in 

)))
(55) 

here n is the iterative index, δs is a factor for the numerical
onvergence to satisfy the inner boundary condition, which was
ound to be between 5 × 10 −5 and 10 −2 by trial and error, with lower
nd higher values for lower and higher frequencies, respectively. 

In the simulation, we did not account for charge distribution,
hich can vary significantly within a nanometer scale near the cell
embrane. To accurately model charge distribution, a numerical

imulation would require an extremely fine mesh. However, the po-
ential distribution resulting from this charge accumulation changes

ore gradually over space. Consequently, by omitting charge dis-
ribution from our equations, we avoid the need for such fine-scale
esolution. This allowed us to focus more ef fecti vel y on studying
eometric factors at the micrometer scale, which is a significant
dvantage of our approach in terms of computation times. 

.2 Simulation domain 

ur simulation grid included at least 200 mesh elements in the
 -direction, and at least 50 mesh elements in the y and z direc-
ions, totalling more than 5 × 10 5 meshes. The simulation do-
ain was configured as a rectangular prism (see Fig. 4 ) de-
ned by the coordinates x ∈ [ −a d / 2 , a d / 2] , y ∈ [ −b d / 2 , b d / 2] , and

z ∈ [ −b d / 2 , b d / 2] . Within this domain, we modelled a cell as a rect-
ngular prism sized ( a c , b c , b c ) , as depicted in Fig. 4 (a). Note that
oth the y and the z dimensions for the domain and the cell are

https://openfoam.org/


8 S. Izumoto and F. Nguyen 

Table 3. The list of parameters used in the governing equations of the simulations, and the conversion from dimensional variables to dimensionless variables. 

Potential Frequency Coordinate Conductivity 

Permittivity 
Membrane thickness 
Characteristic length 

Characteristic potential 

Dimensional φex , φ′ 
ind , φ

′′ 
in , φ

′ 
out , φ

′′ 
out ω r in , r out σin , σout ε, l, L , φ0 

Dimensionless φ∗
ex , φ

′∗
ind , φ

′′∗
in , φ

′∗
out , 

φ′′∗
out 

ω 

∗ r ′ in , r ′ out σr –

Conversion 
from dimensional 
to dimensionless 

Di vide b y φ0 ω 

∗ = 2 εωL/ lσout Di vide b y L σr = σin /σout –

Figure 4. The simulation setting. (a) The simulation domain, with the cell surrounded by water. The origin (0,0,0) is set at the centre of the domain. The 
orange line represents the sampling line ( y = z = 0 ) of potential for the plot in Fig. 6 . (b) The simulation scenarios. (b.1) Scenario 1: distance to the nearby cell 
perpendicular to the electric current. (b.2) Scenario 2: length of the cell. (b.3) Scenario 3: cell density. (b.4) Scenario 4: distance to the nearby cell horizontal 
to the electric current. (b.5) Scenario 5: relative cell volume. (b.6) Scenario 6: double membrane cell. (b.7) Scenario 7: thickness of the cell. 

 

 

 

 

 

al wa ys equal. For all simulations, we assumed a conductivity ratio 
between the water and the cell, σr = 1 , to primarily explore geomet- 
ric effects. The boundary conditions were set as φ∗

ex = { 1 , −1 } (ex- 
ternally imposed potential) at x = {−a c / 2 , a c / 2 } and ∂ φ′∗

out /∂ x =
∂ φ′′∗

out /∂ x = 0 . For the other boundaries at y = {−b c / 2 , b c / 2 } and
z = {−b c / 2 , b c / 2 } , we applied ∂ φ∗

ex /∂y = ∂ φ′∗
out /∂y = ∂ φ′′∗

out /∂y =
0 and ∂ φ∗

ex /∂ z = ∂ φ′∗
out /∂ z = ∂ φ′′∗

out /∂ z = 0 , respecti vel y. The cell
membrane was modelled using eqs ( 50 ) and ( 51 ). 

After running the simulations, the real part of the potential outside 
the cell was calculated by eq. ( 48 ). To standardize the potentials, we 
normalized all potentials by φ′∗

out at the boundary x = {−a c / 2 , a c / 2 } 
for each simulation, ensuring that φ′∗

out at these boundaries was al- 
ways 1 and −1, respectively. 

We varied the size of the domain, the size of the cell and the 
number of cells to examine the impact of geometry. The goal is 
to develop a simple model or identify a fundamental mechanism 

that can reasonably explain the observed IP responses, rather than 
reproducing the varied experimental conditions of previous stud- 
ies. In reality, plant root anatomy is far more complex, including 
features such as symplastic pathways, ion pumps and dead cells 
(Taiz & Zeiger 2002 ). We configured several scenarios as follows, 
summarized in Fig. 4 (b) and Table 4 : 

Scenario 1: distance to nearby cell perpendicular to electric cur- 
rent (Fig. 4 b1). In this scenario, cells were aligned in parallel, and 
we simulated only one cell due to symmetry. The cell dimensions 
were set as a c = b c = 1 and a d = 10 , with varying distances be- 
tween cells ( b d ∈ { 3, 1.75, 1.125 } ). Since all dimensions were non- 
dimensional, the cubic cell was defined as the characteristic length, 
which served as a reference for all measurements in our simulations. 
We also checked simulations by refining the mesh in the x -direction 
and ensuring that the simulation results remained consistent. 
Scenario 2: length of the cell (Fig. 4 b2). Here, we maintained the 
smallest distance between cells from Scenario 1 ( b d = 1 . 125 ), with 
the domain length a d = 10 and cell height and depth b c = 1 . We 
explored variations in the cell’s length perpendicular to the electric 
current with lengths a c ∈ { 3.125, 6.25 } . 

Scenario 3: cell density (Fig. 4 b3). The domain size was con- 
sistent with Scenario 2 ( a d = 10 and b d = 1 . 125 ). We increased 
cell density by splitting the longest cell from Scenario 2 ( b c = 1 , 
a c = 6 . 25 ) into 2 or 4 parts. After splitting, the distances between 
cells were 0.3 for all cases, with new cell lengths of a c = 3 . 05 for 
splitting into 2, and a c = 1 . 41 and 1.49 for the middle and edge 
cells, respecti vel y, when splitting into 4. 

Scenario 4: distance to nearby cell horizontal to electric current 
(Fig. 4 b4). The domain size remained as in Scenario 2 ( a d = 10 and 
b d = 1 . 125 ). We placed two cells of size a c = 3 . 125 and b c = 1 ,
with a distance of 4.05 between them, significantly more than the 
0.3 used in Scenario 3. 

Scenario 5: relative cell volume (Fig. 4 b5). To alter the relative 
volume of the cell within the domain, we reduced the domain size to 
a d = 1 . 6 , much smaller than a d = 10 used in other scenarios. The 
cell dimensions remained the same as in Scenario 1 ( a c = b c = 1 ), 
with the same distance to the nearby cell as in Scenario 2 ( b d = 

1 . 125 ). 
Scenario 6: double membrane cell (Fig. 4 b6). We explored cells 

with double membranes, representing cells packed within another 
membrane-bound volume. This scenario mimics two membranes 
in plant cells; plasma membrane and middle lamella. Thus, this 
represents a case where the DC electric current flows through the 
middle lamella rather than the secondary wall. The domain and 
outer membrane dimensions were the same as in Scenario 2 ( a d = 

10 , b d = 1 . 125 ), with the outer membrane dimensions b c = 1 and 
a c = 6 . 25 , enclosing a cell sized b c2 = 0 . 75 and a c2 = 5 . 75 . 

art/ggaf110_f4.eps
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Table 4. List of geometric parameters used in simulation. Scenario 1: distance to the nearby cell perpendicular to electric current. Scenario 2: length of the cell. 
Scenario 3: cell density. Scenario 4: distance to the nearby cell horizontal to electric current. Scenario 5: relative cell volume. Scenario 6: double membrane 
cell. Scenario 7: thickness of the cell. 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 

a d 10 10 10 10 1.6 10 10 
b d { 1.125, 1.75, 3 } 1.125 1.125 1.125 1.125 1.125 0.5625 
a c 1 { 3.125, 6.25 } { 3.05 (2 cells), 1.41 and 1.49 (4 cells) } 3.05 1 1 (outer), 0.75 (inner) 6.25 
b c 1 1 1 1 1 1 (outer), 0.75 (inner) 0.5 
Note – – 2 and 4 cells 2 cells Cell distance 4.05 – double membrane –
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between cells. 
Scenario 7: thickness of the cell (Fig. 4 b7). This scenario in-
estigated the effects of a cell becoming thinner without altering
ts length. The domain and cell lengths were consistent with Sce-
ario 2 ( a d = 10 and a c = 6 . 25 ), but the cross-sectional area of
oth the domain and the cell were reduced, setting b d = 0 . 5625 and
 c = 0 . 5 . Note that in this case sigma r could take different values
ut here we kept them constant. 

Each scenario focused on different geometric aspects, allowing
s to assess how variations in cell arrangement and dimensions
nfluence the polarization. 

.3 Sim ulation r esults 

.3.1 Scenario 1: distance to the nearby cell perpendicular to the 
lectric current 

his scenario explored how electrical signals are af fected b y
hanges in the distance to adjacent cells perpendicular to the electric
eld. Figs 5 (a1)–(a3) displays the real part of the potential ( φ′∗), the

maginar y par t of the potential ( φ′′∗) and the phase shift ( 
 ) at the
ell surface on the water side at ( x , y , z) = ( −1 , 0 , 0) . The influence
f distance to neighbouring cells on the potential values is highly
onlinear; notably, in the closest case ( a d = 1 . 125 ), the absolute
alues of the potentials are significantly larger than in other cases
n the entire frequency for φ′∗ and at low frequecies for φ′′∗. This is
ue to the narrower current path outside the cell, which possesses
igher resistance, thereby resulting in a greater potential difference
cross this path. This observation aligns with previous simulations
hat studied the polarization of metal grains in narrow channels
zumoto ( 2023 ). This observation also highlights the importance of
ell spacing in actual plant roots, where cells are densely packed.
dditionally, direct contact between cells and the symplastic path-
ay, which connects them, may play a significant role, as discussed

n Peruzzo et al. ( 2021 ). 
Interestingly, while the absolute values of φ′∗ and φ′′∗ can double

hen the nearby cell is closer, the phase shift ( 
 ), which is calcu-
ated as arctan ( φ′′∗/φ′∗) , only changes by about 10 per cent. This
ndicates that despite the substantial changes in φ′∗ and φ′′∗, these
hanges largely cancel out in the phase shift calculation. 

The spatial distribution of the potential outside the cell is illus-
rated in Fig. 6 . At the lowest frequency, the gradient of φ′ at the
ell surface is nearly zero, implying no current flow through the cell
as shown in the top row of Fig. 6 a and in Fig. 6 b). At the highest
requency, the potential distribution behaves as if the cell were in-
isible, consistent with the theoretical predictions in Section 2.2.1
nd demonstrated in Fig. 2 . 

Across all cases, the magnitude of the imaginar y par t of the po-
ential, | φ′′| , is greatest on the cell surface. As the distance to nearby
ells increases, | φ′′| declines more sharply in space. Conversely, as
ells are positioned closer together, the decline in | φ′′∗| becomes
ess steep, which ties into discussions on coupling polarization in
ater sections. 

.3.2 Scenario 2: length of the cell 

n this scenario, we adjusted the length of the cell horizontally rel-
tive to the electric current direction. Measurements were taken on
he cell surface at ( x , y , z) = ( −a c / 2 , 0 , 0) on the water side. The
esults demonstrated that both the absolute values of the real poten-
ial ( | φ′∗| ) and the imaginary potential ( | φ′′∗| ) increased gradually
ith the cell length (Figs 5 b1 and b2). This increase occurs be-

ause a longer cell experiences a greater potential difference across
ts length. Ho wever , the magnitude of the peak phase shift ( 
 ) re-
ained relati vel y unchanged (Fig. 5 b3), suggesting that the changes

n φ′∗ and φ′′∗ are proportional and ef fecti vel y cancel each other out
hen calculating 
 , regardless of the cell’s length. 
Interestingly, the peak frequency decreases for longer cells. For

nstance, if the cell’s length is increased sixfold, the peak frequency
ecreases by about 1/100th. This trend is more pronounced than
hat the analytical solution predicted (eq. 23 ), which suggested

hat peak frequency is inversely proportional to the sphere’s radius.
his discrepancy arises because the analytical model assumed a
pherical shape and infinitely distant boundaries, whereas in the
imulation, other cells are quite close. This difference highlights
hat the proximity of neighbouring cells enhances the sensitivity to
he size of the cell in our simulations. 

.3.3 Scenario 3: cell density 

n Scenario 3, a long cell is segmented into smaller sections to
ncrease the cell density. Measurements are taken from the centre
f the left surface of the most leftward cell (the cell at the smallest
 -value), with y = z = 0 . Notably, even after splitting the cells,
he response remained largely unchanged (Figs 5 c1–c3). This key
nding demonstrates that even smaller cells can polarize collectively
nder certain geometric constraints. This phenomenon indicates
hat there is coupling during polarization; the induced polarization
n one cell creates a potential that af fects nearb y cells when they are
lose together. 

This strong coupling effect is likely influenced by the distance
o the nearest cell perpendicular to the electric current, as explored
n Scenario 1. When cells are spaced widely apart, with no nearby
ells, the potential induced by one cell’s surface tends toward zero
t a distance from the cell (Fig. 6 ). Conversely, under geometric
onstraints, such as when cells are close together, the potential does
ot reach zero even at a distance. This persistent potential under
onstrained conditions would significantly enhance the coupling
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Figure 5. Results of simulations from Scenario 1 to Scenario 4. Real part of non-dimensional potential, φ′∗ (left column). Imaginary part of non-dimensional 
potential, φ′′∗ (middle column). Phase shift, 
 (right column). All the values are sampled on the surface of the cell. Each row corresponds to each scenario. 
(a1–a3) Scenario 1: distance to the nearby cell perpendicular to the electric current. (b1–b3) Scenario 2: length of the cell. (c1–c3) Scenario 3: cell density. 
(d1–d3) Scenario 4: distance to the nearby cell horizontal to the electric current. 

 

3.3.4 Scenario 4: distance to the nearby cell horizontal to the 
electric current 

In this analysis, we adjusted the distance to the nearby cell positioned 
horizontall y relati ve to the electric current. Measurements were 
taken from the centre of the left surface of the cell at the smallest x - 
value, with y = z = 0 . Despite varying the distance by up to tenfold, 
the responses show minimal change: φ′∗ increase by only about 10 
to 20 per cent, and the peak values of | φ′′∗| and | 
 

∗| alter by just
around 10 per cent (Figs 5 d1–d3). The observed reduction in peak 
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Figure 6. Results of Scenario 1 in space ( y = z = 0 ). Lighter colour represents lower frequency. See Fig. 4 (1) for the sampling line. (a) The real part and 
imaginar y par t of potential distribution (top ro w and bottom ro w, respecti vel y) at b d = 3 , 1 . 75 , 1 . 125 (left, middle and right column, respecti vel y) at dif ferent 
frequency. (b) The close up of real part of potential distribution close to the cell at b d = 3 , 1 . 75 , 1 . 125 (left, middle and right column, respecti vel y) at different 
frequency. The wiggles are the numerical effect due to the discretization of the space. 
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requency at longer distances can be attributed to longer relaxation
imes, suggesting that the ef fecti ve length scale is greater when cells
re more widely spaced. 

These results—relati vel y consistent v alues of φ′∗, φ′′∗ and 
 with
 slightly lower peak frequency in larger spaces—indicate that the
ells remain coupled for polarization even when separated by greater
istances. Similar to the findings in Scenario 3, this persistence in
oupling is influenced by geometric constraints, which continue to
acilitate interactions between cells regardless of their separation. 

.3.5 Scenario 5: relative cell volume 

his scenario explored the effects of changing the relative volume of
he cell compared to the entire measurement domain. Measurements
ere taken on the surface of the cell at ( x , y , z) = ( −1 , 0 , 0) . That
otentials are larger when the cell occupies a larger space because
 larger electrical field is applied (Figs 7 a1 and a2). Ho wever , the
hase shift ( 
 ) remains almost constant (Fig. 7 a3). This consistency
n 
 occurs despite the increases in φ′∗ and φ′′∗ because these values
f fecti vel y cancel each other out in the calculation of 
 . 

Importantly, the stability of 
 across changes in cell volume

onfirms that the trends observed in 
 in other scenarios are not b  
nfluenced by the relative volume of the cell within the domain, but
ather by other factors investigated in those scenarios. 

.3.6 Scenario 6: double membrane cell 

n the scenario with a double membrane, we modelled a situation
here a cell is enclosed by an additional membrane. Measurements
ere taken on the cell surface at ( x , y , z) = ( −1 , 0 , 0) . Unlike other

cenarios, significant changes are observed in the shape of the curve
or the imaginary part of the potential ( φ′′∗) and the phase shift ( 
 ),
ith two distinct peak frequencies appearing (Figs 7 b2 and b3).
ne peak occurs at a slightly lower frequency than what is typical

or a single membrane cell, and the other at a frequency about ten
imes higher. This indicates the presence of two distinct timescales
f polarization. The first is similar to the polarization timescale of
he outer membrane, akin to that observed in the single membrane
cenario. The second, about ten times shorter, likely involves a much
maller scale of polarization, potentially within the space between
he inner and outer cell membranes. 

Additionally, the peak magnitude of the phase shift ( | 
 | ) in this
ouble membrane case is approximately 65 per cent of what is ob-
erved in the single cell case at both peaks (Fig. 7 b3). This can
e explained by considering the distribution of charges involved in
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Figure 7. Results of simulations from Scenario 5 to Scenario 7. Real part of non-dimensional potential, φ′∗ (left column). Imaginary part of non-dimensional 
potential, φ′′∗ (middle column). Phase shift, 
 (right column). The values are sampled on cell surface. Each row corresponds to each scenario. (a1–a3) Scenario 
5: relative cell volume. (b1–b3) Scenario 6: double membrane cell. The values are sampled on the surface of the outer membrane. (c1–c3) Scenario 7: thickness 
of the cell. 

Figure 8. Schematics showing how the root cells are simplified to compare the simulation results with experimental results in previous studies. 

 

the polarization process. In a double membrane cell, the charges 
are divided between two spaces: inside the inner membrane and 
the interstitial space between the inner and outer membranes. As 
each space contributes to different peak frequencies, the amount of 
charge involved in each polarization event is less than in the sin- 
gle membrane case, where the entire cell’s charge contributes to a 
single peak. Consequently, each peak | 
 | in the double membrane 
scenario is smaller than in the single membrane case. 
3.3.7 Scenario 7: thickness of the cell 

This scenario examined the effects of a cell having a thinner cross- 
sectional area. Measurements were taken on the cell surface at 
( x , y , z) = ( −a c / 2 , 0 , 0) . The overall shapes of the curves for the
imaginar y par t of the potential ( φ′′∗) and the phase shift ( 
 ) are 
nearly identical whether the cell is thinner or thicker (Figs 7 c2 and 
c3). Ho wever , the peak frequency for the thinner cell, which has a 
cross-sectional area four times smaller than that of the thicker cell, 

is half that of the thicker cell. 
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Figure 9. Dimensional results of the simulations. (a) Phase shift at the surface of the cell of Scenario 2 converted to dimensional frequency (simulations with 
σr = 1 ), as well as the new simulation result of σr = 2 using the same geometric configuration as the longest cell in Scenario 2. (b) The phase shift observed 
in previous studies. We picked up the measurements with the largest absolute value of peak phase shift in each study, as shown in Table 1 . 
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Notab ly, w hen comparing 
 or φ′′∗ at the same frequency across
ifferent cell thicknesses, significant differences emerge, except
ear the peak frequency. This variance indicates that measurements
aken at a single frequency can be highly sensitive to the thick-
ess of the cell. Previous studies, such as Cseresny és et al. ( 2018 ),
ave utilized single frequency measurements in applications to crop
ciences. Our simulations suggest that the interpretations of such
tudies should take into account the cross-sectional area of the cell
o ensure accuracy and rele v ance of the results. 

.4 Short summary of main results 

ere, we summarize the main findings from each scenario in the
imulations: 

Scenario 1: When a nearby cell perpendicular to the electric cur-
ent is closer, the potential decreases less steeply in space, indicating
hat proximity between cell membranes as modelled here influences
he electric field. 

Scenario 2: Lengthening the cell results in a decrease in peak
requenc y, though the ov erall magnitude of the phase shift remains
elati vel y constant, suggesting that cell length affects the frequency
f peak polarization but not its intensity. 

Scenario 3: Increasing the cell density by splitting a long cell into
everal pieces does not significantly alter the response, indicating
hat the polarization across the split cells is coupled, showing that
olarization properties are retained despite physical segmentation. 

Scenario 4: Even when split cells are spaced fur ther apar t hor-
zontall y relati ve to the electric current, they remain coupled for
olarization, demonstrating that distance alone in this orientation
oes not decouple the cells’ electrical interaction. 

Scenario 5: Changes in the relative cell volume within the domain
o not affect the phase response, confirming that variations observed
n other scenarios are not influenced by the relative size of the cell
ithin the measurement space. 
Scenario 6: Cells enclosed by two membranes exhibit two peak

requencies: one similar to that observed with a single membrane
nd another ten times higher. Ho wever , the polarization at each peak
s less intense compared to the single membrane case, reflecting the
mpact of additional boundaries on charge distribution. 

Scenario 7: Reducing the cross-sectional area of the cell results
n a lower peak frequency, yet the magnitude of the phase shift
emains unchanged. This indicates that while thinner cells alter the
requency of peak polarization, the overall strength of the phase
esponse is similar. 

 D I S C U S S I O N  

.1 Qualitati ve interpr etation of experimental data 

n this discussion section, we first qualitati vel y e v aluate the theoreti-
al and numerical findings in comparison with pre viousl y published
xperimental data (Table 2 ). Previous experiments reported simi-
ar magnitudes of phase shift ( | 
 | ) across different experimental
etups. According to our simulations, the maximum | 
 | generally
ho wed lo w sensitivity to geometric constraints such as cell size,
oot size and the proximity of neighbouring cells. This was true
ith the exception of the doub le-lay er membrane scenario, which
e will address later. These factors, which can vary widely among
ifferent plant species and growth conditions, seemingly did not
ffect the maximum | 
 | . Additionally, our theoretical results indi-
ated that membrane properties do not significantly influence the
aximum | 
 | . Thus, both the theoretical and simulation outcomes

ligned with the experimental observation of a relati vel y constant
aximum | 
 | . 
Fur ther more, while the ratio of conductivity between the inside

nd outside of the cell ( σr ) may differ across plants, it does not
ubstantially alter the polarization, as will be further discussed in
he following section. 

The peak frequency, which is the frequency at which the max-
mum phase shift occurs, was found to vary more than eight-fold,
rom 1000 Hz to over 8000 Hz, in prior studies. Our theoretical
ramework and simulations suggested that the peak frequency can
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of root cells: 
fluctuate due to factors such as the geometric arrangement of cells, 
the total length of coupled cells that polarize together, membrane 
properties and the conductivity of water inside and outside the cells. 
These factors can differ based on plant types and growth conditions, 
and the experimental setup itself may influence the length of cou- 
pling cells. Therefore, the observed variations in peak frequency 
across experiments are consistent with our model. 

Regarding the double membrane scenario, our simulations identi- 
fied two smaller peaks of | 
 | , whereas experimental results typically 
showed only a single peak. Additionally, experimental measure- 
ments were conducted at very low frequencies. The implications of 
this frequency range will be discussed later, but it suggests that the 
observed polarization may be attributed to either the polarization 
from a single membrane or the lower peak of the double membrane 
case, where the peak frequencies are almost identical. Even though 
the peak | 
 | in the double membrane scenario was about 65 per cent 
of that observed in the single membrane case, the magnitudes were 
within the same order. 

For geometric constraints involving double-membrane cells, we 
e xpect similar qualitativ e behaviour to the single-membrane case, 
provided the same double-membrane cells are used. This is because 
a double-membrane cell can be considered a single cell with two 
peak frequencies, and each frequency is simulated independently. 
A more detailed investigation would require a finer mesh to resolve 
the space between membranes, posing technical challenges and 
necessitating a wider range of geometric patterns. Therefore, for 
approximate comparisons between experimental results and simu- 
lation outcomes in the next section, we will not distinguish whether 
the polarization originates from a double- or single-membrane cell. 

4.2 Quantitative comparison to experimental data 

In our simulations, results were presented in non-dimensional form. 
To align these results with experimental observations, we converted 
non-dimensional frequencies to dimensional frequencies. The pa- 
rameters for membrane properties and conductivity outside the 
cell were kept consistent with the theoretical framework, except 
for the characteristic size. We determined the conversion factor 
by equating the length of the simulation domain to the distance 
between electrodes used in the experiments by Ehosioke et al. 
( 2023 ). We set the total simulation domain (10 space units of r ′ ) 
to 3 cm, establishing the characteristic length in our simulations 
as L = 0 . 3 cm . Using this characteristic length and the parame- 
ters discussed earlier, the dimensional frequency was calculated as 
f = lσout ω 

∗/ 4 π Lε = 7 . 2 × 10 3 × ω 

∗ ( s −1 ) . 
To qualitati vel y compare our simulation results with experimental 

data, we simplified the real root cell configuration as depicted in 
Fig. 8 . We assumed a segment of the root where cells are densely 
packed and of similar size, arranged regularly. While real cells 
vary in size and arrangement, our model aims to approximately 
reproduce experimental outcomes. Fur ther more, we assumed that 
cells aligned along the electric current direction are coupled and can 
be represented as a single long cell. Ho wever , we did not assume all 
cells are coupled. Due to symmetry with respect to the perpendicular 
and horizontal direction of the electric field, we only needed to 
consider one segment. 

Building on the discussion above, we utilized results from Sce- 
nario 2, where we altered the length of the cell. Although the simula- 
tion featured only a single cell, the reasoning about cellular coupling 
suggests that this single long cell ef fecti vel y represents a chain of 
many cells aligned with the direction of the electric current. There- 
fore, we considered the length of this single cell to represent the 
entire collective length of the coupled cells. 

In our simulation, we assumed equal conductivity inside and 
outside the cell ( σr = 1 ). Ho wever , in reality, the conductivity inside 
the cell might be slightly higher than outside, though significant 
variations are unlikely because cells regulate osmotic pressure to 
minimize stress (Xiao & Zhou 2023 ). This regulation helps maintain 
a stable salt concentration ratio between the inside and outside of 
the cell. To e v aluate the impact of different conductivity ratios, we 
simulated the response for σr = 2 using the longest cell in Scenario 
2. Interestingly, the results showed almost the same phase shift on 
the cell surface as when σr = 1 (Fig. 9 a). This outcome can be 
attributed to the behaviour of the potential gradient across the cell 
surface. As specified in eqs ( 50 ) and ( 51 ), σr influences this gradient. 
Ho wever , in this particular geometric setup, the potential gradient 
was minimal, leading to similar responses regardless of whether 
σr = 1 or σr = 2 . 

Upon converting the non-dimensional frequencies to ordinary 
frequencies, we found that the peak frequencies varied depending on 
the coupling length—about 8000 Hz for the shortest and 400 Hz for 
the longest coupling lengths (Fig. 9 a). These values encompass the 
experimental observations, which range from 1000 to over 8000 Hz 
(Fig. 9 b). The observed peak 
 w as approximatel y 0.3 (rad), around 
40 to 55 per cent smaller than experimental values (Fig. 9 ). This 
appro ximation is reasonab ly accurate, considering that no fitting 
parameters were used in our straightforward simulation setup, and 
that we are not trying to reproduce an experiment but to set the 
foundation of a framework to get a deeper understanding of the 
fundamental mechanisms behind induced polarization applied to 
roots. 

The discrepancies with experimental results could be linked to 
the inherent complexity of plant cells. Factors such as cell size, the 
conductivity of solutions inside and outside the cell, and membrane 
properties can vary significantly. Moreover, these characteristics are 
influenced by the specific plant species and environmental condi- 
tions, adding layers of variability that are challenging to encapsulate 
fully in a simulation. 

From an experimental perspective, measuring a higher frequency 
range beyond the usual IP measurement could be beneficial for 
identifying additional characteristic frequencies. This could sug- 
gest multiple characteristic lengths, such as in the double-membrane 
scenario, though such measurements are challenging. Additionally, 
controlling plant physiology and ensuring reproducibility are cru- 
cial but also experimentally demanding, as they require specialized 
skills to manage plant growth. 

5  C O N C LU S I O N  

We have developed a theoretical and numerical model to investigate 
the polarization of plant cells, with a particular focus on interfa- 
cial polarization across the cell membrane. Our model takes into 
account the densely packed nature of plant root cells within small 
areas, examining the impact of such geometric constraints through 
simulations. Notably, our results explain the previously unexplained 
phenomenon of significant polarization at low frequencies in plant 
root cells, revealing that the cells can polarize together (i.e., coupling 
of polarization) within such constricted geometries. Fur ther more, 
by integrating both analytical and simulation findings, we suggest 
a general guideline for predicting and interpreting the polarization 
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(1) Potentials are highly sensitive to the geometric constraints of
ell positioning, with variations exceeding threefold. In contrast, the
hase shift is generally less affected by geometry, exhibiting only
bout a 15 per cent variation, except in specific geometries where
wo membranes are present. This consistency in phase shift aligns
ith previous experimental studies, which observed a maximum
hase shift variation of approximately 30 per cent. 

(2) Unlike the phase shift, the peak frequency is significantly
nfluenced b y v arious factors including membrane properties, cell
ize, cell arrangement and electrical conductivity. According to
heoretical analyses and numerical simulations, the variation in peak
requency can span an order of magnitude. This theoretical range
ligns with prior experimental results, where the peak frequency
anged from a low of 1000 Hz to over 8000 Hz. 

Additionally, our theoretical and numerical approaches allow for
 rough estimation of how polarization response depends on these
actors, although precise predictions under geometric constraints
ay be limited. Overall, the alignment of our theoretical and nu-
erical findings with previous experimental data provides a robust

oundation for in-situ characterization of plant root systems. Fu-
ure research can explore additional characteristics of plant roots
etectable by polarization response beyond root mass. For example,
xamining how stress conditions or nutrient uptake alter polarization
esponse through conductivity ratio ( σr ) or how cell death affects
olarization response by modifying cell arrangement could yield
aluable insights. 

The direct application of our simulations to field conditions is
imited since our model focuses on a segment of the plant root
o understand the inner mechanism of polarization. Simulating ac-
ual field conditions would require a significantly larger domain,
nd different boundary conditions, making it computationally chal-
enging. Moreover, our model does not consider the environmental
onditions surrounding the roots nor the rhizosphere. Advancing
his approach for field applications would require addressing these
wo key aspects: large-scale simulations and root-environment in-
eractions. Our theoretical model revealed that the polarization of
ingle microbial cells occurs at a frequency higher than what the in-
uced polarization method can measure. Ho wever , when microbes
nteract with other polarizing sources in geological materials, the
esulting polarization might fall within the measurable range of in-
uced polarization (Ntarlagiannis et al. 2005 ; Davis et al. 2006 ;
later et al. 2007 ; Abdel Aal et al. 2009 ; Zhang et al. 2010 ; Wu
t al. 2014 ; Mellage et al. 2018 ). This type of polarization can be
odelled using our theoretical and numerical frameworks. 
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