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Inkjet printing-based 2D materials for flexible electronics have aroused much interest due
to their highly low-cost customization and manufacturing resolution. However, there is a
lack of investigation and essential understanding of the surface adhesion affected by the
printing parameters at the atomic scale. Herein, we conducted a systematic molecular
dynamics simulation investigating the inkjet printing of graphitic inks on polyimide
substrates under various conditions. Simulations under different temperatures, inkjet
velocities, and mechanical loadings such as pressure and deformation are performed.
The results show that the best adhesion is achieved in the plasma-modified polyimide/
graphene-oxide (mPI/GO) interfacial system (the interaction energy (E;,) between mPI and
GOis ca. 1.2 times than with graphene). The adhesion strength decreases with increasing
temperature, and higher inkjet velocities lead to both larger impact force as well as
interfacial fluctuation, while the latter may result in greater interfacial instability. When
loaded with pressure, the adhesion strength reaches a threshold without further
improvement as continuing compacting of polymer slabs can hardly be achieved. The
detachment of the interfaces was also explored and mPI/GO shows better resistance
against delamination. Hopefully, our simulation study paves the way for future inkjet
printing-based manufacturing of graphene-based flexible electronics.

Keywords: surface adhesion, inkjet printing, 2D material, graphene, polyimide, molecular dynamics

1 INTRODUCTION

Flexible electronics are attracting increasing attention nowadays due to various superior properties
over traditional rigid electronics. These bendable and even foldable apparatus are much reduced in
weight compared to metal-based electronics. Organic and polymeric substrates are widely used in
manufacturing, and in general, the potential producing cost is much lower. To this day, flexible
electronics is witnessed to have growing applications in various fields, such as sensors (Sekitani et al.,
2009; Gao et al.,, 2019; Xu et al., 2020; Gao et al., 2021a; Gao et al., 2021b; Gao et al. 2020; Huang et al.,
2014; Lu et al., 2021; Li et al., 2021), electronic displays (Templier et al., 2007; Mizukami et al., 2018;
Zhou et al., 2006; Han et al., 2012), solar cells (Granqvist 2007; Peng et al., 2017), nanogenerators (Liu
etal,, 2021), transistors (Chung et al., 2019), etc. Polyimides (PI) are one of the most widely polymeric
flexible substrates used (Berggren et al., 2007; Lien et al., 2014; Song et al., 2017) due to their excellent
flexibility and outstanding thermal stability (Tg:ca. 400°C), as well as being chemically inert under
various conditions.
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In the pattern deposition of flexible electronics, inkjet printing
using graphitic inks, such as pristine graphene (PG) or graphene
oxide (GO) is a promising direction (Song et al., 2017; Li et al,,
2013, 2017; Fang et al, 2016a). Inkjet printing technique
surpasses other deposition methods in many ways, such as its
high printing resolution, fast printing speed, relatively lower cost,
less production of waste, as well as its much-simplified operation
procedures (Fang et al., 2016b; Moses et al., 2020), thus has been
widely applied in semiconductor electronics (Noguchi et al., 2008;
Minemawari et al., 2011; Kim et al., 2016). The PG/GO inks are
receiving growing attention these days due to two main
advantages: first, their electric conductivity is comparable to
the metal-based inks, while much higher than the conductive
polymers (Moses et al., 2020; Saidina et al., 2019). Besides, they
are more compatible with the polymeric substrates used in
flexible electronics, as they are light in weight and also
chemically and mechanically stable (He et al, 2019). To
improve the sensitivity of the circuits and achieve better
performance, a snugly combined, well-fabricated ink/substrate
interface is highly desired. The inkjet fabrication process can have
a significant impact on the ink/substrate interfacial adhesion,
such as the substrate temperature, the inkjet velocity, efc.
Meanwhile, flexible electronics are usually applied at various
working conditions, e.g., they are often exerted under different
types of loadings, such as bending, stretching, pressing, efc.
Therefore, it is also crucial that a good interfacial adhesion is
guaranteed under different loadings to improve the service life
and work stability.

Therefore, understanding the interfacial properties between the
ink and the substrate is critical in the improvement of flexible
electronics. Though the macroscopic properties have been well
characterized via experimental techniques, such as scanning
electron microscope (SEM), transmission electron microscope
(TEM) (Lai et al., 2021), and mechanical tests (Xu et al., 2020),
nonetheless information regarding micro-scale properties at the
atomic level, especially dynamic changes on an ultrafast timescale,
are still difficult to obtain via experiments. Simulation will be an
ideal complementary means to experimental techniques regarding
microscale and fast-timescale probes. Molecular dynamics (MD)
simulation is a powerful tool in investigating the physical
properties of materials at the atomic scale. While comparing to
the first-principle calculations, for which the simulation scale is
limited to hundreds of atoms, the simulation system of MD can
reach as large as 10*-10° atoms with well simulation accuracy.
Moreover, ultrafast-timescale simulations down from fs to ps can
be achieved using MD. MD simulations have widely been used in
investigating the interfacial properties of composite materials
(Faasen et al, 2020; Jarray et al, 2020). Patil et al. (2020)
conducted an MD investigation on the interfacial properties
between flattened carbon-nanotube (CNT) and polyimides.
Their results suggest weaker interfacial interactions between
fluorinated polyimide and CNT. Besides, both the friction and
tensile process of the PI/CNT interface are studied systematically
using MD with a more comprehensive understanding of the failure
mechanism. Liu et al. (2015) used MD to investigate the pulling out
of the graphene sheet in the composite and the change of the
polymer/graphene interfacial properties during the process. The
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morphology of the graphene sheet, polymer types, and chain length
are found to have a crucial impact on the mechanical strength of
the interface. Though these MD studies have offered crucial insight
into a wide range of interfacial problems, however, to the best of
our knowledge, MD investigation on the graphitic ink/polyimide
substrate interfacial behaviors during inkjet printing and
deformation in the application have rarely been reported. A
deeper theoretical exploration is desired for future technical
improvements.

In this study, a systematic MD simulation investigation on the
inkjet printing of graphitic inks on polyimide substrates has been
conducted. The plasma treatment of the PI substrate is examined
with two types of graphitic inks, PG and GO. First, the effect of
temperature and inkjet velocity during inkjet printing are
investigated. Second, the interfacial deformation behaviors
under both downward pressure and delamination are
examined for the evaluation of working performance. The
organization of the paper is as follows: Section 2 is the
computational methods used in this work, Section 3 is the
results and discussions of the simulations, and Section 4 is the
conclusion. The goal of our work is that the simulation results can
be helpful and instructive for future technical improvements in
the inkjet printing-based fabrication of flexible circuits.

2 MODELS AND METHODS
2.1 Force Field

The Scienomics’ Polymer Consistent Force Field (SciPCFF) is
used in describing the interaction in all systems. SciPCFF is
developed by Scienomics based on the polymer consistent
force field (PCFF) with extended parameters from the
condensed-phase optimized molecular potentials for atomistic
simulation force field (COMPASS). Both PCFF and COMPASS
force fields have been widely used in the simulation of polymeric
and graphitic materials (Yang et al., 2013; Chawla and Sharma
2017). Lennard-Jones (9-6) potential is used in describing the van
der Waals interaction.

2.2 Computational Details

The Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) program is used for MD simulations (Plimpton 1995).
The atomic trajectory is integrated using the velocity
Verlet algorithm. Timestep of 1fs is used. All electrostatic
interactions are calculated using the Coulombic terms with the
reciprocal-space contribution calculated using the particle-particle-
particle-mesh (pppm) method. A Nése-Hoover thermostat and
barostat are used in controlling the temperature and pressure,
respectively. Periodic boundary conditions are applied in all
directions. In simulations where no periodicity in the
z-direction is wanted, the PBC in the z-direction is canceled
and a large vacuum space is set in the z-direction.

2.3 Building the Simulation Systems

2.3.1 Polymers

The initial polymer structures are built using the Amorphous
Builder module in the Materials and Processes Simulations
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(MAPS) software developed by Scienomics SARL. Both Polymer
bulks of poly(4,4'-oxydiphenylene-pyromellitimide) (PI) and
plasma-modified PI (mPI) are built, the corresponding
chemical formulas are illustrated in Supplementary Figure S1.
A chain length of 10 repeating units is used in both cases. First,
the polymer bulks are compressed under a pressure of 1 atm at
1,000 K for 2 ns, reaching a density at 1.351 g/cm® and 1.346 g/
cm® for PI and mPI, respectively, which is close to the
experimental value of PI at 1.42g/cm’. Then an annealing
procedure is conducted under canonical ensemble (NVT) from
1,000 to 300 K for 7 ns, and at last, the systems are equilibrated at
300 K for 500 ps. The x-y dimensions of the final polymer bulks
are ca. 90 x 90 A%,

2.3.2 PG and GO

The structure of PG is taken from the structure library of MAPS,
while GO is built using the open-source Python tool GOPY
(Muraru et al., 2020) with PG as the initial configuration. To
match the dimension of the polymer bulks, a PG of 90 x 90 A is
constructed. An oxidation ratio of 22.5% is used for GO. The
formula of GO is Co(OH),(O),, which means the ratio of carbon,
hydroxyl groups, and epoxy groups is 9:1:1. Using GOPY, these
functional groups are randomly placed on the PG sheet on both
sides. The snapshot of the GO structure is demonstrated in
Supplementary Figure S2.

2.3.3 Interface

Using MAPS four interface models are built (PI/PG, PI/GO, mPI/
PG, and mPI/GO) by combing the polymer bulks and interfaces
as mentioned before. To reach a better adhesion, a compress
procedure is conducted. The ink parts are fixed as rigid during the
whole simulation. Firstly, the systems are heated from 300 K to
1,000 K with a force of 0.005 Kcal mol™ A™" imposed on the
polymer slab towards the ink. Then the temperature is kept at
1,000 K with the force on for 200 ps. Next, the temperature is
gradually reduced to 300 K with the loading gradually decreasing
to zero. Finally, the whole system is equilibrated for another
200 ps. The final structure reaches an ideal attachment between
the ink and the substrate, as illustrated in Supplementary
Figure S3.

3 RESULTS AND DISCUSSION

3.1 Ink/Substrate Interface During Inkjet

Printing — Effects of Temperature

One problem often encountered in inkjet printing is the adhesion
strength of the ink/substrate interface. Stronger adhesion is
favored for better electric performance as it helps improve the
electric conduction of the circuits. Reduced-graphene oxide
(rGO) inks are among the most commonly used graphitic
inks. rGO is hydrophilic as normally no absolute reduction of
GO can be achieved. However, as PI is a relatively hydrophobic
material, usually its surface needs further modification to
improve its adhesion with the rGO inks. Plasma treatment has
been widely used as one of the most popular among many surface
modification methods (Kondo et al., 2017; Rusu et al., 2020;
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Marques et al., 2019; Abdel-Fattah and Alshaer, 2020; Usami
et al., 2012; Park et al., 2010; Chan et al., 1996; Least and Willis
2013; Ghosh et al., 1997; Huang et al., 2003; Shin and Kang, 2010)
due to various advantages such as high efficiency, rapid and
simple operation, no need for solvents, and the ability to
introduce a wide range of functional groups onto the surface
(Abdel-Fattah and Alshaer, 2020). Meanwhile, after plasma
treatment, only the very surface of the polymer is etched
without significantly changing the properties of the inner bulk
(Abdel-Fattah 2019; Park et al., 2009; Xie et al., 2011). Based on
previous research, the imide bond N-C in PI is proposed to be
fairly weak and gets easily cleaved, forming amide and
carboxylate groups under various conditions. This mechanism
has been observed under the treatment of acid (Ghosh et al.,
1997), base (Huang et al., 2003), UV irradiation (Rusu et al.,
2020), and plasma (Zhou et al., 2019; Grandoni et al., 2017).
Inagaki et al. investigated the modification of PI using seven
different plasmas: Ar-, N,-, O,-, CO,-, NO-, and NO,-plasmas.
The results show that these different types of plasma all lead to the
cleavage of the N-C bond in the imide group as well as the
following formation of secondary amide and carboxylate groups
(Inagaki et al.,, 1992), as shown in Supplementary Figure S1.
Therefore, we use the formula in Supplementary Figure S1 as the
structure of modified PI (mPI).

However, the micro-scale mechanism of the improved
adhesion after plasma treatment still needs a more thorough
investigation for 2D materials. Here we use MD to explore the
adhesion between two types of graphitic inks, PG and GO, with
two substrates, the pristine PI and plasma-modified PI (mPI), in
an attempt to explore the effects of graphitic inks and the surface-
modification of PI on the adhesion strength. The detailed
building process of models can be found in Section2.3. Here
the adhesion under different temperatures is studied as the
substrate’s temperature is a crucial parameter affecting the
printing result of the inkjet printing process. The temperature
control and related simulation details during calculation are
described in Section 2.2. The adhesion strength is evaluated
via the calculation of the interaction energy (E;,) between the
polymer slab and the GO/PG ink, which is the reduced potential
energy after the separated components combine with each other,
as clarified as follow:

Ey = Eo — (Eink + Esubstmte) (1)

Eiwov Eink and Egyperae are the potential energies of the
composite, ink and substrate, respectively. A lower E;,
indicates stronger interfacial adhesion strength. The results are
shown in Figure 1A.

First of all, one can observe in Figure 1A that under same
temperatures the adhesion strength follows: PG-mPI< PG-PI<
GO-PI< GO-mPI. The adhesion of polymeric substrates with GO
is in general greater than that with PG. This is attributed to the
fact that both the van der Waals (vdW) and the Coulomb
electrostatic interactions exist between the polymers and GO,
including the strong hydrogen bonding interactions, while with
PG only the vdW interaction is present. The enhanced adhesion
between mPI and GO is consistent with the experimental
observation that PI surface turns more hydrophilic after
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plasma treatment, and the adhesion of rGO ink is much
improved. This phenomenon is mainly attributed to the
enhanced interfacial hydrogen bonding interactions. E.g, in
mPI/GO, both COOH and NH, as well as OH groups on GO
can donate their H in forming interfacial hydrogen bonds, while
in GO/PI, only OH groups on GO can act as the hydrogen donors.
The weakest adhesion is observed between PG and mP], of which
the difference in polarity is the greatest among all systems. The
results indicate that though GO is more adhesive on mP], if using
PG as ink, unmodified PI will show better adhesion.

A lower temperature is found to help the improvement of
adhesion strength for all systems, as reflected via the proportional
relationship between E;;, and temperature in the range investigated.
This is mainly attributed to two reasons: first, the non-bonding
interactions (vdW, hydrogen bonding, and other electrostatic
interactions) are more unstable under higher temperatures. This
can be viewed via the radial distribution functions (RDF). RDF
describes the density of a specific particle B as a function of distance
from a reference particle A, reflecting the possibility of finding B
around A. r/o is distance r divide the distance unit (A in this case).
g(r) represents the density of the specific particle in the micro-shell
defined by r relative to the entire system. As aforementioned, the
amide and carboxylate groups formed after cleavage of N-C bond
as the result of plasma treatment is the main cause of the improved
adhesion of mPI. Therefore, to explore the impact of temperature
on the pair interaction between the amide hydrogens (NH) with
the carbonyl oxygens (CO), the corresponding RDF under

different temperatures is analyzed. Here the mPI/GO system is
presented (RDF of mPI/PG is shown in Supplementary Figure S5)
as illustrated in Figure 1B. Peaks 1, 2, and 3 correspond to the
intra-molecular hydrogen bond between NH and the carboxylate
oxygen (COO), the interaction between NH and the oxygen of the
bonded carbonyl, and the inter-molecular NH-CO hydrogen
bonds, respectively, as illustrated in Figure 1C. The magnified
peak 3 is shown in the inset in Figure 1B, and peaks 1, 2 can be
found in the Supplementary Figure S4. One can observe that all
three peaks drop in intensity with increasing temperature,
reflecting the instability of these interactions upon heating. A
similar result is also observed for other non-bonding
interactions, as reflected by the all-to-all RDF shown in
Figure 1D (the all-to-all RDF of other systems is shown in
Supplementary Figures S5D, S6). The first two peaks within
1.5 A are considered to be the covalent bonds, while the peak at
ca. 2.4 A magnified in the inset is assigned to the overall non-
bonding interactions, which drop in intensity with increasing
temperature. Second, as higher temperature generally results in
lower density of the system, the overall non-bonding interactions
near the interface are also reduced.

3.2 Ink/Substrate Interface During Inkjet

Printing —Effects of Inkjet Velocity
As discussed before, the mPI/GO system shows the best adhesion
performance due to enhanced hydrophilicity after plasma
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treatment. In fact, in real applications, mPI has already replaced
PI as the substrates in flexible electronics. Therefore, we will focus
the investigation on mPI systems. Apart from temperature, we are
also interested in how the interface behaves under different inkjet
velocities. Four velocities (1, 5, 10, and 20 A/ps) are investigated.
Nonetheless, it has to be pointed out that due to the consideration
of computational cost, the simulated inkjet velocities are much
higher in comparison to the ones used in real applications (ca. 5 x
107* A/ps). The bottom part of the polymer substrate is set as
rigid, while the ink (PG/GO) is given an initial velocity towards
the substrate in the z-direction, as demonstrated in Figure 2A. It
is found that the ink/substrate interface is affected by the inkjet
velocity in two aspects. Faster printing velocity leads to a larger

impact force of ink onto the substrate, and will also result in
greater interfacial fluctuation. The impact force can be reflected
via the amplitude of the stress fluctuation, as shown in Figure 2B;
Supplementary Figure S7A. This can also be observed via the
density profiles under different velocities (Figures 2C,D;
Supplementary Figures S7B,C). As shown in Figure 2C;
Supplementary Figure S7B, under slow velocities (1 A/ps), the
density near the interface (—90 to —80 A)is relatively stable with
the gap between the ink and the substrate clearly shown at —87.66
and -85.77 A for systems mPI/GO and mPI/PG, respectively.
While under higher velocities (Figure 2D; Supplementary
Figure S7C, 10 A/ps), the density fluctuates rather vigorously,
especially near the interface, and the ink/substrate gap can no
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longer be observed. And the combined influence of impact force
and interfacial fluctuation affects the interfacial adhesion, as
reflected by E,, (Figure 2E; Supplementary Figure S7D).
Higher inkjet velocity, in general, leads to greater fluctuation
of E;, after hitting. Though higher inkjet velocity leads to a larger
impact force, the greater interfacial fluctuation may also have a
significant influence on the ink’s adhesion. And as observed in the
inset in Figure 2E, after ca. 100 ps Ey, is basically stabled. For
mPI/GO, after 100 ps, E;, under higher inkjet velocities (10 and
20 A/ps) is lower compared to lower velocities (1 and 5 A/ps),
indicating that the interfacial adhesion between mPI and GO is
enhanced by higher inkjet velocity. While for mPI/PG, there is no
significant difference between different velocities. Therefore, to
achieve better adhesion via tuning inkjet velocities, both impact
force, as well as interfacial fluctuation, should be considered.

3.3 Ink/Substrate Interface Under

Loading-Downward Pressure
Another issue often encountered in flexible electronics is that the
flexible circuit is often under different types of loading during use,
such as downward pressing, bending, stretching, detaching, etc.
Therefore, understanding how the interface is affected under
loading is critical in achieving better working performance. Here
we have analyzed two types of loading, the downward pressing
and the detachment under uniaxial tensile. In this section, the
effects of downward pressing are firstly discussed. In many
pressure-sensitive flexible electronics, the conduction and
sensitivity of the circuits are highly related to the pressure
applied. The pressure change in the electronics can be
captured as electric signals. Therefore, it is crucial to
understand how the interface is affected by pressures, which is
the key to improving the sensitivity of the electronics. The results
are shown in Figure 3. E;, of different systems under different
pressures at 300 K are calculated (in each case forces 0, 0.35, 0.7,
1.05, 1.4, 1.75, 2.1, 2.45, and 2.8 pN are applied on each atom in
the mPI slab downward, while PG/GO is fixed).

As the force applied on the atom increases from 0 to 1.75 pN,
the adhesion is significantly improved as reflected by the drop of
E;, (Figure 3A). However, the adhesion strength can only be

improved through increasing the pressure to a limited extent, as it
can be observed in Figure 3A that a further increment of force to
2.8 pN results in a much smaller change in E;,. The reason is
mainly attributed to the interfacial density (p;,) change under
different pressures, as demonstrated in the density profiles near
the interface as illustrated in Figure 3B; Supplementary Figure
S8. Higher density leads to a denser formation of non-bonding
interactions and stronger adhesion strength in the interfacial
regions. The changes in p;, are consistent with E;,.. p;, gradually
increases with compression at first, however with further pressure
increases, the increase of p;, is relatively small, and significant
enhancement in compaction can no longer be achieved. The
results indicate that the interfacial adhesion can only be improved
via increasing the pressure to a certain extent, which may help in
the improvement of the electronics’ sensitivity.

3.4 Ink/Substrate Interface Under

Loading—Detachment During Tensile

As mentioned above, in flexible electronics, the ink/substrate
interface is usually subjected to different types of external loading.
In real applications, except the normal pressure or impact
downwards, printed ink on flexible substrates may also suffer
in the delamination off the interface. Here the investigation of the
detachment process of the mPI systems has been conducted by
applying uniaxial tensile loading.

The upper part of the polymer bulk is fixed, while the PG/GO
layer is given a constant velocity downwards (1 A/ps), as shown in
the snapshot at time 0 ps in Figure 4A. The movable part of the
polymer slab is kept at the thickness of 90 A for both systems.

As shown in the snapshots in Figure 4A (The snapshots for
mPI/PG are shown in Supplementary Figure S9), which can
intuitively demonstrate the change during simulation, the
downward movement of the ink is accompanied by the
concurrent movement of the polymer chains attached to it due
to interfacial adhesion. As reflected in the corresponding
snapshots at different times for both systems, at the initial
stage upon tensile (10 ps) the polymer slabs are stretched
without apparent formation of micro-voids. Then along the
process, the micro-voids within the polymer bulk witnesses a
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growth of size. The chains are separated from each other, and the
ones near the surface are then detached. As shown in the last
snapshots for both systems, the final detachment for mPI/GO
occurs at a time of 140 ps with chain residues at the interface,
while for mPI/PG, complete detachment occurs earlier, at 120 ps.
The detachment can also be viewed via the E;;, change as shown in
Figure 4B. For both systems, E;, increases with the gradual
interfacial detachment of chains. The most drastic increase of
E,, is observed before ca. 30 ps, as in this stage, most chains are
still attached to the interface. After this stage, as many chains are
pulled away from the interface, the corresponding change of E;,
also gets much slower, as more clearly illustrated in the snapshots
at 50 and 80 ps. The complete detachment of mPI/PG is reflected
by the E;, increase to 0 at the end, and for mPI/GO the chain
residue on the interface is evaluated by the final E;, at ca.
—337 kcal/mol. As shown in Figure 4B, though the final
detachment for mPI/GO occurs at 140 ps, however after ca.
90 ps no apparent change of E;, is observed. This indicates
that the chain residues are firmly attached to the interface,
and the final fracture actually occurs between the chain
residues on the interface and the ones in the polymer slab
instead of exact failure at the surface. These results are
ascribed to the stronger adhesion strength between mPI and
GO. The results indicate that mPI/GO system shows better
resistance against uniaxial detachment due to greater
interfacial adhesion strength.

4 CONCLUSION

In this study, a systematic MD investigation focusing on
graphitic ink/PI substrate inkjet printing has been
conducted. The ink/substrate adhesion under different
temperatures, the impact of inkjet velocities during the
printing process, the interfacial behaviors of the mPI

systems under different loading have been explored at the
atomic level on an ultrafast timescale. MD results suggest
the adhesion strength is follows: PG-mPI< PG-PI< GO-PI<
GO-mPI, with the best adhesion strength achieved between
mPI and GO, as it improved after introduction of hydrophilic
groups through plasma treatment, which is consistent with the
experimental results. However, unmodified PI is found to have
better adhesion with the PG ink. The ink/substrate adhesion
decreases with increasing temperature due to the instability of
non-bonding interactions as well as expanded systems at higher
temperatures. Investigation on the inkjet velocities of mPI
systems suggests that higher inkjet velocity leads to both
greater impact force as well as more drastic interfacial
fluctuation. When the systems are under different pressures,
the interfacial adhesion is at first significantly enhanced, which
is attributed to the increased density near the interface.
However, further increases in pressure helps little in the
improvement of adhesion strength. Tensile simulation
suggests delamination occurs in the interface under uniaxial
loading. The detachment along tensile is accompanied with the
formation and growth of micro-voids. For mPI/GO, the greater
interfacial adhesion leads to the residue of chains on the
interface as well as the later occurrence of failure. In
conclusion, the simulation results in this work have
provided theoretical views on the interfacial behaviors in
graphitic ink/PI substrate systems at the atomic level during
inkjet printing as well as in applications, which may guide
future technical developments and improvements.
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