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A B S T R A C T   

Liquid-based computing media are massively parallel computing devices with high fault-tolerance and self- 
healing capabilities. They can compute by propagating and interacting phase waves or by changing their in-
ternal coordination. Colloidal suspensions of conductive polymer nanorods are expected to be interesting can-
didates for developing the computing subsystem in such applications, because of their anisometry which makes 
them particularly susceptible to electrical fields. In this work, we investigated a suspension of polyaniline 
nanorods (NRs) to explore the potential of generating learning mechanisms in the colloid and applying them in 
the computing system of future cybernetic systems. We demonstrated that learning, as expressed in the formation 
of programmable conductive pathways leading to distinct states, can be implemented using Alternated Current 
(AC) electrical stimulation. We achieved repeatable programming of colloid resistance anisotropy that can be 
easily mapped into binary logic, demonstrating that this is due to the AC field effects on the hydrogen bonds that 
stabilise the dispersoids in the solvent as well as the charges’ orientation inside the polymeric chains. We also 
influenced the conductivity of polyaniline (PANI) NRs by changing their molecular conformation. The findings 
establish robust protocols for programming future liquid robots.   

Introduction 

A harsh or extreme environment can be defined as a place that is 
hazardous to agents (humans or robots) exploring it, characterized by 
high levels of radiation, high explosive risk, extreme temperatures or 
pressures, corrosive and toxic chemicals and lack of oxygen, or as an 
environment that is challenging for agents to operate in, like remote, 
unknown, cluttered, dynamic, unstructured and limited in visibility [1]. 
In the recent years, advancements in materials science and cybernetic 
technology in the field of Smart Fluid Systems (SFS) show that, 
compared to conventional robotic systems, liquid or colloid-based ro-
bots would offer advantages in terms of versatility, adaptability, resil-
iency, mobility, distributed architecture and autonomy especially for 
applications in harsh environments, such as gas giants, comets and as-
teroids, or deep-sea and post-earthquake areas for search and rescue 
applications [2,3] but also for oil and gas pipes and nuclear waste in-
spections [4]. A smart fluid (SF) is defined as a liquid-state system 

featuring unprecedented properties thanks to the cooperation of two 
phases, usually a fine solid phase dispersed in a solvent at the liquid or 
gaseous state, whose single constituents enable smart distributed func-
tionalities such as information processing capabilities, self-powering, 
sensing capabilities and mobility [2]. Thus, complex systems based on 
SF, named SFS, represent a new paradigm in the field of cybernetic 
systems, combining the versatility of conventional robotics and the ad-
vantages of soft robotics. In fact, the latter, based on highly compliant 
materials like those found in living organisms, offers innovative solu-
tions, especially in terms of mobility, showing little resistance to 
compressive forces and consequently, conforming to obstacles and 
squeezing through openings smaller than their nominal dimensions. 
Additionally, SFS could exploit the collective properties of its constitu-
ents, relying on the variation of its main physical properties such as 
shape, viscosity, thermal conductivity, magnetic permittivity and 
permeability, electrical conductivity, magnetization, among other ones 
[2], to execute basic robotic operations. The capabilities of SFS in the 
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areas of energy generation [5], energy storage, information collection, 
storage, and transmission, sensing [6], and mobility have been assessed 
and some experimental milestones were achieved, esp. on the energy 
generation system [7–11]. Therefore, since liquid robotics, in response 
to the future increasingly distributed sensing and resulting data to be 
managed, has been proposed as the next cybernetic solution, the next 
step should further explore the ability of storing and elaborating infor-
mation by using electrically reconfigurable SF [12]. Thus, following 
original ideas of a liquid controller for robots [13] and the recent ad-
vances in the field of unconventional computing [14–16], this work aims 
at investigating the capability to create pathways in a suspension of 
electrically conductive polymeric nanorods in a polar liquid when 
stimulated by an electric field, in order to explore the potential of 
generating learning mechanisms in the colloid and applying them in the 
memorization and computing system of future robots. The consolidated 
Von Neumann computer architecture is such that the memory is kept 
separated from the Central Processing Unit (CPU) and this is reflected by 
the sequential operation, allowing instructions to be processed one at a 
time, which strongly impacts on the performance of parallel processing 
[17]. Next generation computing systems are being developed by using 
neuromorphic devices, in other words synthetic synapses mimicking the 
plasticity features of biological brains that enable learning: a change in 
the transfer function of any agent as a consequence of particular input 
conditions (i.e. amplitude, repetition, and so on). Resistive switching 
(learning) induced by AC stimuli of colloids could theoretically be 
employed to enable massively parallel computing [18]. We prepared 
and characterized polyaniline (PANI) nanorods (NRs) and we dispersed 
them in ethanol. Then, we designed a customized setup for the learning 
experiments, conceived to easily apply an electric stimulus to the liquid 
and simultaneously measuring its electrical resistance in parallel and 
perpendicular direction with respect to the stimulus axis, and developed 
a numerical simulation to better visualize the topology of the electrical 
field experienced by the colloid. 

Materials and methods 

PANI nanorods: synthesis and characterization 

All the materials employed in the synthesis were purchased from 
Merck and used without any pre-treatment process. PANI NRs were 
synthesized by a template-free method reported by Jang et al. with some 
modification [19]. 1 g of aniline was dissolved in 100 mL of 0.6 M acetic 
acid (CH3COOH/Aniline = 6 M ratio) at room temperature. Then, 2.9 g 
of FeCl3⋅6H2O (Fe3+/aniline = 0.6 M ratio) were added into the solution 
followed by 2.5 g of ammonium persulfate, APS, (APS/Aniline = 1 M 
ratio). After 3 h, the reaction was stopped by the addition of ethanol. The 
solid product was collected by filtration, washed several times by 
ethanol and dried overnight in air. PANI/CH3COOH NRs were obtained 
with a yield higher than 98 %. PANI/CH3COOH NRs were characterized 
through ultraviolet–visible (UV–vis) spectroscopy, Fourier transformed 
infrared (FT-IR) spectroscopy, X-ray powder diffraction (XRPD), X-ray 
photoelectron spectroscopy (XPS) and scanning electron microscopy 
(SEM). UV–vis spectra were acquired in the range 200–800 nm by a 
Hewlett Packard HP8453 spectrophotometer. A few milligrams of the 
compound was dissolved in N,N-dimethylformamide (DMF) by ultra-
sonic irradiation for 15 min and then filtered with PTFE 0.4 µm syringe 
filter. Then, the resulting organic dispersion was analyzed. FT-IR (KBr 
disk technique) and ATR-FTIR spectra were performed using a Jasco FT- 
IR 410 spectrophotometer in the range 400–4000 cm− 1. XRPD dif-
fractograms were carried out by a Rigaku D III-MAX diffractometer 
equipped with a Cu lamp in the range of 5–80 2 theta [◦]. Surface 
composition of samples was studied by X-ray photoelectron spectros-
copy (XPS) by means of an M− PROBE Surface Spectrometer with an Al 
(Kα) source and a spot size from 0.15 mm to 1 mm in diameter (USA). A 
10 V applied voltage at a vacuum of 10− 7 –10− 8 Torr was used. Survey 
scans were investigated in 0–––1100 eV binding energy range, using a 

spot size of 800 µm with 4 eV energy resolution (scan rate of 1 eV per 
step). ESCA Hawk Software was used for data curation. Charge 
neutralization was carried out by means of a low-energy electron beam. 
In any case, the resulting binding energy values (BE) were corrected by 
setting the C 1 s peak (C–C) fixed at 284.6 eV as the reference. The 
samples morphology was investigated by scanning electron microscopy 
(SEM), performed on a FE-SEM Sigma (Zeiss). No golden-coated sample 
wase observed at 2.5 kV of HT. 

Microelectrodes array setup 

To investigate the learning phenomena in PANI NRs, an appropriate 
setup was needed. We found that a microelectrode array (MEA) with 
some ad hoc modification was suited to the purpose since it allowed to 
apply an electric field of about 12.8 kV/m with a signal of 10 V between 
two printed electrodes spacing 0.78 mm, similarly to what found in 
other works [20]. MEA is a customised printed circuit board (PCB), 
shown in Fig. 1 where two close-up views are provided. To perform the 
experiments, a cylindrical container is sealed with epoxy resin in the 
central testing region so that the about 2 mL of PANI NRs dispersion can 
fit into it being in contact with the microelectrodes array. 

The testing circular area measures about 6.4 mm in diameter. A 
specific lid was 3D printed to keep in place 4 needle electrodes 
measuring 0.75 mm in diameter, spacing 2 mm and in contact with the 
colloid, to perform the resistance measures in the directions parallel and 
perpendicular to the electric field applied for stimulating the PANI NRs. 
In Fig. 2, the 3D model of the final setup is shown. 

Experiments description 

The tests on learning behaviour were conducted employing a PANI 
NRs dispersion in ethanol with a concentration of 1 % in weight. The 
density of PANI is 1.3 g cm− 3 (Sigma-Aldrich commercial products), 
leading to a packing fraction of 0.58 %, which stands below the perco-
lation threshold. An AC electrical signal was applied to stimulate the 
PANI NRs colloids by means of a GW Instek function generator con-
nected to a pair of printed electrodes on the MEA, spacing 0.78 mm. The 
signal was a sinusoidal wave with an amplitude equal to 10 V and fre-
quencies 1, 10, 100 and 1000 kHz. Two pairs of platinum needles were 
used to perform resistance measurements in the direction parallel and 
perpendicular to the applied electric field lines. Each pair of electrodes 
has two needles spacing 2 mm. The testing area was filled with 2 mL of 
colloidal PANI, creating a disk-shaped volume with a thickness of 1 mm, 
to just cover the electrodes and without generating a 3D setup. Then, the 
DC resistance in both directions was measured simultaneously for 2 min 
with a Semiconductor Characterization System SCS4200 from Tektronix 
equipped with two independent sample measurements units, with a true 
sampling rate of 170 ms. We performed a first acquisition of 2 min 
before applying the stimulus, then the function generator was switched 
on for 1 min after an initial settling time and the resistance was 
measured again for 2 min. Finally, the function generator switched off, 
the resistance was measured after applying the stimulus for 2 more 
minutes. The test was repeated 5 times at each investigated frequency, 
using a freshly made colloid sample every time, to avoid eventual sys-
tematic errors due to partial solvent evaporation, unwanted sample 
heating, electrostatically induced sample aggregation. Fast experiments, 
conducted immediately after submitting AC stimuli, were performed on 
the colloids using FT-IR (as above described) and impedance spectros-
copy (Agilent E4980A precision LCR meter) in the range from 100 Hz to 
1 MHz with a signal of 100 mV amplitude. 

Green laser alignment measurements were performed using a green 
diode emitting at 532 nm with a steady power of 5 mW (shown in the 
Supporting Information). 
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COMSOL model description 

The 3-dimensional FEM model (shown in the Supporting Informa-
tion) features 126,759 elements, a free meshing time of 1.80 s, the 
number of degrees of freedom solved of 202730. The stationary Solver 
used processed the boundary conditions providing the solution in 2731 
s, running with a physical memory of 1.11 GB and virtual memory of 
1.26 GB, on an Intel® CoreTM i5-4590 CPU @ 3.30 GHz equipped with 
16 GB RAM. 

Results and discussion 

PANI nanorods characterization 

The synthesized PANI NRs were characterized by several techniques 
and the results are reported below. Fig. 3 shows the Fourier Transform 

InfraRed (FT-IR) of the dried NRs and the UV–vis spectra, as well as the 
XRPD pattern and the XPS investigations. 

Both FT-IR and UV–vis spectra of the sample exhibit the typical 
bands of PANI in form of emeraldine salt. Concerning FT-IR in-
vestigations, the broadband centered at 3446 cm− 1 can be related to the 
N-H stretching vibration mode, as studied by Abdelraheem et al [21]. 
The C = C stretching vibration of quinoid (Q) and benzenoid (B) rings 
are responsible of the bands at 1569 and 1489 cm− 1 respectively, 
whereas the band at 1311 cm− 1 can be assigned to the secondary aro-
matic amine C–N stretching vibration modes. 

The band at 1240 cm− 1 confirms the presence of C–N+• stretching 
vibration, and that at 1146 cm− 1 is due to Q = NH + –B, B–NH + –B 
stretching, numerically near to the NH⋅⋅⋅N interchain hydrogen bond 
observed at 1116 cm− 1. These positive charges on aniline units are 
balanced by negatively charged counterions, typically chloride, 
depending on the doping agent used (here acetate ions), to maintain the 
electro-neutrality of the polymer surface [22]. The bands in the range 
820–800 cm− 1 can be attributed to C–H out-of-plane bending vibrations 
of 1,4-disubstituted aromatic rings. Finally, the presence of C–H vibra-
tions of 1,2,4-trisubstituted and 1,2-disubstituted rings can be inferred 
from the two bands at 800 and 759 cm− 1 respectively [23]. The entity of 
the ratio (ca. 1) between the FT-IR bands at 1570 cm− 1 and that at 1490 
cm− 1 (quinoid and benzenoid band, respectively), as well as the in-
tensity of the band at ca. 1146 cm− 1 (electronic like band) are strictly 
related to the conductive behavior of the polymer [24], demonstrating 
that PANI NRs were obtained in their conducting form of emeraldine salt 
(half-oxidized and half-protonated structure). It can be observed from 
the Fig. 7 B that the colloids explored in the learning experiments still 
present these main infrared absorption bands, even if some displace-
ment is observed, showing that chemical bonds in the PANI were pre-
served. All of the main stretching/vibration peaks have been assigned 
and listed in Table S1. 

The UV–Visible absorption spectrum of PANI depends on several 
factors: level of doping, extent of conjugation, solvent, etc. [25]. As 
expected [26–28], the UV–vis spectrum of dried PANI NRs acquired in 
DMF solution contains the typical bands of deprotonated emeraldine 
base (Fig. 3 B), owing to the deprotonation/dedoping effect of the sol-
vent [29]. More in detail, the band at 275 nm can be attributed to π-π* 
conjugated ring system, whereas polaron π* and polaron π transitions 

Fig. 1. Picture of MEA with close-up views.  

Fig. 2. Top view of 3D model of the experimental setup (dimensions in mm).  
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are responsible for the band at 365 nm and 570 nm respectively, that 
confirms the emeraldine salt form of the polymer [30]. In addition, also 
the XRPD pattern (Fig. 3 C) of the sample confirms that the PANI NRs 
were successfully synthesized in form of conducting powder. In partic-
ular, the diffraction depicted in Fig. 3 C are typical of emeraldine salt in 
ES-I form [31]. The three main peaks at 2theta = 15◦, 20◦ and 25◦

correspond to (011), (020) and (200) crystallographic planes re-
flections of emeraldine salt and are related to the repeat unit of the PANI 
chain and to their periodicity perpendicular and parallel. 

Finally, XPS was employed to investigate the surface elemental 
composition and chemical state of PANI. The XPS survey (Fig. 3 D) ex-
hibits peaks related to S, Cl, as well as C and N. If on the one hand the 
presence of Cl can be ascribed to the use of FeCl3 during the polymer 

synthesis, on the other hand the peak of S is related to the used oxidizing 
agent (APS) that during the oxidative polymerization of aniline is con-
verted into sulphate, whereas no peaks related to the presence of iron are 
observed. 

Many researchers have been demonstrated the positive effect of S- 
doping in the structure or on the surface of the polymer towards their 
electrochemical performance [32,33]. 

The high-resolution (HR) XPS spectra of C 1 s and N 1 s are displayed 
in Fig. 3 E and F, respectively. The HR spectrum of C 1 s (Fig. 3 E) can be 
deconvoluted into three components at 284.4, 285.6, 287.4 and 288.7 
eV ascribed to C–C/C–H, C–N, C = N, and π-π (satellite), respectively 
[34]. Fig. 3 F displays the HR XPS spectrum of N 1 s, which can be curve- 
fitted into three peaks at 398.8, 399.4 and 401.7 eV related to the 

Fig. 3. A) FT-IR spectrum, B) UV–vis spectrum, C) XRD pattern, D) XPS survey spectrum, E) XPS HR C1s spectrum, F) XPS HR N1s spectrum of PANI nanorods.  
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presence of imine structures, neutral amine, and cationic nitrogen atoms 
(N+) [34,35]. 

The morphology of the sample was investigated by SEM microscopy 
and the results are reported in Fig. 4 A and B, while Fig. 4 C shows the 
histogram with NR diameter distribution. 

The obtained material consists of a tangled network of nanorods with 
a narrow distribution of the diameters centered at 47 nm (Fig. 4 F). In 
contrast, the length is difficult to measure. However, they are in the 
order of hundreds of nm, although the magnetic stirring applied during 
their preparation causes a partial break of the nanomaterials. 

The NRs formation can be attributed both to the use of a combined 
oxidation system (APS/Fe3+), that leads to a rapid mixing polymeriza-
tion reaction that has a strong influence on the polymer morphology 
[36], and to the use of acetic acid as the doping agent. It has been 
demonstrated that PANI formation includes three steps: the induction 
period, the formation of pernigraniline and the reduction of perni-
graniline to the emeraldine [37]. In the first step, the induction period, 
the formation of oligomers is strongly related to the oxidizing species 
employed. The high oxidation capability of the APS/Fe3+ combined 
system guarantees the production of substantial number of oligomers in 
the initial period, that produce the final NR structures by self-assembly 
processes. Even though the effect of the type of doping agent on the final 
morphology is not completely clear, it has been observed that the initial 
polymerization step, initiation, favourably occurs under low ionic 
strength, due to the use of weak acids, with a positive effect on the 
production of wires and rods [38]. 

It is worth noting that in contrast to solid systems, in a colloid several 
aspects must be taken into consideration, because its behaviour is gov-
erned not only by particle–particle but also by particle–solvent in-
teractions. In this regard, De Medeiros et al. investigated electrostatic 
interactions of the polymer by surface particle charges by potential in-
vestigations on doped PANI [39], reporting for PANI positive values of 
potential in water, indicating that the polymer acquires positive charges 
because of doping. 

The solvent used for the polymer dispersion plays a role also in the 

specific conductivity which depends on the oxidation level of the poly-
mer and on the degree of protonation (primary doping) but also on the 
presence of substance that indirectly affect the charges separation on the 
polymeric backbone and consequently the chains conformation (sec-
ondary doping) [40]. However, as reported in the literature, the con-
ductivity value for PANI-based materials is function of several other 
factors, such as humidity, type of dopants and doping level, among 
others [41]. 

Tarachiwin et al. investigated the specific conductivity of HCl-doped 
and CH3COOH-doped polyaniline films, demonstrating for CH3COOH- 
doped PANI values of conductivity lower than for HCl typical of semi-
conductor materials, but less sensitive to the ethanol concentration. 
However, a positive increment upon exposure to water and ethanol was 
observed and was attributed to an increased electron mobility upon 
exposure to the solvent due to an enhanced interchain H-transfer [42]. 

Learning tests 

The tests conducted on the PANI NR dispersion lasted in total 6 min 
and are divided in 3 distinct phases along which the DC resistance 
parallel to the direction of the stimulus electric field (R//) and the 
perpendicular one (R) are measured simultaneously. An exemplar 
comparison between the parallel resistance measurements before, dur-
ing and after a stimulus provided at 1 kHz is shown in Fig. 5 A. After a 
settling time of approximately 20 s, the resistance reading becomes 
steady in the 5 MΩ range (black curve). The effects on resistance of the 
application of the electrical stimulus at 1 kHz is monitored by the red 
curve, and the timing of the signal generator is tracked by the dashed 
line on top of the graph, lasting approximately 1 min. The stimulus 
provokes a strong reduction of the parallel resistance of about two or-
ders of magnitude that lasts 40 s, then we notice a fast and discontinuous 
growth of the resistance that keeps recovering and also surpassing the 
initial resistance values after the signal generator is switched off. This 
first observation justifies the fast experiments conducted by combining 
FT-IR and impedance spectroscopy, to better explore this fast relaxation, 

Fig. 4. (A, B) SEM images and (C) diameter distribution of PANI NRs.  
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described below. In fact, the third curve (green) shows what happens 
after the stimulus has been applied, where the DC parallel resistance 
settles around a value of 10 MΩ. By extracting statistical data from the 
black and green curves, respectively before and after the stimulus was 
applied, we can plot the histograms shown in Fig. 5 B: the two average 
values are clearly distinguishable, and the two distributions are close but 
not overlapped. This is the first basic requirement to build up a binary 
memory system. Similar measurements were performed also at a fre-
quency of 10, 100 and 1000 kHz, generating the aggregated data pre-
sented in Table 1, while relevant graphs have been placed in the 
Supporting Information file for completeness (Fig. S2-4). For each fre-
quency, experiments have been repeated five times, to ensure the good 
repeatability of the phenomena; moreover, all data were treated in a 
fully consistent statistical manner, calculating the error (standard de-
viation) and performing error propagation over derived quantities. The 
most relevant parameter, to evaluate colloid conductivity anisometry 
induced by the effects of the oscillating electric field used as stimulus, is 
the relative DC resistance anisotropy defined by Equation (1): 

Ra =
R// − R⊥

R//

(1)  

We have the following notable ideal cases: Ra = 1 when RΤ = 0, in other 
words the system under evaluation has infinite conductivity in the di-
rection orthogonal to the stimulating electric field; Ra→-∞ when R//=0, 
in other words the system under evaluation has infinite conductivity in 
the direction parallel to the stimulating electric field; Ra = 0 when R//=

RΤ, in other words the system is perfectly isotropic across the charac-
terization plane. Furthermore, we have that: R//≫RΤ → Ra → 1 and 
RΤ≫R// → Ra → -RΤ. Looking at Table 1 entries, a dispersion of values 
before the stimulus is applied can be found, but a generalised property is 
that R≫R//; given the geometry of the sample holder, we can suppose 
that the measurement device can by itself produce a measuring current 
and electric field distribution that is already able to provide a source of 
anisotropy, enhancing the DC conductivity of the parallel path. After the 
application of the stimulus, we have two different cases: the low fre-
quency limit (1 and 10 kHz) where after the stimulus we approach a 

more isotropic situation, and the high frequency limit (100 and 1000 
kHz) where after the stimulus we confirm or enhance the higher con-
ductivity of the parallel channel. In the former case, the effect of the 
electric field is that of destroying the order that favours conductivity 
along the parallel direction; in the latter case, the effect of the electric 
field is that of reinforcing such order, particularly at 1 MHz. 

A Fast Fourier Transform (FFT) analysis has been performed 
computing the Power Spectral Density (PSD) as Time-Integral Squared 
Amplitude (TISA) for each experiment in the two phases before and after 
applying the electrical stimulus, and the exemplar frequency of 1 kHz 
has been reported in Fig. 6 A. We can see how after the sample condi-
tioning, the PSD increases by one order of magnitude in almost the entire 
frequency range. In Table 2 the values of PSD as TISA, obtained using a 
linear interpolant over the entire frequency range shown in Fig. 6 A, was 
calculated for all the experiments. We see how this quantity, besides the 
already discussed case of 1 kHz, seemingly fluctuates so that a specific 
rule to foresee the sample behaviour cannot be deduced. 

One last visual element is provided in Fig. 6 B, to test our experi-
mental results against memorisation features. The plot shows on a 
2dimensional plane the parallel and perpendicular resistance compo-
nents, and every frequency couple of points, representing the status of 
the system before and after the application of the electrical stimulus, is 
completed by a circle and an arrow identifying the temporal evolution. 
Experimental dots are shown with their statistical error bars (standard 
deviation), that can help in understanding how diverse and disjoint the 
two statuses can be. We can conclude that at the frequency of 1 kHz, the 
diversity of the two resistance paths is so high that it is possible to 
separate enough two statuses and effectively codify a binary informa-
tion, using both components. At the frequency of 10 kHz, we cannot 
discriminate well the parallel channel, while the perpendicular is fine. 
At the frequency of 100 and 1000 kHz, we cannot discriminate well the 
perpendicular channel, while the parallel is fine. The composition of the 
transformation vectors shown in the top right inset, shows that the 
parallel resistance increases at low frequency and then decreases, while 
an opposite transformation is found for the perpendicular resistance. As 
already mentioned, low frequencies destroy the anisotropy of the 
colloid, higher frequencies contribute to increase the anisotropy along 
the stimulus axis. 

One last comment about the learning procedure comes from the fast 
FTIR analyses and impedance spectroscopy measurements carried out 
on stimulated PANI NRs colloids (Fig. 7 A and B and Table S1). 

As shown in Fig. 7 B and reported in Table 1, after the electric 
stimulus PANI NRs do not show structure and protonation level varia-
tion. However, the Nyquist plots (Fig. 7 A) highlight an increase in the 
system conductivity, which was also observed in the DC field, few 

Fig. 5. (A) Parallel resistance measurements before (black), while (red), and after (green) the sample was submitted to a stimulus @ 1 kHz. The red arrow on top of 
the graph shows the exact timing when the stimulus was switched on and off during the recording of the “During stimulus” curve. (B) statistics of the parallel 
resistance distributions before and after the stimulus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Comparison of Ra values derived from experiments, before and after submitting 
the stimulus.  

Frequency [kHz] Before stimulus After stimulus Minimum Distance [MΩ] 

1 − 1.9 ± 0.5 − 0.2 ± 0.02 1.198 
10 − 1.1 ± 0.5 − 0.4 ± 0.1 0.1 
100 − 3.3 ± 0.7 − 3.3 ± 0.5 Overlapped 
1000 − 1.9 ± 0.9 − 3.1 ± 1.0 Overlapped  
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seconds after submitting the stimuli. 
As reported in literature [40], two types of doping can be applied to 

polyaniline (primary doping ad secondary doping) and both are 
responsible for the conductivity of the polymer. 

Primary doping processes is related to both “redox doping” and 
“protonic doping”. The first process is associated to oxidizing or 
reducing agents’ removal or addition (electrons) that affect the oxida-
tion state of the polymer, whereas the second process is related to the 
protonation of imines sites of the material, keeping unchanged the 
number of electrons associated with the polymer chains. Both these 
phenomena are completely reversible. In fact, de-doping leads to an 
inversion of some materials’ characteristics (e.g., conductivity). In 
contrast, the secondary doping process is a phenomenon generally 
caused by an apparent inert substance acting on primary doped- 
polymers. Unlike the other processes, it may persist, albeit to a 
reduced extent, even upon removal of the secondary doping. 

On the basis of these premises, the variation in conductivity expe-
rienced by the material immediately after the electric stimulation can be 

directly associated to a modification on the secondary doping of PANI 
chains. 

In fact, polyaniline can be considered as a polyelectrolyte: a 
macromolecule characterized by several charges (protonated imine 
groups and the corresponding anions of the dopant, here acetate ions). 
When exposed to apolar and/or aprotic solvents (e.g., chloroform), 
positive and negative ions associate in the chains forming ion pairs that 
favor a coil conformation of the molecular chain. In contrast, in the 
presence of polar and/or protic solvents (e.g., ethanol) the enhanced 
solvation of the charges lead to a more open and expanded molecular 
conformation (tail-like). 

The achievement of the expanded conformation leads to rings 
twisting of the polymer backbone that causes a reduction of π-conju-
gation defects with an increase in the structure regularity and conse-
quently in the conductivity. 

According to literature [40], any effect that enhances the distance 
between positive and negative charges cause the expansion of the 
polymeric chains’ conformation and an increase in conductivity. Here, 
the application of an electric stimulus can be considered responsible for 
the polarization of both ethanol molecules and polymeric chains 
enhancing the distance between positive and negative charges with a 
beneficial effect on the materials conductivity. Once the polarization 
drops, the electrical equilibrium of the system is restored by Brownian 
motions in some seconds, but the morphological changes remain for a 
longer time scale, providing an increased DC resistance. This memory 
effect lasts for longer times and provides the observed learning. There-
fore, it is possible to conclude that the AC stimulus positively affects the 
secondary doping of PANI NRs dispersed in ethanol. 

This study represents the first evidence of the ability of an electrical 

Fig. 6. (A) Power Spectral Density versus the logarithm of frequency, for the signals associated to the parallel resistance measures, before and after applying a 
stimulus at 1 kHz. (B) 2-dimensional plot of the parallel and perpendicular resistances measured in each experiment at the frequencies of 1 (dotted blue circle and 
arrow), 10 (dot-dashed green circle and arrow), 100 (continuous orange circle and arrow) and 1000 (dashed red circle and arrow) kHz. The top right inset shows the 
transformation vectors shifted and composed in the entire frequency evolution diagram. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Table 2 
Comparison of PSD as TISA values derived from a linear interpolation in the 
frequency range 5 to 500 mHz (half of the sampling rate) and percent relative 
error, evaluated at all testing frequencies before and after submitting the 
stimulus.  

Frequency [kHz] Before stimulus Err % After stimulus Err % 

1 4.1 × 1012 9 5.6 × 1013 9 
10 4.5 × 1012 9 3.1 × 1012 11 
100 1.9 × 1012 10 3.2 × 1012 9 
1000 4.3 × 1012 9 1.7 × 1012 10  

Fig. 7. Nyquist plots (A) and ATR-FTIR (B) spectra of pristine and stimulated PANI NRs colloids at 1KHz, 10 KHz, 100KHz and 1 MHz.  
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stimulation to affect the secondary doping of PANI-based materials and 
paves the way to new investigation for this surprising polymer. 

Conclusions 

To explain the experimental results, we can consider our study 
within a larger framework of colloids with programmable properties. 
The idea of using electromagnetic stimulation to change the electrical 
properties of colloids is not new. Wilke and Mülle demonstrated in 1933 
that the conductivity of arsenic trisulfide colloids changed when stim-
ulated with intermittent current [43]. The change in conductivity has 
been attributed to ion motions. In 2008, it was demonstrated [44] that 
the electrical conductivity of colloidal nano-suspensions exhibits com-
plex behaviour that is dependent on particle size, electrical double layer 
thickness, suspension volume fraction, and ionic concentrations. A series 
of early 1900 s experimental studies [45–47] found that blood con-
ductivity increases during coagulation because fibrin networks and 
erythrocytes are insulators. Similarly, but in reverse notation: PANI rods 
are conductive, and AC stimulus can be used to tune their secondary 
doping level. The resistance of the colloid droplet will decrease if they 
form parallel sheet-like pathways between the electrodes. Our hypoth-
esis is supported by circumstantial evidence. When an electric field is 
applied parallel to the filaments’ plane of motion, it exerts a mechanical 
force on the negatively charged actin filaments [48]. In this study, we 
demonstrated experimentally that a colloid of conductive polymer 
nanorods exhibits synapse-like behaviour, in other words, it is endowed 
with plasticity and its impedance level can be adjusted by repeating a 
stimulus, in this case a sinusoidal wave. We were able to programme the 
resistance in both directions parallel and perpendicular to the AC field 
lines by stimulating the colloid with AC. The effect of solvent interca-
lation and hydrogen bond loosening was also indicated by FTIR analyses 
performed before and after the electrical stimuli were applied. The 
ability of electrical stimulation to affect the secondary doping of PANI 
NRs colloids has been observed for the first time. The findings are 
consistent with our previous studies [49], in which we discovered that 
“entrainment” of copper-coated liquid marble filled with carbon nano-
tubes via periodic electrical pulses can cause their electrical resistance to 
rapidly switch between high and low resistance profiles when the po-
larity of stimulation is reversed. We recently demonstrated that a spe-
cific colloid, namely a water-based suspension of magnetite 
nanoparticles (ferrofluid), can perform memory computing as well as 
serve as an analogue memory [50]. In other words, we have demon-
strated that when colloids are subjected to electric programming, they 
can memorise configurational information. If the droplets of the colloids 
are cascaded via amplifiers, the switching behaviour of the conductive 
polymer colloids can be used to implement networks of neuromorphic 
elements. Sequential logic operations and pattern recognition can also 
be performed by neuromorphic colloid droplets [50]. The findings also 
suggest that PANI NRs are a promising candidate for the development of 
unconventional computing systems for liquid robotics applications, 
where the ability to store and elaborate information with colloidal 
materials is critical for meeting the autonomy requirements of future 
exploration and inspection missions. 
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