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Natural computers exploit the emergent properties and
massive parallelism of interconnected networks of locally
active components1–3. Evolution has resulted in systems that
compute quickly and that use energy efficiently, utilizing what-
ever physical properties are exploitable4. Man-made compu-
ters, on the other hand, are based on circuits of functional
units that follow given design rules5,6. Hence, potentially
exploitable physical processes, such as capacitive crosstalk,
to solve a problem are left out7,8. Until now, designless nanos-
cale networks of inanimate matter that exhibit robust compu-
tational functionality had not been realized. Here we
artificially evolve the electrical properties of a disordered nano-
materials system (by optimizing the values of control voltages
using a genetic algorithm) to perform computational tasks
reconfigurably. We exploit the rich behaviour that emerges
from interconnected metal nanoparticles, which act as strongly
nonlinear single-electron transistors9,10, and find that this
nanoscale architecture can be configured in situ into any
Boolean logic gate. This universal, reconfigurable gate would
require about ten transistors in a conventional circuit. Our
system meets the criteria for the physical realization of (cellu-
lar) neural networks11: universality (arbitrary Boolean func-
tions), compactness, robustness and evolvability, which
implies scalability to perform more advanced tasks12,13. Our
evolutionary approach works around device-to-device vari-
ations and the accompanying uncertainties in performance.
Moreover, it bears a great potential for more energy-efficient
computation, and for solving problems that are very hard to
tackle in conventional architectures14–16.

As many physical and chemical processes can be thought of as a
computation, it seems natural to use matter itself for computation17.
Miller and Downing proposed to use the artificial evolution of
complex physical systems for this purpose, and introduced the
term ‘evolution in materio’18. Earlier attempts to evolve (microscale)
material systems into computational units encountered serious dif-
ficulties concerning reproducibility, recoverability, robustness and
stability19. Although theoretical proposals were made for the evol-
ution of nanoscale matter, for example, logic realized by nanoparti-
cles (NPs) interconnected by molecular switches20, experimental
realization of ‘evolution in nanomaterio’ has remained elusive so far.

Here we demonstrate experimentally that a disordered NP
network can be configured in situ into any of the two-input
Boolean logic gates by tuning six static control voltages. This is
similar to the approach of Tour et al.20, wherein they show,
through simulations, that a ‘nanocell’ may be programmed by

tuning voltages at its periphery. However, they used a network of
tunable molecular switches with the NPs serving as interconnects.
In our work, we exploit the rich behaviour that emerges from
10–100 arbitrarily interconnected NPs, which act as strongly
nonlinear single-electron transistors (SETs)9.

That our system is truly designless and reconfigurable makes
our approach fundamentally different from the designed circuits
of SETs10,21,22 or NPs23 that were used to realize logic units pre-
viously, and also from massively parallel (but still design con-
strained, see the Supplementary Information) architectures such
as HP’s Teramac24,25 or IBM’s TrueNorth26.

Figure 1a shows schematically the disordered network of 20 nm
Au NPs interconnected by insulating molecules (1-octanethiols).
The NPs are trapped in a circular region (200 nm in diameter)
between radial metal (Ti/Au) electrodes on top of a highly doped
Si/SiO2 substrate, which functions as a back gate. At low tempera-
tures, the NP’s charging energy EC = e2/C (with e the electron
charge and C the NP’s total capacitance) is larger than the
thermal energy, and each NP exhibits Coulomb blockade and acts
as a SET9 (Fig. 1b). One electron at a time can tunnel when sufficient
energy is available (ON state), either by applying a voltage across the
SET or by electrostatically shifting its potential. Otherwise, the
transport is blocked because of the Coulomb blockade (OFF
state). This disordered NP assembly therefore provides an intercon-
nected network of robust nonlinear periodic switches as a result of
the Coulomb oscillations of the individual NPs. Two electrodes are
used to apply time-varying voltage signals VIN1 and VIN2 and the
remaining six electrodes are used to apply static control voltages
V1–V5 and to measure the resulting current IOUT. In addition, a
static voltage V6 is applied to the back gate.

We find that electron transport below ∼5 K is dominated by
Coulomb blockade, and strongly depends on the input and output
electrodes used, as well as on the static voltages V1–V6 applied to
the remaining electrodes (Supplementary Fig. 1). Based on the
strongly nonlinear (switching) behaviour of the SETs and their
mutual interactions, we set ourselves the goal to find logic gates,
as schematically depicted for an AND gate in Fig. 1c. With six
control voltages we have a huge six-dimensional search space,
which renders a brute-force full search very time-consuming
(order of days). Even with the search landscape completely
unknown a priori, one could, in principle, use a conventional hill-
climbing (HC) search algorithm (gradient ascent/descent), which
normally gives a local optimum, but can be improved by an iterated
local search and simulated annealing27. However, as our search
landscape is strongly non-monotonic (Supplementary Fig. 3c), we
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prefer to make use of artificial evolution in the form of a genetic
algorithm (GA) in which laws of natural selection inspired by
Darwinian evolution are utilized28.

We draw an analogy with how genes determine the functional-
ity of an organism, and consider each control voltage as a gene,
and hence the complete set of control voltages (V1–V6) as a
genome (see insets to Fig. 1c). The full genome determines what
the output signal IOUT looks like for given input signals VIN1

and VIN2. How well the input–output signal combinations rep-
resent the desired functionality (for example, an AND gate in
Fig. 1c) is reflected by the fitness of a certain genome, and is cal-
culated using a fitness function F (see Methods). To preserve the
best-performing (that is, fittest) genomes and yet search for
better-performing candidates, a composite cloning–breeding
approach was used, as described in detail in the Methods.
Starting with a generation of randomly generated genomes (with
usually low fitness), desirable traits are passed selectively on to sub-
sequent generations and ‘elite’ genomes converge towards higher
fitness as the GA progresses. The GA halts after a satisfactory
fitness level is reached.

Using the artificial evolution procedure described above, we suc-
ceeded to realize fully reconfigurable, robust Boolean logic in disor-
dered NP networks at our base temperature of ∼0.3 K. These results
comprise the first experimental demonstration of exploiting disor-
dered matter at the nanoscale for computational functionality.
Similar results were obtained in three independent NP networks
on separate chips, but in the following discussion we focus on the
NP network shown in Fig. 2a. Based on the measured resistance,
and assuming regular connectivity, we estimate that typically a
few tens of NPs participate in electron transport between the elec-
trodes (see Supplementary Fig. 6). The input signals VIN1 and
VIN2 of forms P and Q (Fig. 2b) are applied to two electrodes.
The remaining electrodes are used to apply five control voltages
and reading out IOUT. The sixth control voltage is applied to the
doped substrate. Figure 2c shows the IOUT versus time (t) plots
that correspond to the inverter (NOT) gates �P and �Q. The IOUT
versus time (t) plots for the six most-commonly used two-input

Boolean logic gates are given in Fig. 2d. Importantly, all the logic
gates were obtained in the same network with the same input
signals VIN1 and VIN2, but with different evolved genomes.

For each logic gate, the GA almost always converged to a viable
genome (defined by a fitness much larger than one) in less than
200 generations, with the genome having a few preferential gene
values (see Supplementary Fig. 3). Currently, this process typically
takes about one hour because we use rather slow input signals.
However, by optimization of the set-up this can easily be increased
by a factor of 100–1,000. The back-gate voltage (gene 6) was found
to have a particularly strong influence on the output signal, which
is expected from its capacitive coupling to the full area of the NP
network (see Supplementary Fig. 7). This demonstrates that the
same NP network with the same input signals can be reconfigured
in situ to represent a completely different functionality. We empha-
size that a conventional digital computer is only used to find the sol-
utions with the GA, after which we only need to apply the obtained
control voltages to configure the NP network into the desired logic
gate. For the exclusive gates (XOR and XNOR), spike-like features
are observed at the rising and falling edges of the (1,1) input, as
expected for a finite slope in the input signals. The signal-to-noise
ratio (defined as the ratio of the current that corresponds to logic 1
and the background noise floor of 5 pA) for these exclusive gates is
about ten, whereas for all other gates it is ∼20. Interestingly, these
exclusive gates are inherently more difficult to evolve, in agreement
with the theoretical framework on evolvability developed by Valiant29.

To see whether artificial evolution of our system has a clear
advantage compared with a brute-force search for finding solutions,
we recorded the output response of 19,000 randomly generated
genomes, which took over seven hours (see Fig. 2e). For all 16 poss-
ible two-input-one-output truth tables (except for the trivial null (0)
and identity (1) outputs, which were not searched for) we found that
at least 0.1% of the randomly searched genomes are viable solutions.
As shown in the inset of Fig. 2e, the GA-searched gate solutions
(taking about one hour) generally have an order-of-magnitude
higher abundance and about a three-times larger fitness than their
randomly obtained counterparts (found within seven hours),
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Figure 1 | Schematic of the device layout and working principle. a, Disordered network of ∼20 nm Au NPs separated by ∼1 nm 1-octanethiols in between
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which underlines the power of the GA approach chosen in our
study. The relatively high abundance of fit genomes (apparent
from the brute-force search) facilitates the GA convergence.

To study the fault tolerance and temporal stability of the evolved
gates, we investigated the sensitivity of the output response to input-
and control-voltage perturbations, thermal cycling and gate inter-
changeability. Interestingly, the gates function well beyond the
input-voltage range they were evolved for. For example, Fig. 3a
shows that a gate evolved to be an inverter for 0 mV <VIN1 <
100 mV exhibits negative differential resistance (NDR) within a
considerably larger range, −50 mV < VIN1 < 100 mV. As this gate
functionality is completely genome dependent, we estimated the
robustness of the fittest genome (Gα) against perturbations along
various gene directions, that is, control–voltage perturbations. As
described in detail in Supplementary Section 2, the gate perform-
ance decays as sampled away from Gα.. Interestingly, in the case of
exclusive gates, this gene-dependent decay rate, away from Gα , is
very high for the sixth gene, which controls the back-gate potential.

The evolved gate functionality is independent of the input wave-
form history, as illustrated in Fig. 3b, in which a longer input
sequence is used for the AND gate from Fig. 2d. To illustrate the
temperature and time stability of the gate solutions, and the robust-
ness under switching between different gates, the NOT and AND
gates were applied alternately, and the output was recorded

during warming up to 15 K (red curve) and cooling down (blue
curve). As shown in Fig. 3c, the fitness decays to zero around 5 K
and the output signal becomes nearly featureless (see the inset of
Fig. 3c). At higher temperatures, the fitness becomes negative
because the device becomes a network of linear resistors, and
hence acts like a simple voltage divider (which is non-inverting).
It is evident that the gate behaviour is completely recoverable for
thermal cycling in this range, and that the fitness is obtained on
cooling back to base temperatures. More data are given in
Supplementary Fig. 9. Moreover, for temperatures kept below 15 K,
the gates are robust over several days (100 hours), as shown in
Fig. 3d. When thermally cycling to room temperature and back,
we did not find gates with (exactly) the same control voltages, so
the GA search needed to be redone. In contrast, the Boolean logic
functionality reported for microscale liquid-crystal systems was
always stochastic and non-recoverable19.

Our system meets the criteria for the physical realization of a
(cellular) neural network (see the Supplementary Information).
With a more-sophisticated electrode layout26,30, and using the
same evolutionary approach, it should therefore be capable of
many more computational tasks. Further experiments should quan-
tify the scalability of our approach, and we already see some prom-
ising two-input-two-output functionality, as shown by the half-bit
adder operation in Fig. 4. The offset levels could, in principle, be
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improved with more control electrodes. An especially interesting
avenue to explore is the suitability of this system for advanced func-
tionality that is hard (or expensive) to realize in a conventional
architecture, such as pattern recognition by mimicking brain-like
systems, or simulations of complex physical systems. Our evolution-
ary approach works around device-to-device variations at the
nanoscale and the accompanying uncertainties in performance,
which is increasingly becoming a bottleneck for the miniaturization
of conventional electronic circuits. The results, therefore, also need
to be seen in the light of these exciting possibilities. Moreover, by
choosing a smaller NP diameter, and scaling down the electrode
geometry accordingly, our network may not only further reduce
in area, but room-temperature operation might also appear possible.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Chemicals. The NP solution used in this study was purchased from NanoPartz.
The solution consists of Au NPs of 20 nm diameter coated with a monolayer of
1-octanethiol (CH3(CH2)6CH2SH) stabilized in ethanol. This solution was diluted
with ethylene glycol (ethane-1,2-diol) and has a high boiling point (197 °C), high
viscosity (16 cP) and high dielectric constant (41.4). These properties, combined
with a proper contact angle with respect to the SiO2 surface, facilitate the
NP-trapping procedure explained below.

Electrode fabrication. The metal electrodes were fabricated using electron-beam
lithography (EBL) followed by directional metal deposition. The substrate is 0.5 mm
thick highly doped Si (p++) with a thermally grown 35 nm SiO2 top layer. This
substrate allows the application of a back-gate voltage. After EBL patterning of the
100 nm thick polymethyl methacrylate resist layer, residual organic contaminants
were removed by a quick oxygen-plasma treatment. Thereafter, 30 nm Au with a
5 nm Ti adhesion layer was deposited via vertical electron-beam evaporation. Metal
lift-off results in 50 nm wide radial electrodes around an open central area of 200 nm
(as shown in Fig. 1a). This geometry was chosen to have in the order of ten Au NPs
in between the electrodes. Both eight- and twelve-pin geometries were fabricated, but
in the present study only eight-pin geometries were used.

Trapping of NPs. The technique employed to fabricate the NP network is
dielectrophoresis, whereby a non-uniform electric field applied across the electrodes
drives the suspended NPs to the area in between the electrodes31,32. Before the
trapping procedure, the Ti/Au electrodes were cleaned with an oxygen-plasma
surface treatment followed by an ethanol rinse and dry. The 11 × 11 mm2 chip that
contained several eight- and twelve-pin geometries was placed inside a probe station,
and a drop of Au NPs suspended in ethylene glycol was dispensed on it. The
trapping was done sequentially with pairs of diametrically opposed electrodes, by
contacting the pads with the probes. The typical optimized parameters for trapping
were frequency ( f ) = 1 MHz, a.c. voltage (Vac) = 4 Vpp (pp, peak to peak) and a
trapping time (t) of five minutes. After NP trapping, the chip was cleaned in
isopropyl alcohol to remove the physisorbed NPs, and dried to leave behind a
localized network between the electrodes, as shown in Fig. 2a and Supplementary
Fig. 1a. The NP network sticks well to the substrate and is expected to be
mechanically stable at the low temperatures of our experiments.

Genetic search algorithm
Genome and genes. We define a genome as a set of voltages (genes) that determine
the device performance. Each gene gj ( j = 1, 2, …, 6) takes a value from 0 to 1 that
corresponds to the control voltage Vj. For the electrodes in contact with the NP
network, the gene values (0/1) map to the voltage required to flow a certain IOUT
(± ∼500 pA). This limits the total output current, by which we hope to increase the
fraction of functional genomes with a ∼100 pA output level. For the back gate,
the gene values 0/1 map to 0/−2 V to utilize the back-gate tunability
(see Supplementary Fig. 1e).

Breeding mechanism. To preserve the best-performing genomes, and yet search for
better-performing candidates, a composite cloning–breeding approach was used, as
depicted in Supplementary Fig. 2. It consists of a uniform crossover, with each of the
six genes in the offspring G(n+1),i assigned randomly from either parent, Gn,j or Gn,k ,
with a mixing ratio of 0.5, followed by the randomization of every gene with
mutation probability P = 0.1. After sorting the 20 genomes Gn,i of the nth generation,
Gn, in order of descending fitness, the top five (‘elite’) genomes, Gn,1–Gn,5 , are cloned
into G(n+1),1–G(n+1),5 of G(n+1). For the next five genomes of G(n+1), the genes of
Gn,1–Gn,5 are modified by +1 and −1%, which results in Gn,i

+1% and Gn,i
−1% (i = 1–5),

after which they are cross bred one by one, Gn,i
+1% ×Gn,i

−1%. The elite parent
combinations with Gn,1 breeding with Gn,2 , Gn,2 with Gn,3 and so on, up to Gn,5 with
Gn,6 , produce another five genomes of G(n+1). The remaining five genomes are
generated from breeding Gn,1–Gn,5 with a genome randomly taken from Gn,1–Gn,20.
When G(n+1) is complete, its genomes G(n+1),j are sorted based on their fitness, after
which the above procedure is repeated for the next generation.

Mutation. A gene gj can mutate into gj* with a probability P. If it mutates, gj* is
randomly picked out of a triangular distribution from 0 to 1 with a mode about gj.
For P = 0, the GA may converge to a local maximum determined by the initial
generation; for P = 1, it does not exploit the breeding mechanism, as every
generation is reset to a random generation. For our GA search reported here, we used
a value of P = 0.1 that was empirically found to give the best results.

Fitness determination procedure
Input waveform sampling. As input signals, we used well-defined voltage-pulse trains
V(t). The slew rate of the signal V(t) should take into account the network’s resistor–
capacitor times to maintain the shape of the inputs. In our measurement set-up, the
slew rate is 15 milliseconds for d.c. lines, and therefore we chose the input-voltage
signals to have double the rise time (that is, 30 millisecond). We chose a sampling
time of τ = 100 µs to update the digital-to-analog converter voltages. Hence, the
vectorV[a] =V(aτ) defines our input. In the case of two-input signals, there is a time
delay τ* between settings V1[a] and V2[a]. However, τ* << τ and hence, for all
practical purposes, we can consider the inputs to be applied synchronously. In
Fig. 2b, V[a] = 0/100 mV corresponds to logic 0/1, and the intermediate voltages
during logic transitions correspond to ‘don’t care’ terms.

Output waveform sampling. At the output electrode, the I/V converter (current
amplifier) converts current into voltage and the analogue-to-digital converter
measures an output Y[a] at a sampling time τ.

Ideal output. We define an ideal output X that follows Supplementary Fig. 4 when
inputs are logic 0/1. In the case of intermediate voltages during logic transitions, X is
set to interpolated values. To neglect measurements during these ‘don’t care’
intervals, we define weights W as shown in Supplementary Fig. 5.

Linear fitting.We linearly fit between X and Y in the form Y =mX+ c, with weightsW.
Here, m is the slope and c is the intercept. The fitting can be done via any of the
following procedures, namely least-square fit (ideal for Gaussian-distributed noise),
least absolute residual fit (less sensitive to outliers) and bisquare fit (least sensitive to
outliers). We chose the bisquare fit, as we assume that in an evolutionary GA it is better
to minimize the influence of outliers in deciding the fitness of genomes.

Fitness score. The linear fit calculates a slope m, intercept c and residue r. These
parameters quantify the output’s signal-to-noise ratio (SNR =m/√r) and offset to
zero (c). Combining these qualities with a mixing parameter δ, we define the fitness
score as F =m/(√r + δc). With δ = 0, we found genomes with a good SNR but
arbitrary offset (especially for negating logic gates). To fulfil the requirements of a
good SNR together with a low offset, an empirical value of δ = 0.01 was used for all
the measurements reported here.

GA convergence. Evolution progresses through two mechanisms: (1) breeding and
(2) mutation. Breeding becomes ineffective when the population can no longer
produce fitter children just by inbreeding. In such cases, mutation may cause
changes that enable effective breeding again. So, although evolution never stops, per
se, we say our GA converges momentarily, whenever its fitness scores stabilize. We
take the fitness score of the cloned genomes, F(Gn,i): i = 1–5, and fit it to an
asymptotic F(n) = F0(1 − 0.1c(n0−n)). Here, F0 is the stable fitness score and n0 is the
number of generations required to converge to 90% of stable F0. As shown in
Supplementary Fig. 3, for multiple reruns of the GA search for a NAND gate
solution, the GA search converged in 11 out of 12 identical cases.
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