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Abstract
After the fabrication of several devices showing memristive
switching behavior, recently a growing interest to the real-
ization of dynamical nonlinear circuits based on memristors
has been manifested. Currently, many memristor circuits
have been mostly conceived on the basis of theoretical mem-
ristor models. However, in order to analyze the dynamical
behavior of memristor circuits with real components and
to implement them, the characteristics of the fabricated de-
vices have to be included in the models used. To this aim, a
compact data-driven model is proposed in this paper. The
model is based on neural networks and is derived start-
ing from experimental measurements performed on printed
TiO2 memristors.

1. Introduction
Memristors are nonlinear two-terminal electrical elements

relating charge and flux. They are at the same time an intrinsi-
cally nonlinear element and a memory element, a characteristics
which make them a potential candidate to start a new gener-
ation of computational circuits substituting transistors. Under
this perspective, most efforts are now directed towards the use
of memristors to implement high-speed low-power processors
and filters [1] and to design non-volatile memories and solid
state drives, since memristors can retain memory states, and
thus data, in power-off mode, and since they integrate the mem-
ory in the same circuitry devoted to memory control, thus re-
sulting in area occupation saving [2, 3, 4]. In the framework
of nonlinear dynamics, memristors gained a lot of interest as
fundamental blocks for the definition of new nonlinear circuits
able to show complex behavior including chaos [5, 6, 7, 8]. Be-
yond electronics, memristors have also a theoretical importance
as models of biological phenomena in simple organisms [9, 10]
or human blood properties [11]. Furthermore, memristive prop-
erties of synaptic junctions are considered to be at the basis of
complex biological mechanisms like the spike-time-dependent
plasticity of neural synapses [12].

The existence of memristors was theoretically postulated
in 1971 by Leon O. Chua [13] and, only in 2008, experimen-
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tally confirmed by the researchers of HP labs who reported on
the first memristor device [14]. After the first device based on
a TiO2 thin film produced in the HP labs, several other mem-
ristive devices based on the same principle of the TiO2 mem-
ristor have been fabricated with different materials and tech-
niques. Currently, several techniques such as sol-gel spinning
[15], sputtering [16], atomic layer deposition [17], electrohy-
drodynamic inkjet printing [18], have been employed for thin
film deposition. Memristive effects with different performance
and characteristics have been found by using TiO2 with differ-
ent materials for bottom and top electrodes, such as Cu, Ag, Pt,
Au or PEO-PANI, and for the active layer such as TaOx, ZnO,
H f O2, SnO2 or multiple layers.

For the applications of memristors currently under in-
vestigations, the availability of models of the device behav-
iors and CAD tools is fundamental, since many properties of
memristors-based systems, architectures and solutions have to
be tuned taking into account the peculiarities of these new de-
vices. Given the variety of techniques and materials employed
for their fabrication, the number of models developed is also
large. The basic model explaining memristive behavior is the
linear drift model [14], which represents the memristor as a
series of two resistances, corresponding to the doped and the
undoped region and function of their width. The width is a dy-
namical variable function of the voltage applied to the mem-
ristor. The model has been then extended to include nonlinear
drift in [19, 20]. However, a fully detailed description of the
physical effects that control memristor switching requires more
complex models including the types of transport and dynamics
occurring in the device. To this aim the development of physics
based models is currently investigated (see for instance [21]).

Starting from an analysis of a real device fabricated within
the framework of the European Project APOSTILLE, we pro-
pose a neural networks based model able to reproduce the i− v
characteristics experimentally observed. The model is con-
structed starting from an experimental campaign of measure-
ments and using the data to train a neural network. In this paper,
we discuss the methodology which allows to obtain a simple
data-driven model which is therefore independent of the fabri-
cation technology. Furthermore, we have observed a significant
variability of the device response which may be due to the tech-
nology used for memristor fabrication, still at an early stage,
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and that our neural networks based model is able to capture.
The rest of the paper is organized as follows. Device fabri-

cation and electrical characterization are discussed in Section 2.
The neural networks based model is presented in Section 3. In
Section 4 the conclusions of the paper are drawn.

2. Device fabrication and electrical
characterization

The memristors analyzed in this paper have been fabricated
within the framework of the FP7 APOSTILLE project. The
memristors consists of three layers as shown in Fig. 1: a sub-
strate (ITO glass), an active layer (thin TiO2 film) and a top sil-
ver electrode. Memristors have been fabricated using Fujifilm
Dimatix DMP 3000 ink-jet printer on commercial Indium tin
oxide coated glass substrate (703184 Sigma-Aldrich) with sur-
face resistivity of 30-60 Ω/sq. As active layer TiO2 ink is used,
synthesized at LTP/EPFL labs. The layer was deposited with
printing frequency of 1kHz, piezoelement actuation amplitude
of 26V and drop spacing resolution of 20μm, at room temper-
ature. Reduced layer containing oxygen vacancies was created
by heating TiO2 layer in nitrogen atmosphere for 6h with maxi-
mum temperature of 200◦C . Afterwards top Ag electrode (Sun-
Tronic U5603 ink) was printed with 25μm drop spacing resolu-
tion and platen temperature of 60◦C in order to avoid unwanted
spreading of silver layer and sintered for 45min at 200◦C for
degradation of organic coating over silver nanoparticles. A de-
tailed discussion on the device fabrication and physical charac-
terization is reported in [22]. The electrical characterization of
the device is here briefly described.

Figure 1. Scheme of the TiO2 printed memristor.

The device was tested by using a Keithley 2602 pro-
grammable sourcemeter. Measurements were performed by ap-
plying a voltage sweep from−9.5V to 9.5V , and viceversa, with
step size of 0.2V and a settling time equal to 0.1s to the termi-
nals of the device, and recording the current through the device.
After that, the i− v curve is plotted. The method allows to re-
cover the main feature of the memristive behavior, that is, an
hysteresis pinched loop in the i−v plane.

Fig. 2 reports three hysteresis cycles, obtained at different
times but under the same nominal working conditions. Despite
the qualitatively similar behavior, the area of the hysteresis is
different in the three cases and in one of them a large peak in
the response is observed. The tests have been repeated several
times (up to 20-30 different trials) on the same device and on
different devices. The same behavior has been found for all the
trials and devices tested. We also note that peaks in the response
of memristors have been recorded in other independent experi-
ments [23].

We have first compared the results of our experimental char-
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Figure 2. Experimental results. Three different pinched hys-
teresis loops under nominally equal initial conditions are shown
in (a), (b) and (c).

acterization with a model fit based on the nonlinear drift model
proposed in [14], including different window functions [19, 20],
but we have found that these models do not accurately describe
the i− v characteristics of our memristor, and, in particular, the
great variability of the experimental behavior under nominally
identical conditions. For this reason, we have developed a sim-
ple data-driven model based on neural networks.

3. The neural network model

Due to the characteristics of the memristors, the most ap-
propriate assumption for the model is to consider a NARMAX
(nonlinear autoregressive moving average with exogenous in-
puts) model. Considering the applied voltage on the memristor
as the input, u(t) ∈R, and the current as the output, y(t) ∈R,
and indicating as n the system order, the NARMAX model is
described by:
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Figure 3. Data used for training: (a) input (waveform of the
voltage applied to the memristor); (b) output (waveform of the
memristor current).

y(tk) = f (y(tk−1), ...,y(tk−n),u(tk), ...,u(tk−n)) (1)

where tk − tk−1 = ΔT is the sampling time. The NARMAX
model considered here is based on one hidden layer multilayer
perceptron trained by using the Levenberg-Marquardt algorithm
with early stopping strategy to avoid overlearning [24].

The first phase in model derivation dealt with the acquisi-
tion of the appropriate measures for learning and validating the
model. We run a campaign of measurements devoted to ac-
quire the answer of the memristor to the input waveform shown
in Fig. 3(a). The response of the memristor to this waveform
is also shown in Fig. 3(b). Additional data (used for validation)
are the hysteresis pinched loops reported in Fig. 2. All data used
for model derivation have been normalized to be in the range of
[−1,1].

The data have been divided into data for learning, for test
and for validation. The data reported in Fig. 3 have been used
for the training phase (70% for learning, 15% for testing and
15% for validation). Data have been first shuffled so that their
order is randomized.

Based on the a priori knowledge on the memristor dynamics
and previously reported models, the system order was fixed as
n = 1, while the number of units in the hidden layer was deter-
mined by using a trial and error strategy. After this, a structure
with 5 hidden neurons has been selected as the one showing the
best results.

After training, a further validation was carried out on the
set of data, most significant from the point of view of mem-
ristor analysis, that is, the series of pinched hysteresis loops of
Fig. 2(a)-2(c). The main results of this validation step are shown
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Figure 4. Pinched hysteresis loop obtained by the neural net-
works based model.

in Fig. 4, which demonstrates how the obtained neural network
is able to reproduce the variability in the hysteresis loop of the
device. In particular, the neural network based model is able to
fit the hysteresis loops in Fig. 4(a)-4(c) which correspond to the
experimental data reported in Fig. 2(a)-2(c). This shows how
the variability can be explained by taking into account the dif-
ferent initial condition of the memristor internal state.

4. Conclusions

In this paper we have proposed an empirical, compact
model for TiO2 printed memristors. The memristors, fully re-
alized with printing technology, were first characterized from
an electrical point of view. In particular, they showed pinched
hysteresis loops with a certain degree of variability under the
same nominal working conditions. In order to use the memris-
tors fabricated in this way in real applications (such as nonlinear
circuits), the availability of a model based on the real character-
istics of the device is fundamental. Since physics based models
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take into account technologies and materials used and require
a perfect knowledge and control of the fabrication process pa-
rameters, we have chosen to develop a compact model. The
model has the further advantage of being data driven and to be
derived in short time. The methodology can then be used for
a fast characterization of memristors produced with other tech-
niques or materials. The model developed is able to explain the
observed variability in the pinched hysteresis loop as an effect
of the initial condition of the model.
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