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Nominally identical materials exchange net electric charge during contact through a mechanism
that is still debated. ‘Mosaic models’, in which surfaces are presumed to consist of a random
patchwork of microscopic donor/acceptor sites, offer an appealing explanation for this phenomenon.
However, recent experiments have shown that global differences persist even between same-material
samples, which the standard mosaic framework does not account for. Here, we expand the mosaic
framework by incorporating global differences in the densities of donor/acceptor sites. We develop
an analytical model, backed by numerical simulations, that smoothly connects the global and de-
terministic charge transfer of different materials to the local and stochastic mosaic picture normally
associated with identical materials. Going further, we extend our model to explain the effect of
contact asymmetries during sliding, providing a plausible explanation for reversal of charging sign
that has been observed experimentally.

I. INTRODUCTION

Contact electrification (CE), also known as triboelec-
trification or tribocharging, is the exchange of electric
charge between objects after touching or rubbing against
each other. It occurs in settings as varied as industrial
powder flows [1], volcanic plumes [2], dust storms [3], or
the early stages of planet formation [4]. Fundamental is-
sues, including the identity of the charge carrier(s) and
the property (or properties) driving charge exchange, are
still vigorously debated [5]. In addition to these issues,
one particularly confounding aspect of CE is that sam-
ples made of the same material systematically exchange
charge [6]. This is particularly prevalent in granular sys-
tems, where large amount of charge can build up from
repeated collisions, leading for example to the electrifica-
tion of dust storms and thunderclouds [1–4].

Models for different-material CE and same-material
CE are usually considered separately, in large part due to
a geometric distinction in their underlying frameworks.
Models for different-material CE often consider transfer
of charge due to an underlying global parameter, i.e. one
that is spatially uniform over the surface of a material.
For example, one can point to the work function in the
case of different metals [7], or Lewis basicity as one can-
didate (of very many) to explain the case of insulators [8].
On the other hand, models for same-material CE often
consider transfer due to an underlying parameter that is
local, i.e. allowed to vary over the surface of a material.
Surfaces can be thought of as consisting of a very large
number of microscopic donor and acceptor sites, dividing
the surface of the material into a grid or mosaic. During
contact, if a donor on one surface touches an acceptor on
the other, charge exchange occurs locally, and net charge
exchange becomes a stochastic result of all such ‘micro-
exchanges’ [9]. In Fig. 1, we illustrate this process with
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Figure 1. Mosaic models. (a) In the standard mosaic for-
mulation, two surfaces, A and B, of size L × L are thought
to consist of donor sites with probability p, and acceptors
with probability 1 − p. Sites have a size l0 and can be spa-
tially correlated over a length l. During contact, donors give
a charge e to facing acceptors, with a certain probability α.
In this paper, we adapt this model in two ways. (b) First, we
study contact between samples of different donor probability,
e.g. grid A vs. C with pA ̸= pC. (c) Second, we study situ-
ations were one smaller grid slides a distance d over another
longer one, e.g. grid A vs. D.

two square grids, A and B, randomly populated with
donor and acceptor sites. The exact nature of the hy-
pothesized, locally-varying charge-driving parameter is
unknown, but proposed candidates include adsorbed wa-
ter islands [10], material from the sample [11], patterns of
strain in the material [12], anions and cations produced
by heterolytic cleavage of polymers [13, 14], just to name
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a few. Regardless of what the parameter is, mosaic mod-
els are appealing and widely favored because they permit
identical materials to be ‘identical’ in a global sense, but
nonetheless still exchange charge [9, 15–18].

Mosaic models are qualitatively consistent with ex-
perimental data obtained with Kelvin Probe Force
Microscopy (KPFM) and the Scanning Kelvin Probe
method (SKP), which indicate regions of alternating po-
larity on CE-charged surfaces with lengthscales ranging
from nanometers to centimeters [10, 11, 13, 19–22]. At
the same time, there is ample room for interpretation.
For example, converting KPFM and SKP voltage data to
charge data is non-trivial [23], and experiments to date
have not been able to connect the fluctuating features
seen at smaller local scales to the net charge transferred
at the global scale. Recent results by Sobolev et al. sug-
gest that much of the mosaic patterns observed could be
explained by discharge that occurs when samples are sep-
arated after CE [24], and experiments that look at charge
transfer from surface-exploring contacts on granular par-
ticles show features reminiscent of both global and local
mechanisms [25].

In this paper, we build a bridge between the local mod-
els of same-material CE and the global models of different
material CE by extending mosaic models to account for
asymmetries in the densities of donors/acceptors. For
instance, we can illustrate this by considering the grids
A and C in Fig. 1, where C has a much higher den-
sity of donors than A. We reveal a continuous transition
from a ‘same-material’ regime where charge exchange is
stochastic to a ‘different material’ regime where it is de-
terministic. We validate our analytical treatment of the
problem with numerical simulations that mimic the es-
sential ingredients of the hypothesized charge transfer
process. We illustrate the value of these results by show-
ing they can qualitatively explain real world situations,
e.g. our own experiments with surface-exploring granular
contacts [25].

Going further, we also show that introducing
donor/acceptor asymmetries in mosaic models allows us
to make sense of older experimental results regarding po-
larity reversal during sliding [26]. Sliding contacts [6, 26–
28] and, to some extent, rolling contacts [29–31] are situ-
ations where the contact itself introduces an asymmetry.
Contact is spread over a much larger area on the ‘rubbed’
sample than on the ‘rubber’, e.g. grids A and D in Fig. 1.
Using our generalization of mosaic models, we show that
charging can be non-monotonous with sliding distance,
granted the initial donor/acceptor probabilities differ. In
some cases, this can lead the net charge of the ‘rubber’ to
flip sign. Both non-monotonous charging and sign flips
have been observed experimentally, but were previously
attributed to contaminants on the surface [26, 28]. The
value of our results here, therefore, is to offer an alter-
native explanation to this phenomenon which naturally
emerges from donor/acceptor asymmetries.

II. ACCOUNTING FOR DONOR/ACCEPTOR
ASYMMETRY

We begin by considering donor and acceptor sites that
are randomly assigned on a square lattice on each surface
and defined by three lengthscales. The first one is the
side length of the whole surface L. The second one is the
size of a microscopic site l0, which can donate/accept
one elementary charge e. Finally, a third, intermediate
lengthscale must be included to obtain realistic values for
charge density [18]. It is the correlation length between
sites l, which corresponds to the typical size of features
on the mosaic. Once a donor site touches an acceptor
site, there is a probability α that the transfer occurs. We
will routinely express L and l in units of l0, and charge
in units of e. Before any contacts, the donor probability
on a given grid M is p0M, and the corresponding acceptor
probability is s0M = 1− p0M.

Let us first consider a single contact between two
surfaces, meaning that pM = p0M. Denoting the sur-
faces A and B, we write the donor probabilities pA
and pB, and acceptor probabilities sA = 1 − pA and
sB = 1 − pB. We first look at the case where l = l0.
Focusing on an individual pair of opposing sites, three
situations can occur during contact. First, there can
be transfer from A to B, which occurs with probabil-
ity pA(1−pB)α. Second, there can be transfer from B to
A, which occurs with probability pB(1 − pA)α. Finally,
there can be no transfer at all, which has probability
1− (pA +pB−2pApB)α. These values are summarized in
the first column of Table I. For large surfaces, i.e. when
L ≫ l0, the probability of the net charge transfer from
A→B is Gaussian with mean eL2/l20 pA (1− pB)α and

width eL/l0
√
pA(1− pB)α (1− pA(1− pB)α). The ex-

pression for A←B transfer is the same with pA and pB
permuted.

Determining the distribution for the total charge ex-
change is more complicated as it involves the difference
of A→B and A←B, and at a particular site transfer both
ways cannot technically happen simultaneously. A help-
ful simplification comes if we approximate the A→B and
A←B events as independent. The probabilities for this
scenario are shown in column 2 of Table I, where there is
now a possibility of simultaneous transfer A⇄B. Consid-
ering experiments suggest α ≪ 1 [9], and knowing that
pA ≤ 1 and pB ≤ 1, we make the assumption that α2

terms can be ignored. As shown in column 3 of Table I,
the relaxed case with independent events is then approx-
imately equal to the strict case of column 1.

Now treating the distributions of A→B and A←B
transfer as independent Gaussians, the distribution for
the total charge exchanged after one contact Q1 is also a
Gaussian, with mean

Q1 l=l0 = eα
L2

l20
(pA − pB) (1)
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Outcome 1. Strict probabilities 2. Relaxed probabilities 3. Approximate relaxed probabilities
transfer A→B pA(1− pB)α pA(1− pB)α (1− pB(1− pA)α) ∼ pA(1− pB)α
transfer A←B pB(1− pA)α pB(1− pA)α (1− pA(1− pB)α) ∼ pB(1− pA)α
transfer A⇄B 0 pApB(1− pB)(1− pB)α

2 ∼ 0
no transfer 1− (pA + pB − 2pApB)α (1− pA(1− pB)) (1− pB(1− pA))α

2 ∼ 1− (pA + pB − 2pApB)α

Table I. Transfer probabilities can be considered in three different ways. Strictly, there are three possible outcomes for each
contacting pair of sites: A→B transfer, A←B transfer, or no transfer. The probabilities of each outcome are presented in
column 1. Column 2 presents the relaxed probabilities, where we assume that A→B and A←B transfers are independent. This
means that the probability of simultaneous transfer in both directions is nonzero. However, as shown in column 3, if we ignore
the α2 terms, we recover the strict probabilities.

and standard deviation

σl=l0 ≈ e
L

l0

√
α (pA + pB − 2pApB). (2)

Again, these expressions assume we can ignore α2 terms
in σ and take the convention that the positive direction
for charge exchange is A→B.

The case where l > l0 is treated similarly, but con-
sidering a rescaled matrix containing large patches of
n = (l/l0)2 sites. The distance l can be understood as the
typical size of a patch, the average distance at which sites
become uncorrelated or, equivalently, the first zero of the
spatial correlation function [18]. To calculate the distri-
bution, we will not immediately consider charge transfer,
and will first consider instead the number of patches of
n donors on A facing patches of n acceptors on B, which
we denote N→. There is probability pA(1 − pB) that a
donor patch on A would face an acceptor patch on B.
Assuming L ≫ l, the values of N→ follow a normal dis-
tribution with mean µ→ = L2/l2pA(1 − pB) and width

σ→ = L/l
√

pA(1− pB)(1− pA(1− pB)). Denoting N←
the number donor patches on B facing acceptor patches
on A, we find the same expressions for µ← and σ← with A
and B permuted. Treating the two distributions as inde-
pendent, the distribution for N→−N← is also a Gaussian
with mean µ→−µ← and standard deviation

√
σ2→ + σ2←.

We note that each patch can transfer or receive a max-
imum of n elementary charges. If n≫ 1, then the actual
number of charges transferred by a donor patch is close
to αn, with fluctuations

√
nα(1− α)≪ αn. This means

that α is treated slightly differently here, determining the
average transfer rate between patches. We find the same
expression for Q1 l>l0 as the one from Eq. (1), whereas
the standard deviation can be written

σl>l0 ≈ e
Ll

l20
α
√

(pA + pB − 2pApB) (3)

assuming that pA ≈ pB. In this case, the differences with
Eq. (2) lay in the exponent 1/2 of α, and a factor l/l0.

Finally, we express the donor probabilities in terms of
their difference δ = pB−pA and average p = (pA+pB)/2.
It follows that the charge exchanged after one contact
follows a Gaussian distribution with mean

Q1 = −eαL2

l20
δ ≡ µ (4)

and width

σ ≈ e
Ll

l20
αm

√
2

(
p (1− p) +

δ2

4

)
(5)

where m = 0.5 for l = l0 and 1 for l > l0. While δ
appears in σ, its most noticeable effect compared to the
known case of pA = pB is that the distribution is no
longer centered around zero. If δ = 0, charge transfer is
only powered by the statistical differences between two
surfaces, which lead to a nonzero charge exchange magni-
tude |Q1| = σ

√
2/π. In the general case however, charge

exchange magnitude follows a folded normal distribution
which can be written

|Q1| = σ

√
2

π
exp
−µ2

2σ2
+ µ erf

µ√
2σ2

(6)

where erf (x) denotes the Gauss error function. One can
easily show that Eqs. (4) through (6) recover the results
from Ref. [18] when δ = 0.

To validate this analysis, we perform numerical simu-
lations, where surfaces are generated and ‘contacts’ per-
formed using the method described in Ref. [18]. Fea-
tures of size l can be included by interpolating a coarse
L/l × L/l matrix filled with random numbers between 0
and 1, then calculating the threshold value that leads to
a binary field with the desired donor probability p [18].
Figure 2(a) shows the distribution of charge transferred
after contact between two square surfaces of side lengths
L = 1000 l0, with different colors corresponding to dif-
ferent values of the donor density difference, δ. Each
distribution is determined from simulating 2000 pairs of
such surfaces. As can be seen, introducing δ > 0 shifts
the Gaussian profile, which is no longer centered around
zero. The solid lines correspond to normal distributions
whose means and widths are given by Eqs. (4) and (5).
Figure 2(b) shows the magnitude of charge exchange |Q1|
for the same set of data. For small values of δ, the distri-
butions are folded, their average value |Q1| being given
by Eq. (6). As δ increases and the distributions move
away from zero, they become essentially Gaussian.

The folded Gaussian and Gaussian distributions can be
understood as two regimes, one where the standard devi-
ation, σ, most significantly contributes to |Q1|, and the
other where the average µ, and therefore δ, is primarily
responsible. These variance-driven and average-driven
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Figure 2. Model for donor probability asymmetry. (a) The
charge exchanged during a single contact Q1 follows a Gaus-
sian distribution, no longer centered around 0 when δ ̸= 0.
Median and widths are given by Eqs. (4) and (5), respec-
tively. Statistics are shown for 5000 pairs of surfaces with
p = 0.5, α = 0.1, l = 5 l0 and L = 1000 l0. (b) Charge ex-
change magnitude |Q1| follows a folded normal distribution.

(c) Average magnitude |Q1| is described by Eq. (6). The in-

tercept σ
√

2/π corresponds to the same-material case. The
ratio µ/σ, proportional to l/l0, determines whether charg-
ing is powered by fluctuations or not. (d) Charging can be
linear or quadratic in L, depending on whether charging is
average-driven or variance-driven. The same system can go
from linear to quadratic as L increases.

regimes, at their extremes, can be understood as same-
material CE with macroscopically identical samples, and
CE between two different materials, respectively. One
possible way to identify where the regime change occurs
is to compare the two terms of Eq. (6). Posing χ = µ/σ,
the terms are equal if

√
2

π
exp
−χ
2

= χ erf
χ√
2

(7)

which can be solved numerically to find χ ≈ ±0.8769.
Note that χ is proportional to l/l0 and inversely pro-
portional to L/l0, meaning that systems where corre-
lations lengths are small compared to their overall size
tend to be more average-dominated. Figure 2(c) com-
pares Eq. (6) with simulations. Each point corresponds
to 1000 first contacts between two 1000×1000 grids, with
α = 1 and p = 0.5, averaged over 30 pairs of grids. Five
values of l/l0 are shown, namely 1, 20, 50, 70 and 100.
The intercepts in δ = 0 correspond to the known case
of |Q1| = σ

√
2/π. For large δ, the effect of correlation

length l/l0 disappears as charge exchange is purely driven
by average differences between surfaces.

We can point to experiments whose outcomes are con-
sistent with the scaling laws obtained for the variance-
dominated and average-dominated regimes. For instance,
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Figure 3. Comparison with experiments. (a) Single collision
statistics measured experimentally, taken from Ref. [25], for
three pairs of samples. The dashed line is a Gaussian fit. (b)
Simulations based on donor/acceptor asymmetry proposed in
this paper, performed with parameters inferred from the fits
using Eqs. (4) and (5). The model is able to explain the exper-
imental data, with donor/acceptor donor density differences
δ on the order of < 1%.

we can note that µ ∼ L2 and σ ∼ L. In experiments with
polymers, Apodaca et al. measured |Q1| as a function of
L [9]. When contacting Polydimethylsiloxane (PDMS)
with either Polyvinyl chloride (PVC), stainless steel or

copper, they found that |Q1| ∼ Lη with values of η be-
tween 1.6 and 1.9, slightly below 2. With PDMS-PDMS
contacts, however, they observed that η dropped to ap-
proximately 1. Equation (6) predicts such linear and

quadratic behaviors of |Q1| with L, with a continuous
transition between them when the contributions of µ and
σ are comparable. The fact that µ ∼ L2 and σ ∼ L
also means that the same materials could behave differ-
ently at different sizes, i.e. charging could be variance-
dominated for smaller samples, but average-dominated
for larger ones. Figure 2(d) illustrates this, comparing
simulations with Eqs. (6) and (7).

We can also use this framework to make sense of recent
experiments [25] where single-contact charge-transfer dis-
tributions were measured for same-material samples.
Figure 3 shows three such distributions taken from
Ref. [25], measured using acoustic levitation to perform
collisions between a sphere and a plate, both made of
fused silica. These distributions are not always centered
around zero, meaning that there are global differences be-
tween samples which can potentially dominate over local
fluctuations. Incorporating a difference in donor proba-
bility δ ̸= 0 in the model makes off-center distributions
possible. We know from Ref. [25] that L ≈ 20 µm. Using
Eqs. (4) and (5), we can extract µ and σ from the distri-
butions. We then translate those values in terms of l/l0
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and δ by making reasonable assumptions for the remain-
ing parameters. Inspired by measurements from Refs. [9]
and [11], we pose α = 0.1, p = 0.5 and l0 = 1 nm. From
Eq. (5), we find that

l =
σl20

αL
√

2
(
p(1− p) + δ2

4

) , (8)

and from equ. (4), we get

δ =
µl20
eαL2

. (9)

Assuming by convention that the distributions were mea-
sured for surface A and that the charge carriers are
positive, we obtain the values for l/l0 and δ shown in
Fig. 3(b). We can then use these parameters as inputs
for numerical simulations which we contrast against the
experiments, performing the same number of measure-
ments N .

Thanks to the introduction of δ, the simulations are
able to reproduce the experimental results well, as il-
lustrated by plotting the Gaussian fits from the experi-
ment over the simulated data. The width of the distri-
butions is relatively constant, leading to little variation
of l/l0 ≈ 73 ± 15, which is not too far from the size of
the features observed in Ref. [11]. We also note that
|δ| = 0.003 ± 0.002, which is small compared to p. This
means that very slight, but nonetheless global differences
in donor/acceptor densities can significantly affect the
outcome of experiments, in a way that is distinct from
purely local fluctuations. The simulations from Fig. 3(b)
show that the generalized mosaic framework can produce
realistic results, which could for example be incorporated
into simulations of granular media. Nonetheless, we had
to resort to assumptions for parameters that are difficult
to access experimentally. Dedicated measurements could
solve this issue. For instance, α can be obtained by re-
peating contacts if the location on the samples is fixed.
Atomic force microscopy could be used to measure l and
perhaps estimate p, assuming such features can be ob-
served on fused silica samples. The regime change from
|Q| ∼ L to |Q| ∼ L2 from Fig. 2(d), which depends on
the ratio µ/σ, could, if observed, be contrasted with in-
dependent measurements of µ and σ. Regime change or
not, reproducing the |Q| ∼ L scaling from Ref. [9] would
be highly valuable. Considering that very small (<1%)
differences in donor/acceptor densities are sufficient to
leave the variance-driven regime, it is possible that this
regime would only exist in carefully controlled conditions
with strictly identical samples. It is, however, difficult to
estimate a plausible range for δ without knowing more
about the nature of the donors/acceptors.

III. ASYMMETRY DURING SLIDING

We now show how thinking about donor/acceptor den-
sity differences can be used to treat another issue in CE,

namely when a smaller area on one surface is slid over a
larger area on another. We consider two samples of dif-
ferent size, divided into microscopic square sites of side
length l0. Sample A of size w × L is slid along a larger
sample B of size W × L, with W > w. We denote d
the distance over which A has slid on B. If we consider
that A and B are fully in contact at the start and end
of the sliding, we have d ≤ W − w. The first contact
occurs at sliding distance d = 0. Subsequently, every
time d increases by l0, a new contact occurs. Figure 4
illustrates sliding using a simulation where w = L = 50 l0
and W = 250 l0.

During sliding, certain donors and acceptors will con-
tribute and become inactive, leading donor and acceptor
densities pA and sA to decrease with d. On B, however,
the sliding continually brings new, unused sites. Note
that we only consider the section of B which faces A at
any given time when calculating pB and sB. This means
that, even in a situation where the donor/acceptor den-
sities on A and B are initially equal, they will eventually
become unequal—hence recreating the donor/acceptor
asymmetry discussed in the previous section. In general,
we have pM(d, x) and sM(d, x), where x is the horizontal
position on M along the sliding direction. We denote p0M
and s0M = 1 − p0M the initial donor and acceptor densi-
ties. Note that for d > 0, we can no longer assume that
sM(d, x) = 1− pM(d, x). In Fig. 4(a), d = 0 and only one
contact has occurred. Most sites are still in their unused
state (shown in white for donors and gray for acceptors).

Figure 4(e) shows the evolution with d of
donor/acceptor densities on A and B. First, one
can see that pA and sA decrease monotonously, but at
different rates. This is also visible in Fig. 4(c), where all
donor sites on A have already transferred their charge
(in dark purple), while there are still many acceptor
sites available (in white). This can cause a reversal
of the charging direction. Sample A is not uniform at
this stage, with most of the remaining acceptor sites
(in white) located toward the trailing edge, i.e. toward
smaller x. The evolution of donor/acceptor densities on
B is qualitatively different from A, as can be seen in
Fig. 4(e). After an initial decrease of pB and sB, they
slowly come back to approximately their initial values
p0B and s0B. This is because the part of B contributing
to charge exchange is constantly renewed. Looking at B
on Fig. 4(d), we can see that the acceptors which have
acquired charge (light yellow) are concentrated toward
the beginning of the track, below x ≈ 50 l0, while the
used up acceptors (dark purple) are spread over a much
larger portion of the track, up to x ≈ 200 l0.

In normal, forward facing contacts, the number of sites
contributing to charge exchange at every contact is the
number of donors facing acceptors (and vice-versa) mul-
tiplied by the transfer probability α. Writing the number
of contacts n as a continuous variable, one can show than
the number of charges being exchanged at every step de-
creases like exp (−αn) [9, 18]. However, when sliding,
the number of contacts n experienced by a given site is
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Figure 4. Asymmetry during sliding. (a) A square grid A with
50×50 sites slides on a rectangular grid B with 50×250 sites.
Parameters are α = 0.1, p0A = 0.45, p0B = 0.25, and l/l0 = 4.
Every time sliding distance d is increased by one site length
l0, a new contact occurs. After one contact, some donor and
acceptor sites become charged and no longer contribute. (b)
As grid A slides along B, it is exposed to new regions with
unused sites. (c) Around d = 80 l0, most donors on A have
been used. Only the acceptor sites contribute, causing charg-
ing direction to reverse. (d) At d = 200 l0, most acceptors on
A have been used, and charging stops. (e) Densities pA and
sA both decrease monotonously with d, but at different rates.
On the other hand, the section of B facing A is continually
renewed. At d = 200 l0, we see that pA ≈ 0 and sA ≈ 0, but
sB ≈ s0B and pB ≈ p0B. Vertical lines indicate the values of d
which correspond to panels (a) through (d).

now a function of the location on A or B, as discussed
above. Every time A moves by l/l0, the first column of
sites in the direction of the sliding faces ‘new’ sites on
B. As a consequence, sites on the leading edge of A will
initially experience more charge exchange than sites on
the trailing edge.

The whole surface of A contributes to every contact,
as every site on A experiences nA = d/l0 contacts. On B,
however, the number of contacts is a function of the po-
sition x along the sliding direction, which can be written
as the convolution product nB (x) =

∫ x

0
H(w − τ)H(d−

(x− τ)) dτ where H is the Heaviside step function. This
causes, in turn, pB and sB to depend on x, as well as pA
and sA through the contacts with B, which makes the
analytical calculation of Q significantly more difficult in
the general case.

The case w = l0, however, is comparatively straight-
forward. Sample A becomes as thin as possible and the
dependency on x disappears. In this case, pB and sB
remain constant, and every additional contact causes pA
to decrease by a factor (1 − s0B)α, and sA by a factor
(1 − p0B)α. To illustrate this, we write the evolution of
pA for d = 0, 1, 2 . . . n, keeping in mind that sB = s0B as
the surface is continually renewed. At every contact, we
subtract the number of transfers going from A to B. This
leads to

pA(0) = p0A

pA(1) = pA(0)− pA(0) s0B α = p0A
(
1− s0B α

)

pA(2) = pA(1)− pA(1) s0B α = p0A

(
1− 2 s0B α +

(
s0B α

)2)

...

pA(n) = p0A
(
1− n s0B α

)
+O(α2).

The reasoning is the same for sA. We ignore the α2

terms and consider d as a continuous variable. When d
increases by a small increment δd, pA increases by

δpA = −pA
(
1− s0B

)
α δd

which we integrate to obtain

pA (d) = p0A exp

(
−α

(
1− p0B

) d

l0

)
= p0A exp− d

λp
. (10)

Similarly, we find

sA (d) =
(
1− p0A

)
exp

(
−αp0B

d

l0

)
= s0A exp− d

λs
(11)

where λp = l0/α (1− p0B) and λs = l0/α p0B are the char-
acteristic sliding lengths over which donors and acceptors
on A get depleted.

Figure 5 compares Eq. (10) with numerical simula-
tions, with L = W = 10000 l0, p0A = s0A = p0B = p0B = 0.5
and l = l0. The width w is increased from l0 to L. One
can see that when w > l0 and d > l0, we depart from the
exponential behavior. The decrease of pA is slowed down
by the presence of used up sites on B. In other words,
we locally have pB < p0B and sB < s0B, leading λp and
λs to effectively increase. As can be seen on Fig. 5(b),
this causes the exponential to plateau until about d ≥ w,
where the remaining active sites on A become sufficiently
sparse so that we once more have pB ≈ p0B and sB ≈ s0B.
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Figure 5. Simple sliding model. (a) The decrease of pA fol-
lows Eq. (10) (dashed line) only if grid A is infinitely narrow,
i.e. when w = l0. We start with a 1×10000 grid and increase
the width progressively up to 10000× 10000. (b) On a semi-
log scale, one can see that Eq. (10) works for sliding distances
d ≪ L, as A is still approximately uniform, and for d ≥ w.
(c) We verify Eq. (10) for multiple values of α, p and δ, but
keeping L = 10000 l0, w = l0 and l = l0.

Figure 5(c) compares Eq. (10) for a wider range of pa-
rameters. We see a good agreement for any combination
of δ and p, granted that α ≪ 1 and l ≪ L. The curves
are plotted until pA has decreased by 99%, as fluctuations
become large when only a few sites remain.

From Eqs. (10) and (11), we see that if pB = 0.5, then
donors and acceptors on A are depleted at exactly the
same rate. If pB ̸= 0.5, there can exist a sliding distance
d∗ such that pA (d∗) = sA (d∗). From Eqs. (10) and (11),
we get

d∗ =
α l0

2pB − 1
ln

(
1− p0A
p0A

)
. (12)

This means that past a certain sliding distance, the aver-
age direction of charge exchange can reverse. Note that
d∗ is positive only if either pA > 0.5 and pB < 0.5,
or pA < 0.5 and pB > 0.5. Such reversals were ob-
served experimentally when sliding various materials on
glass [26] or with same-material samples [28], but were
generally attributed to the presence of contamination on
the samples’ surfaces. However, Eq. (12) shows that re-
versals can naturally arise as a consequence of different
donor/acceptor probabilities on the two samples.

By running simulations, we can show that the neces-
sary condition that p0A ≶ 0.5 and p0B ≷ 0.5 can be some-
what relaxed for wider samples w > l0. Indeed, as pA
and pB become functions of the position on A and B, the
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Figure 6. Reversals of charging direction and sign during
sliding. We measure the charge of the square grid A as a
function of sliding distance d/l0, with α = 0.1, L = 500 l0,
and either l = 5 l0 (solid red lines), l = 5 l0 (dashed or-
ange lines) or l = 20 l0 (dotted purple lines). We show six
trajectories for each set of parameters to illustrate inherent
variability. (a, b) When p0A = p0B = p, we observe that (a)
QA = 0 on average when p = 0.5, (b) QA increases (resp. de-
creases) monotonously for p > 0.5 (resp. p < 0.5). (c-f) When
p0A ̸= p0B, a much wider range of charge behaviors can occur.
This includes (c) monotonous charging, (d) non-monotonous
charging with no zero-crossing, (e) zero-crossings or (f) com-
binations of those depending on random fluctuations, which
increase with l/l0.

condition for the reversal of charging direction can be
met locally. In Fig. 6, we measure the charge of A dur-
ing sliding for various values of p0A and p0B. The different
behaviors observed in Refs. [26, 28] are reproduced, in-
cluding reversal of charging direction (non-monotonous
charging) and reversal of charge (zero-crossings). In gen-
eral, non-monotonous charging only occurs if p0A ̸= p0B.
For larger values of lengthscale l/l0, the larger fluctua-
tions between surfaces can also cause that condition to
be met.

IV. DISCUSSION AND CONCLUSIONS

Looking at the literature, it is still unclear whether
the patterns of positive and negative voltage some-
times observed after contact are a sign of actual charge
donor/acceptor mosaics [11], a consequence of discharge
during separation [24], or something else entirely. Re-
gardless, mosaic models naturally follow from the as-
sumption that charging is not a perfectly uniform pro-
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cess, and provide a useful conceptual tool for analytical
and numerical studies. By accounting for global differ-
ences between samples, we extend this framework from
strictly identical to different-material samples, and any-
thing in between. Our model shows that whether charg-
ing is driven by global differences or local fluctuations
depends not only on material properties, but on scale.
Local fluctuations tend to matter more for smaller sam-
ples, and the transition might be within reach of experi-
mental observations.

Accounting for differences in donor/acceptor densities
allows us to not only reproduce same-material CE mea-
surements [25], but also make sense of contact sliding
experiments [26, 28]. Combined with the asymmetric ge-
ometry due to the sliding, donor/acceptor asymmetries
are sufficient to explain the sign flips that were observed
experimentally, as an alternative explanation to impuri-
ties or contamination.

One might argue that the flexibility of mosaic mod-
els is also their weakness. Some parameters are diffi-
cult to access experimentally, which so far has prevented
the field from drawing conclusions about the underlying
mechanism. However, we suggest experiments based on
our results which might allow to build a fuller picture
of CE. Repeatedly contacting two samples, resetting be-
tween contacts by discharging, provides the mean µ and

standard deviation σ from Eqs. (4) and (5), as estab-
lished here with the data from Ref. [25]. If multiple
contacts are performed on the same location, one can
determine transfer probability α. Varying contact area
over a wide enough range would allow to verify Eq. (6)
by providing an independent measurement of the ratio
µ/σ. Deviations from the law could reveal information
about l and l0, or at the very least provide an upper
bound. Finally, sliding experiments provide an underuti-
lized tool to test CE theories, as the charging profiles de-
pend on the donor/acceptor probabilities of the two sur-
faces in non-trivial ways. Performing same-material and
different-material sliding experiments in a variety of con-
ditions, including changing the aspect ratio of the contact
area, and noting if and where the sign flips occur could
be a new way to estimate donor/acceptor probabilities to
probe the underlying principles governing tribocharging.
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