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Abstract: Logic expressions can be designed from actin filaments. It is a protein that makes the cellular structure and plays an
important role in intracellular communication. Nano communication technique has been established using actin cellular
automata. Among several rules, (1, 30) and (4, 27) rules have been used to design 2 to 1 multiplexer, 4 to 1 multiplexer, 1 to 2
demultiplexer and 1 to 4 demultiplexer. Router or data selector has been made of using multiplexer and demultiplexer. Three
novel circuits such as multiplexer, demultiplexer and nano-router have been designed using the projected mechanism. The
primary focus of this proposed technique is on different designs of the multiplexer, demultiplexer and minimum cell count with
minimum time steps. The different router circuits have been simulated with the help of Simulink by which output has been
verified for different circuits. Stuck at fault analysis is also done in this study. Device density and power consumption have also
been included in this study. A comparative analysis of the different designs of the router provides a better concept of circuit
optimisation. Furthermore, this study analyses convenient forthcoming applications in nano-technology and nano-bio-molecular
systems involving the proposed parameters.

1௑Introduction
Actin is depicted to produce consistent progress between
monomeric globular actin (G-actin) shape and filamentous actin
(F-actin) shape. Actin is a stand out amongst the most bounteous
organic proteins obtained from the cytoplasm of most eukaryotic
cells. Actin is more often than not considered as a muscle-fibre and
furthermore known as thin fibres and really an essential piece of
the cytoskeleton [1]. Cytoskeleton just not keeps up the cell
structure, yet in addition, it goes about as the processor of cell data.
Actin fibre is comprised of little globular actin (G-actin) monomers
contained inside a double helical structure. A modern form logic
system can be introduced by adopting collision-based computing
(CBC) [2], a ubiquitous logic design thought upheld over F-actin
[3]. The automata are ascertained with the notion of partitioned
one-dimensional quantum cellular automata (P-1D-QCA) and are
shown in Fig. 1a. Since 90's cytoskeletal microfilaments filaments
and microtubules filaments have led to design logic systems [4].
Comparative impacts of the cytoskeleton with F-actin like structure
are talked over in other literature [5, 6]. Fig. 2a depicts the
structure of an F-actin and its analogous cell mapping. After
exploring the natural behaviour of F-actin, researchers have
proposed to design molecular networks using it [7–9]. In light of
the inferences of the actin quantum automata [4], this paper
presents the design of a data line selector cum router considered as
the element of any communication network. The diameter of an F-
actin is 7 nm [2]. This model is expected to shorten the successful
circuit size and include effectiveness to any current CMOS
innovation-based circuit. Actin inspired QCA generated algorithms
are very useful for cryptographic techniques and thereby for
security purposes, owing to the algorithms’ methodical, logical and
simple attributes [10]. Various types of actin networks give
mechanical support to cells, and provide trafficking routes through
the cytoplasm to aid signal transduction [4].

2௑Motivation and contribution
The semiconductor device innovation has been amplified quickly
in the previous decades; however the capacity of high density is
required. This data line selector model of F-actin quantum cellular
automata (QCA) comprehends the potential outcomes of

efficacious and tiny designs of unconventional logic circuits.
Double helical-shaped filamentous actin having width 7 nm can be
produced in room temperature. Conventional semiconductor
technology has issues with size and the conceivable number of
chips in the devices, whereas in unconventional semiconductor
technology one can overcome the limitation of the traditional
technology by using actin QCA (AQCA) concept. We have
discussed elaborately this effective design. So AQCA concept of
circuit configuration is uncovered in this study. The contributions
of the paper are as follows:

• Defining the state transition table for a rule.
• Designing 2 to 2 and 4 to 4 data line selector cum router.
• Device density.
• Power consumption.
• Fault analysis.

3௑Related work
A cellular automaton is a well-defined computational theory.
Actin-based QCA concept is beneficial for bio-inspired computing
[11]. Without using the classical bits, only qubits are used in this
article to develop the logical activities of QCA [12]. Nowadays,
molecular-based QCA cells are being designed with the concept of
two-dot QCA cell and four-dot [13–18] QCA cell. These concepts
are also used to design semiconductor-based on various materials
[19–21]. Establishing digital logic in CBC is an idea that came
from a special feature of it, i.e. occurring collision of the particles
with each other. Protein channel systems (P-systems) are realised
accountable for transmitting between the cells of QCA methods
[16, 22]. Actin like structure concept is used to develop
unconventional computing [23]. Further study ascertains that
memory and impulses possessed by cells of it can be controlled by
putting in electrical signals in the p-system [24]. Actin filaments
were observed to have the capability of self-assembling. F-actin
takes part in vesicle movement [25]. AQCA concept is also
applicable for designing the concept of droplet machine and
voltage circuit [26, 27]. The Boolean logic function can be
developed by the intracellular connectivity characteristics of
AQCA [28]. Actin filament can be used as an actin network that
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has two or three states [29]. Actin filament networks can act as a
computational medium where different cell structures of actin are
used for developing the logical concept [30]. AQCA concept is
also capable of describing the effectiveness of molecules and the
design of digital circuitry [31].

4௑Basics of QCA
QCA is a formulation of quantum computation where Qubits
represent information instead of classical bits [1, 32, 33]. The
working principle of this type of systems the main concept in a grid
of ‘cells’, which can be formed as binary or entangled. Some
relevant and useful techniques are used to develop the concept
throughout this paper.

4.1 Cell in QCA

In cellular automata (CA) cell is a unit of functioning. A cell can
be in any state like an active or an inactive state as well as in a
superposition state. A partitioned CA is put under thought in the
following discussion where cells are partitioned into five substates,
as stated in [32, 33].

4.2 State definition in QCA

Three states have been established in the concept of QCA, i.e. zero
(‘0’), one (‘1’) and superposition state. Superposition state is a

combination of multiple states of ‘0’ and ‘1’ at the same time. For
the simplification of designing, we have used only ‘0’ and ‘1’ state
in this paper. The blank square boxes represent the substates that
are not active, square boxes that are coloured with black colour
represents the substates that are active.

4.3 Collision-based computing (CBC) on AQCA

In a P1-QCA [34], the system works with the core concept of CBC
[2]. The outline design of this system is sketched below. Fig. 1a
shows how the mapping of actin monomers belonging to an F-actin
chain into a P1-QCA is done. Fig. 2a shows how a cell movement
and collision between cells in a different timespace occur. Fig. 2a
illustrates pulses coming from different adjacent cells influencing
substates of a cell. The third substate of cell 3 will remain
unchanged as it is cell 3 itself and 1st, 2nd, 4th and 5th substates of
cell 3 will change depending on the active or inactive state of
substate 3 of cell 3. Inside of an arbitrarily long actin chain similar
movements of substates are applied to every cell. Such collisions
happen when a cell experiences two or additional incoming pulses
from its adjacent cells. A collision can be widely categorised as
reflection, annihilation, crossover etc. [35]. In a collision of
vesicles, microscopic structures of lipid-bound nutrients
transported by actin filaments can also be spotted [36]. The rule
matrix is formed to sort out collisions and to describe the state
transformation of the neighbouring cell [10]. Collisions can be

Fig. 1௒ Structure of F-actin and mapping of different cells and F-actin characteristics
(a) Mapping of actin molecules into a one dimensional array of cells, (b) F-Actin representation by ATK VNL QuantumWise in various dimension
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determined and exercised accordingly, as in [37]. In this paper to
design the proposed circuit rule (1, 30) and (4, 27) is randomly
referenced from the set of 32 unitary rules described in [1, 10].

4.4 Details of actin automata

Actin is a contractile muscle protein that is found in nearly all
eukaryotic cells. The protein size and diameter of actin is 43 kDa
[1] and 8 nm, respectively. The structure of actin is extremely
conserved and it participates in numerous protein–protein
interactions, including the formation of F-actin [38]. The key to
actin function in many cell movement processes is its dynamic
polymerisation and depolymerisation activity [39]. Actin is mainly
found in two distinct conformations and they are globular (G) actin
and fibrous (F) actin [40].

The transition from monomeric G-actin to polymerised F-actin
has gained a lot of attention as this process regulates many
physiological processes by interacting with other actin-binding
proteins and thereby causing cell motility. The Protein Data Bank
(PDB) [5] is an online repository of many characterised proteins,
nucleic acids and other large molecules from various biological
organisms, whose crystal structures are deposited in PDB. The
three-dimensional (3D) chemical structures of all the available
macromolecules in the database could be found and other known
molecular structure formats for the purpose of downloading,

visualisation and use in further computational studies. Previously,
F-actin was experimentally isolated from the skeletal muscle of a
European rabbit (Oryctolagus cuniculus) for the purpose of
modelling the protein using X-ray fibre diffraction [41] technique,
implemented at various intensities with a net resolution of 3.3 Å˚ in
the radial direction and 5.6 Å˚ along the equatorial plane. In this
work, from the PDB (database) we can get the 3D crystal
formation of the characterised F-actin [42] and can also get the
simulation result with the help of ATK-VNL QuantumWise
simulation package which is shown in Fig. 1b. Details of the
protein (molecule) model like the total no. of atoms present, names
of constituting atoms, individual bond distances between atoms in
Angstrom, relative atomic positions in 3D space and dimensions of
the molecule could be acquired from QuantumWise. Employing
QuantumWise, the PDB file for the F-actin model is launched and
on a white background, the 3D structure of the same is aligned in
different geometric orientations and respective screenshots of the
alignments are captured thereafter. The heterogeneity in the atomic
population is exhibited by different colours that are indexed in
Table 1. QuantumWise generated screenshots of the F-actin model
specific to the European Rabbit, existing at different spatial
orientations are compiled in Fig. 1b.

4.5 Rule (1, 30)

In rule (1, 30), 1 is represented in five-bit binary ‘00001’ and 30 as
‘11110’. The matrix representation of rule (1, 30) is
(‘00001’, ’11110’). It shows that how the excitation state of a cell
can take values like ‘1’, i.e. excited state or ‘0’, i.e. the idle state.
The rows represent the current excitation of corresponding cells.
The columns represent the number of incoming pulses from the
corresponding neighbourhood of four cells [32]. The ‘0’ as the first
element in the matrix represents the current excitation of a cell
stays at ‘0’ if no pulse arrives from its neighbours. Similarly, the
‘1’ as the 5th element of the first row represents an inversion of
excitation from 0 to 1 for four incoming pulses.

Fig. 2௒ Collision between cells in different timesteps with different rules
(a) Cell moves and collision between cells in different timesteps, (b) Collision with Rule (4, 27)

 
Table 1 Colour combination of F-actin images
Atoms Colour coding
hydrogen (H) white
carbon (C) black
nitrogen (N) dark blue
oxygen (O) red
sulphur (S) yellow
calcium (Ca) dark green
phosphorus (P) orange
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4.6 Rule (4, 27)

The matrix representation of rule (4, 27) is (‘00100’, ’11011’) [10].
From the matrix form, it can be observed that this rule inverts the
central substate of a collided particle if exactly two other substates
are active in the target cell. In other words, the activating part of
this rule is ‘2’. That is when exactly two neighbours are active;
then the central substate turns on if it is currently in the resting
state. However, if the central substate is currently inactive state, it
will deactivate for the same condition. Fig. 2b can be consulted for
an overview of collisions with this rule. It can be observed that the
first rule does not affect on the collision of two particles as a
member of ‘rules of the first group’ as the activation of any cell
changes only if four incoming pulses arrive from the neighbours’
collision of up to three elements does not effect on individual
propagation.

5௑Proposed work
The design of the data line selector cum router is proposed using
different methods in this segment. This data line selector cum
router, which is considered as radical of any communication
system is comprised of a mux and a demux [43]. Appropriate input
data line depending on the selected signal input(s) is selected and
sent by the mux as data bit to the demux. At the receiving end,
according to the select signal input(s) of the demux, the output data
line is selected. At first, a NOT gate, an AND gate and an OR gate
are realised by the QCA-based design embedded with the rule (4,
27) and (3, 28). Finally, the design of these gates guides to the
proposed design of the data line selector cum router. Collisions
between the incoming pluses or signals in the substates of a single
cell rule to build the logic gates and circuits [36]. In Fig. 2b, a
horizontal axis is assumed to denote the timestep and the series of
cells are vertically placed. The left-most cell series is considered at
timestep 1.

5.1 Realisation of NOT gate, AND gate and OR gate

A NOT gate can be achieved by only two cells, as shown in Fig. 3.
Cell 2 is introduced by [00010] and gate input ‘A’ is given at

the substate no. 3 of cell 1 (c1s3). Substate no. 4 of cell 1 (c1s4)
reflects the output of the gate. If the input ‘A’ is an inactive state,
c1s4 will active instead of output substate no. 2 of cell 1 (c1s2).
This phenomenon leads to achieving optimised NOT gate. The
design of an AND gate is presented in Fig. 3, where input ‘A’ and
input ‘B’ are placed at substate no. 1 of cell 3 (c3s1) and substate
no. 2 of cell 2 (c2s2), respectively. Substate no. 3 of cell 1, i.e. the
excitation state of cell 1 will hold the effect of a collision between
two input signals according to rule (4, 27) [32] and decide the

output (‘Y’). To achieve an OR gate rule (3, 28) [33] is applied and
introduced in Fig. 3. The collision between either three or four
neighbouring signals leads to the resultant state of the output cell.

In this segment, the proposed design of 2-input to 2-output data
line selector cum router is comprised of two dissimilar avenues.

5.2 Design of proposed 2-input to 2-output 2 × 2  data line
selector cum router

In this segment, the proposed design of 2-input to 2-output data
line selector cum router is comprised of two dissimilar avenues.

5.2.1 Method I (with NOT gate, AND gate and OR gate): This
design, presented in Figs. 4a and b, the elementary one, has
similarities with the traditional digital circuit design of mux and
demux. In this method, initially, mux is implemented by a NOT, an
AND and an OR gate to select the input data line ‘I0’ or ‘I1’. A
NOT gate associated with an AND gate set up demux which selects
between the output data lines ‘Y0’ and ‘Y1’.

5.2.2 Method II (optimised and reduced): This design is the
optimised form of the design of method I. Two single automata are
used to design mux and demux. The number of required cells and
timesteps are minimised here. The design is demonstrated in
Figs. 4c and d.

5.3 Design of proposed 4-input to 4-output 4 × 4  data line
selector cum router method

Proposed 4-input to 4-output data line selector cum router is also
constructed here in two unique ways.

5.3.1 Method I (using 2 × 2 data line selector): The basic
design, as shown in Fig. 5a, is developed in a hierarchical
approach, i.e. using three 2 × 2 data line selector. The detriment of
this design is that multiple automata are introduced to reflect the
output data line. 

5.3.2 Method II (optimised and reduced): This method leads to
realise the advantageous design with two single automata and the
minimum number of cells. Figs. 5b and c represent the design of a
4 × 4 data line selector, where yellow-coloured automata is the
4 × 1 mux and green coloured stands for 1 × 4 demux.

5.4 Simulation technique

An approach to simulate the proposed design of the data line
selector cum router is presented using Matlab 2016a. The proposed
design, based on a state transition, is simulated through the
‘Simulink’ toolbox. ‘Subsystem’, a component of Simulink, is
customised with five inputs and five outputs. Fig. 6a represents the
subsystem which defines a cell with five substates of the first
automata in any simulation. The columns of the subsystems are
considered as timesteps. ‘Switch’ is configured in the subsystem to
decide the excitation state of a cell, which depends on the rest four
substates of the same cell [33]. Fig. 6a demonstrates the
subsystems reflecting the cells of rest automata after the initial one.
Fig. 6b shows the simulation result of the proposed design.

6௑Device density
Near about 7 nm is the diameter of a helical actin filament and 5.4 
nm [44] is the length or diameter of globular actin (G-actin) [10].
The proposed design of mux contains seven molecules or cells and
the demux contains three in method II of 4 × 4 data line selector
cum router.

Because of the helical structure of actin, the length of the mux
and demux can be considered as 4 × 4 diameters of G-actin, i.e. 4 × 
5.4 nm and 2 × 5.4 nm, respectively.

Now, the volume of the 4 × 4 data line selector cum router in
method II can be calculated as

4 × π × 7/2 2 × 4 + 2 × 5.4 nm
3

= 4987.59 nm
3 (1)

Fig. 3௒ Realisation of
(a) NOT gate, (b) AND gate, (c) OR gate
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7௑Power consumption
F-actin submerged in NaCl and KCl solution can act as an RLC
circuit [10]. Direct current pulses are passed by the inductor is
called short circuit and blocked by the capacitor is called an open
circuit. The circuit is simulated in NI multisim which will hold
only repellent element values figured in the following equation:

R1 = 6.11 MΩ, R2 = 0.9 MΩ (2)

The values are enumerated at 293 K atmospheric temperature and
for 0.15 M K+ and  0.02 M Na + . Two units of G-actin were
considered and simulated for calculating power consumption as
output is obtained within one timestep and within that a pulse
transfer from one G-actin, i.e. monomer to the next. In the

simulation shown in Fig. 6b, the output voltage displayed by
multimeter is 98.79 mV, whereas the input voltage is 100 mV. As
inductor and capacitor do not effect in DC equivalent circuit, the
voltage drop by the total equivalent resistance is

δV = Vout − Vin = 100 − 98.79 mV = 1.21 mV (3)

Now, with the help of ohm's law, i.e. (4), the calculation of power
consumption can be done

P = V
2
/R (4)

Thus, power consumption, calculated from (2) and (3), for each
active substate is 119.8 fw. Now, for method II, 4-to-4 nano-router,
at 0101 condition, the number of moves of input signals and select

Fig. 4௒ Different design approach in method I and method II
(a) When S0 = 0 for method I, (b) When S0 = 1 for method I, (c) When S0 = 0 for method II, (d) When S0 = 1 for method II

 

Fig. 5௒ Different design approach 4 × 4 router in method I and method II
(a) When S0 = 0 and S1 = 1 for method I, (b) When S0 = 1 and S1 = 0 for method II, (c) When S0 = 0 and S1 = 1 for method II
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line signals through substates. So, the highest power consumption
at 0101 condition for this design will be 21 × 119.8 fw = 2515.8 fw.

8௑Fault analysis
Due to short between signal paths or break-in signal path faults can
occur in the CMOS logic circuit. The stuck-at fault is the most
popular model of logical fault representation. Table 2 represents all
possible stuck at fault in a two-input AND gate. Table 3 represents
stuck at fault in CMOS AND gate design. In our proposed data line
selector cum router design fault can arise due to missing of a cell or
cells. Missing cell-based fault analysis for 2 × 2 router for Mux and
Demux is shown in Tables 4 and 5, respectively, where I1, I0, S0
and R0 are the input vectors and Y0 and Y1 are the output vectors. 
For method II of 4 × 4 nano-router design, fault matrices are built

and shown in Tables 6–8, respectively, where S1, S0, R1 and R0
are the input vectors and Y0, Y1, Y2 and Y3 are the output vectors. 
‘M’ denotes the missing vector in Tables 5 and 8, respectively. The
analysis is done for single-cell missing in all cases.

9௑Comparative analysis
The proposed data line selector cum router has been designed in
two different methods, i.e. method I and method II. The method I is
a combination of different logic gates like AND, NOT and OR
gates and method II is an optimised and reduced method. The
discrimination between these two methods is presented in Figs. 5a
and b for a 4 × 4 data line selector cum router. A comparative
analysis is shown in Fig. 7 for 4 × 4 data line selector cum router. 
This comparison is done with different cell count and time steps for

Fig. 6௒ Simulation technique and simulation result of the proposed design
(a) Subsystem which defines a cell with five Substates, (b) Simulation result of router when S0 = 1 and S1 = 0

 
Table 2 Missing cell-based fault analysis
Test vector (A, B) Expected output (Y) Missing cell 1 Missing cell 2 Missing cell 3
(0, 0) 0 missing 0 0
(0, 1) 0 missing 0 0
(1, 0) 0 missing 0 0
(1, 1) 1 missing 0 0
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different methods. Fig. 7 proves that method II is an optimised and
reduced method. Discussion on fault analysis of the proposed
design has been done in Section 8. An analysis between CMOS
AND gate and realised AND gate by actin cellular automata
concerning all possible fault occurrences is given in Table 9 where
the possible number of fault occurrences in CMOS-based design
for an AND gate is 6 and actin-based design for an AND gate is 3. 

10௑Conclusion
The first method described in the present work is simple to
understand and applicable to any complex circuit. The second
method requires fewer time steps, but it still necessitates the need

to synchronise two separate automata dedicated to specific tasks.
All the discussed methods show how actin filaments are useful to
realise logic circuits at the molecular level. From these
implications, the second method can be considered to be the most
suitable method in designing a multiplexer. More efficient design
and analysis of the Boolean function of multiplexer exposed in this
technology. From the proposed design and comparative analysis,
the first method is chosen as a straightforward method but need to
synchronise multiple automata. Method II design is ideal for both
2 × 2 and 4 × 4 nano-router as having a minimum number of cells
and automata.

Table 3 Stuck at fault analysis in different input vectors
Test vector (A, B) Expected output (Y) a stuck at 0 a stuck at 1 b stuck at 0 b stuck at 1
(0, 0) 0 0 0 0 0
(0, 1) 0 0 1 0 0
(1, 0) 0 0 0 0 1
(1, 1) 1 0 1 0 1
 

Table 4 Missing cell-based fault analysis for 2 × 2 router for
MUX
Test vector
(I1, I0, S0,
R0)

Expected
output (Y0,

Y1)

Missing
cell 1 (Y0,
Y1)

Missing
cell 2 (Y0,
Y1)

Missing
cell 3 (Y0,
Y1)

(0, 0, 0, 0) (0, 0) (0, 0) (0, 0) (0, 0)
(0, 0, 0, 1) (0, 0) (0, 0) (0, 0) (0, 0)
(0, 0, 1, 0) (0, 0) (0, 0) (0, 0) (0, 0)
(0, 0, 1, 1) (0, 0) (0, 0) (0, 0) (0, 0)
(0, 1, 0, 0) (1, 0) (1, 0) (0, 0) (0, 0)
(0, 1, 0, 1) (0, 1) (0, 1) (0, 0) (0, 0)
(0, 1, 1, 0) (0, 0) (0, 0) (0, 0) (0, 0)
(0, 1, 1, 1) (0, 0) (0, 0) (0, 0) (0, 0)
(1, 0, 0, 0) (0, 0) (0, 0) (0, 0) (0, 0)
(1, 0, 0, 1) (0, 0) (0, 0) (0, 0) (0, 0)
(1, 0, 1, 0) (1, 0) (0, 0) (0, 0) (1, 0)
(1, 0, 1, 1) (0, 1) (0, 0) (0, 0) (0, 1)
(1, 1, 0, 0) (1, 0) (1, 0) (0, 0) (0, 0)
(1, 1, 0, 1) (0, 1) (0, 1) (0, 0) (0, 0)
(1, 1, 1, 0) (1, 0) (0, 0) (0, 0) (1, 0)
(1, 1, 1, 1) (0, 1) (0, 0) (0, 0) (0, 1)
 

Table 5 Missing cell-based fault analysis for 2 × 2 router for
DMUX
Test vector (I1,
I0, S0, R0)

Expected
output (Y0,

Y1)

Missing cell 1
(Y0, Y1)

Missing cell 2
(Y0, Y1)

(0, 0, 0, 0) (0, 0) (M, M) (0, 0)
(0, 0, 0, 1) (0, 0) (M, M) (0, 0)
(0, 0, 1, 0) (0, 0) (M, M) (0, 0)
(0, 0, 1, 1) (0, 0) (M, M) (0, 0)
(0, 1, 0, 0) (1, 0) (M, M) (0, 0)
(0, 1, 0, 1) (0, 1) (M, M) (0, 0)
(0, 1, 1, 0) (0, 0) (M, M) (0, 0)
(0, 1, 1, 1) (0, 0) (M, M) (0, 0)
(1, 0, 0, 0) (0, 0) (M, M) (0, 0)
(1, 0, 0, 1) (0, 0) (M, M) (0, 0)
(1, 0, 1, 0) (1, 0) (M, M) (0, 0)
(1, 0, 1, 1) (0, 1) (M, M) (0, 0)
(1, 1, 0, 0) (1, 0) (M, M) (0, 0)
(1, 1, 0, 1) (0, 1) (M, M) (0, 0)
(1, 1, 1, 0) (1, 0) (M, M) (0, 0)
(1, 1, 1, 1) (0, 1) (M, M) (0, 0)
 

Table 6 Missing cell-based fault analysis for 4 × 4 router for
MUX
Test
vector
(S1, S0,
R1, R0)

Expected
output (Y0,
Y1, Y2, Y3)

Missing cell
1

Missing cell
2

Missing cell
3

(0, 0, 0, 0) (I0, 0, 0, 0) (I0, 0, 0, 0) (I0, 0, 0, 0) (I0, 0, 0, 0)
(0, 0, 0, 1) (0, I0, 0, 0) (0, I0, 0, 0) (0, I0, 0, 0) (0, I0, 0, 0)
(0, 0, 1, 0) (0, 0, I0, 0) (0, 0, I0, 0) (0, 0, I0, 0) (0, 0, I0, 0)
(0, 0, 1, 1) (0, 0, 0, I0) (0, 0, 0, I0) (0, 0, 0, I0) (0, 0, 0, I0)
(0, 1, 0, 0) (I1, 0, 0, 0) (I1, 0, 0, 0) (I1, 0, 0, 0) (I1, 0, 0, 0)
(0, 1, 0, 1) (0, I1, 0, 0) (0, I1, 0, 0) (0, I1, 0, 0) (0, I1, 0, 0)
(0, 1, 1, 0) (0, 0, I1, 0) (0, 0, I1, 0) (0, 0, I1, 0) (0, 0, I1, 0)
(0, 1, 1, 1) (0, 0, 0, I1) (0, 0, 0, I1) (0, 0, 0, I1) (0, 0, 0, I1)
(1, 0, 0, 0) (I2, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(1, 0, 0, 1) (0, 12, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(1, 0, 1, 0) (0, 0, 12, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(1, 0, 1, 1) (0, 0, 0, I2) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(1, 1, 0, 0) (I3, 0, 0, 0) (I3, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(1, 1, 0, 1) (0, I3, 0, 0) (0, I3, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(1, 1, 1, 0) (0, 0, I3, 0) (0, 0, I3, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(1, 1, 1, 1) (0, 0, 0, I3) (0, 0, 0, I3) (0, 0, 0, 0) (0, 0, 0, 0)
 

Table 7 Missing cell-based fault analysis for 4 × 4 router for
MUX
Test
vector
(S1, S0,
R1, R0)

Expected
output (Y0,
Y1, Y2, Y3)

Missing cell
4

Missing cell
5

Missing cell
6

(0, 0, 0, 0) (I0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(0, 0, 0, 1) (0, I0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(0, 0, 1, 0) (0, 0, I0, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(0, 0, 1, 1) (0, 0, 0, I0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0)
(0, 1, 0, 0) (I1, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0) (I1, 0, 0, 0)
(0, 1, 0, 1) (0, I1, 0, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, I1, 0, 0)
(0, 1, 1, 0) (0, 0, I1, 0) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, I1, 0)
(0, 1, 1, 1) (0, 0, 0, I1) (0, 0, 0, 0) (0, 0, 0, 0) (0, 0, 0, I1)
(1, 0, 0, 0) (I2, 0, 0, 0) (I2, 0, 0, 0) (I2, 0, 0, 0) (I2, 0, 0, 0)
(1, 0, 0, 1) (0, 12, 0, 0) (0, I2, 0, 0) (0, I2, 0, 0) (0, I2, 0, 0)
(1, 0, 1, 0) (0, 0, 12, 0) (0, 0, I2, 0) (0, 0, I2, 0) (0, 0, I2, 0)
(1, 0, 1, 1) (0, 0, 0, I2) (0, 0, 0, I2) (0, 0, 0, I2) (0, 0, 0, I2)
(1, 1, 0, 0) (I3, 0, 0, 0) (I3, 0, 0, 0) (I3, 0, 0, 0) (I3, 0, 0, 0)
(1, 1, 0, 1) (0, I3, 0, 0) (0, I3, 0, 0) (0, I3, 0, 0) (0, I3, 0, 0)
(1, 1, 1, 0) (0, 0, I3, 0) (0, 0, I3, 0) (0, 0, I3, 0) (0, 0, I3, 0)
(1, 1, 1, 1) (0, 0, 0, I3) (0, 0, 0, I3) (0, 0, 0, I3) (0, 0, 0, I3)
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Table 8 Missing cell-based fault analysis for 4 × 4 router for
DMUX
Test
vector
(S1, S0,
R1, R0)

Expected
output (Y0,
Y1, Y2, Y3)

Missing cell
1

Missing cell
2

Missing cell
3

(0, 0, 0, 0) (I0, 0, 0, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(0, 0, 0, 1) (0, I0, 0, 0) (M, I0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(0, 0, 1, 0) (0, 0, I0, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(0, 0, 1, 1) (0, 0, 0, I0) (M, 0, M, I0) (0, 0, 0, 0) (0, M, 0, M)
(0, 1, 0, 0) (I1, 0, 0, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(0, 1, 0, 1) (0, I1, 0, 0) (M, I1, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(0, 1, 1, 0) (0, 0, I1, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(0, 1, 1, 1) (0, 0, 0, I1) (M, 0, M, I1) (0, 0, 0, 0) (0, M, 0, M)
(1, 0, 0, 0) (I2, 0, 0, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(1, 0, 0, 1) (0, 12, 0, 0) (M, I2, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(1, 0, 1, 0) (0, 0, 12, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(1, 0, 1, 1) (0, 0, 0, I2) (M, 0, M, I2) (0, 0, 0, 0) (0, M, 0, M)
(1, 1, 0, 0) (I3, 0, 0, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(1, 1, 0, 1) (0, I3, 0, 0) (M, I3, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(1, 1, 1, 0) (0, 0, I3, 0) (M, 0, M, 0) (0, 0, 0, 0) (0, M, 0, M)
(1, 1, 1, 1) (0, 0, 0, I3) (M, 0, M, I3) (0, 0, 0, 0) (0, M, 0, M)
 

Fig. 7௒ Comparison between different methods
 

Table 9 Comparison with CMOS-based design and actin-
based design
Methods Possible number of fault

occurrences in an AND gate
conventional CMOS design 6
actin-based design 3
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