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(57) Abstract: A Method of Fabricating an Flectrical Circuit Assembly on a Flexible Substrate A method of fabricating an electrical
circuit assembly on a flexible substrate is disclosed. The method comprises: identifying one or more bending-sensitive elements of an
electrical circuit assembly, each bending-sensitive element having a performance that varies when said bending-sensitive element is
flexed; splitting said one or more bending-sensitive elements into a first portion and a second portion, wherein the first portion and
the second portion are functionally equivalent and together equate to said bending-sensitive element; printing the first portion of said
bending-sensitive element on a first surface of the flexible substrate; printing the second portion of said bending-sensitive element
on a second surface of the flexible substrate, diametrically opposite the first portion such that bending of the flexible substrate has
an opposite eftect on each of the tirst and second portions thereby serving to substantially cancel the effect on each portion out; and
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A Method of Fabricating an Electrical Circuit Assembly on a Flexible
Substrate

Field of the Invention

[0001] The present invention relates to a method of fabricating an electrical

circuit assembly on a flexible substrate.

Background

[0002] Printed Electronics (PE) are highly desirable because they can be printed
on-demand, anywhere and anytime; are scalable (e.g. into large formats like
posters or wallpaper); and are inexpensive such that they can be used
everywhere print media is used (i.e. with a unit cost of the order of cents such
that they are considered to be disposable). Furthermore, one of the key
technological advantages of Printed Electronics (PE) is its realization on flexible
substrates (e.g. plastic) that can be moulded or bent in use or to be fitted into

awkward or uneven spaces (see references 1-5 at the end of the specification).

[0003] Printed electronic printing technologies can, in general, be classified as
either ‘Subtractive’ or ‘Additive’ processes. A Subtractive process involves a
series of additive (deposition) steps followed by subtractive (etching, lift-off, etc.)
steps (see references 6-7 at the end of the specification). In contrast, an
Additive process involves deposition-only steps and it is therefore also known

as a ‘Fully-Additive’ printing process.

[0004] Subtractive processes are dominant due to superior performance of the
resulting devices when compared to those made using the Fully-Additive
process. Accordingly, reported PE circuits and systems are generally realized
using Subtractive processes (see references 1-4 at the end of the specification).
However, disadvantages of the Subtractive process include the fact that it is not
environmentally friendly (due to the use of corrosive chemicals); it is not on-
demand (with attendant slow throughput and long processing times); and it is

relatively expensive (requiring complex equipment and infrastructure and high
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wastage of chemicals, e.g. due to etching/lift-off procedures). These
disadvantages contravene the desirable aims associated with printed

electronics, as outlined above.

[0005]On the contrary, a Fully-Additive printing process is low cost, includes
simple processing steps (i.e. no subtractive steps), can be performed on-
demand (printing anywhere, anytime), with high throughput (quick printing) and

scalability (large format printing).

[0006]However, irrespective of the printing process employed, one critical
drawback with printed electronics is that the characteristics of printed electronic
devices and sensors (including transistors, capacitors, resistors, etc.) vary
significantly when the substrate is bent, resulting in intractable variations in the
device performance and, in many cases, it is not possible to distinguish if the
change is due to a sensed parameter or due to bending. In some cases, the
bending (which may be convexly/outwardly or concavely/inwardly) may result in
device, sensor, circuit or system failure (see references 8-9 at the end of the
specification).  Furthermore, in the context of synchronous-logic circuits,
bending may lead to increased delays that may exceed a time constraint;

leading to the need for asynchronous-logic circuits.

[0007] There are two reported methods (see references 13-14 at the end of the
specification) to accommodate the change of the characteristics of electronic
devices due to bending, and both methods have obvious drawbacks. In
particular, in reference 13, the devices need to be located in an area where the
bending is minimal. The major drawback of this method is the requirement of a
priori information about the nature of the bending before the printed electronic
devices are made and this information is generally unknown in advance of the
manufacture and use of the device. In reference 14, another substrate layer is
placed on top of the printed electronics such that the physical deformation of the
printed electronics is reduced. However, this method undesirably doubles the
overall thickness of the device and, in some sense, defeats the flexibility

advantage of flexible substrates. In summary, these methods are mechanical
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solutions that may, at best, reduce the variation in the PE characteristics due to
bending but will not eliminate it to a first order and therefore some ambiguity will
remain. Accordingly, the above methods are largely insufficient and ineffective

at addressing the problem associated with bending of printed electronic devices.

[0008]US 3,723,635 discloses a method for forming double-sided flexible
printed circuits wherein two sets of terminals are initially formed on the same
side of a substrate, with each set being separated by a distance sufficient to
allow the resulting substrate region there-between to be bent around and
secured to a rigid support member. The two sets of terminals are therefore
ultimately positioned on opposite sides of the support member. However, the
presence of the rigid support member means that the resulting product is not
flexible, at least in the region of the support member, even though the initial

substrate is flexible.

[0009]US 9,076,822 discloses a generally rigid carrier substrate - on a first side
of which is mounted a first flexible substrate and on a second side of which is
mounted a second flexible substrate. A first electronic device is deposited on
the first flexible substrate and a second electronic device is deposited on the
second flexible substrate. However, as above, the presence of the rigid carrier
substrate means that the resulting product is not flexible, at least in the region of

the carrier substrate, even though the first and second substrates are flexible.

[0010]1t is therefore an aim of the present invention to provide an improved
method of fabricating an electrical circuit assembly on a flexible substrate that

helps to ameliorate one or more of the above problems.

Summary of the invention

[0011]In accordance with a first aspect of the invention there is provided a
method of fabricating an electrical circuit assembly on a flexible substrate

comprising:

a) identifying one or more bending-sensitive elements of an electrical

circuit assembly, each bending-sensitive element having a
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performance that varies when said bending-sensitive element is

flexed:

b) splitting said one or more bending-sensitive elements into a first
portion and a second portion, wherein the first portion and the
second portion are functionally equivalent and together equate to

said bending-sensitive element;

c) printing the first portion of said bending-sensitive element on a first

surface of the flexible substrate;

d) printing the second portion of said bending-sensitive element on a
second surface of the flexible substrate, diametrically opposite the
first portion such that bending of the flexible substrate has an
opposite effect on each of the first and second portions thereby

serving to substantially cancel the effect on each portion out; and
e) electrically connecting the first portion and the second portion.

[0012] Thus, embodiments of present invention provide a method of fabricating
an electrical circuit assembly on a flexible substrate which is able to self-
compensate for the effect of any bending on its electrical performance. More
specifically, it will be understood that bending resulting in compression (i.e.
concave or inward bending) of one of the first or second portions will in turn
result in extension (i.e. convex or outward bending) of the other of the first or
second portions thereby providing an equal and opposite electrical effect such
that the bending effects on each of the first and second portions will effectively
cancel each other out resulting in little or no residual bending effect. It will also
be understood that the proposed method of self-compensation is a localised
effect and constitutes an electrical solution (as opposed to a mechanical
solution) to some of the problems associated with printed electronics on a

flexible substrate.

[0013]In general terms, embodiments of the invention provide a localised self-

compensation effect that innately self-compensates for changing characteristics
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of printed electronics on a flexible substrate due to bending of the substrate.
Advantages of the proposed method over the state-of-the-art include: (i)
localised self-compensation; (ii) no/little hardware overhead (i.e. no increased
complexity); (iii) no power dissipation overhead; (iv) little, if any, substrate area
overhead; (v) non-mechanical means (i.e. the thickness of the flexible substrate
remains substantially unchanged); (vi) no reduction or restriction to the flexibility
of the substrate; and (vii) no a priori information for the placement of the

electronics is needed.

[0014] Embodiments of the invention are highly efficacious and experiments
have shown that variations in the electrical characteristics due to bending can

be reduced by between approximately 2 times and greater than 100 times.

[0015] The splitting of the bending-sensitive elements into a first portion and a
second portion may be considered as partitioning the bending-sensitive
elements into two constituent parts. Thus, the first portion and the second
portion may effectively constitute two halves of the same bending-sensitive

element.

[0016] It should be noted that it is not necessary for all of the components of the
electrical circuit assembly to be separated into two portions. Instead, only the
bending-sensitive elements, whose characteristics vary when the substrate is
bent, need to be separated and printed on opposite sides of the substrate. Any
elements that are not bending-sensitive can remain as single unchanged
elements on only one side of the substrate. For instance, in some (but not all)
printed electronic processes, the characteristics of passive components such as
resistors, capacitors and inductors remain unchanged even when the substrate
is bent. In this case, these components can remain as one part, instead of

separating them into two halves.

[0017]The first and second portions may have identical configurations or
different configurations as long as they are functionally equivalent such that the

effect of bending on each portion is substantially equal and opposite in value.
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[0018] The first and second portions have one or more of. a same value, a
same dimension, a same area, a same volume, a same footprint or a same

aspect ratio.

[0019] In embodiments of the invention, the printing of the first and/or second
portions may be by a Fully-Additive process. Thus, embodiments of the
invention may also benefit from the advantages associated with Fully-Additive

printed electronics such as the simplicity of the process.

[0020] The Fully-Additive process may be constituted by an all-air process (i.e.
printing in air without special gases such as those commonly used in nitrogen

chambers).

[0021] The Fully-Additive process may be constituted by a low temperature
process (typically <120°C since many inexpensive substrates such as
polyethylene terephthalate (PET) plastic films deform in temperatures beyond
~120°C).

[0022] Embodiments of the invention may comprise the following steps for the
printing of each of the first and second portions of the electrical circuit assembly,
when the electrical circuit assembly comprises an organic thin film transistor
(OTFT):

a) screen printing and curing a gate on the flexible substrate;
b) screen printing and curing a dielectric on the gate;

c) screen printing and curing a drain and a source spatially-separated

on the dielectric; and
d) slot die coating a semiconductor layer between the drain and source.

[0023]Each curing step may comprise one or more of: thermal curing or

ultraviolet (UV) curing.

[0024] The semiconductor may comprise 6,13-Bis (triisopropylsilylethynyl)

pentacene also known as TIPS-Pentacene.



WO 2018/009150 PCT/SG2017/050347

7

[0025] The gate, drain and source may each comprise silver and the dielectric

may comprise Dupont 5018 ™,

[0026] In accordance with a second aspect of the invention there is provided an

electrical circuit assembly comprising:
a flexible substrate;

a first portion of a bending-sensitive element of the electrical circuit

assembly printed on a first surface of the flexible substrate;

a second portion of the bending-sensitive element of the electrical circuit

assembly printed on a second surface of the flexible substrate;

wherein the first and second portions are electrically connected to each

other and are functionally equivalent; and

wherein the first portion and the second portion are located diametrically
opposite each other such that bending of the flexible substrate has an opposite
effect on each of the first and second portions thereby serving to substantially

cancel the effect on each portion out.

[0027] Thus, embodiments of the second aspect of the invention provide an
electrical circuit assembly capable of self-compensation of electrical effects
resulting from bending of the flexible substrate on which the assembly is

provided.

[0028] The electrical circuit assembly may comprise one or more individual
elements, components or circuits. For example, the electrical circuit assembly
may comprise one or more of the following: transistor, Organic Thin Film
Transistor (OTFT), resistor, capacitor, inductor, inverter, diode-connected
inverter, zero-gate-source-voltage (zero-Vgs) inverter, ring-oscillator, diode-
connected ring-oscillator, zero-gate-source-voltage (zero-Vgs) ring-oscillator,
multi-layer interconnect, data converter, digital-to-analogue converter (DAC),
operational amplifier (op-amp), differential amplifier, capacitor-based circuit,

diode-connected circuit or sensor.
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[0029] The electrical circuit assembly may be configured for analogue, digital or

mixed signal processing.

[0030] The electrical circuit assembly may comprise one or more active and/or

passive elements.

[0031] The first and second portions may be electrically connected through one

or more vias.

[0032] In accordance with a third aspect of the invention there is provided a

device comprising the electrical circuit assembly as described above.

[0033] The device may be configured as an electronic skin (i.e. e-skin).
Accordingly, the device may comprise one or more sensors (e.g. tactile
sensors) on the flexible substrate for sensing pressure and/or bending and the
electrical circuit assembly for signal conditioning or processing (e.g. to convert a
sensed analogue parameter into a digital signal that mimics a physiological

stimulation).

[0034]In some embodiments, the device may be configured as a
neuroprosthetic. In which case, the sensor and signal conditioning electrical
circuit assembly may be printed in close proximity (e.g. the sensor may be

provided above the signal conditioning electrical circuit assembly).

Brief description of the drawings

[0035] Embodiments of the invention will now be described, by way of example

only, with reference to the following drawings, in which:

Figure 1(a) outlines a method of fabricating an electrical circuit assembly on a

flexible substrate according to an embodiment of the invention;

Figure 1(b) illustrates a Fully-Additive printing process for a first portion of a

transistor element in accordance with an embodiment of the invention;

Figure 1(c) illustrates a screen printing process in accordance with an

embodiment of the invention;
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Figure 2(a) illustrates a perspective view of flexing of a flexible substrate
comprising two transistor elements A and B printed on a same side of the

flexible substrate in accordance with a conventional design;

Figure 2(b) illustrates a cross-sectional view showing in more detail the nature
of the respective stretching and compression of the two transistor elements A

and B of Figure 2(a);

Figure 2(c) shows a view similar to that of Figure 2(a) but wherein the two
transistor elements A and B are split into a top A1, B1 and a bottom A2, B2

portion in accordance with an embodiment of the invention;

Figure 2(d) shows a view similar to that of Figure 2(b) but wherein the two
transistor elements A and B are split into a top A1, B1 and a bottom A2, B2

portion in accordance with an embodiment of the invention;

Figure 2(e) shows a graph of output drain current Ip against voltage across

drain and source Vps for the two transistors A and B;

Figure 3(a) shows a graph of output drain current | (A) against voltage across
gain and source Vgs (V) for the conventional transistor A when both concave

and flat;

Figure 3(b) shows a graph of output drain current | (A) against voltage across
gain and source Vs (V) for the conventional transistor A when both convex and
flat:

Figure 3(c) shows a graph of output drain current | (A) against voltage across
gain and source Vgs (V) for the proposed split transistor A1, A2 when both bent

and flat;

Figure 3(d) shows a graph of output drain current | (A) against voltage across
gain and source Vgs (V) for the conventional transistor A when flat, concave and

convex;
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Figure 3(e) shows a graph of output drain current | (A) against voltage across
gain and source Vg (V) for the proposed split transistor A1, A2 when both bent

and flat;

Figure 3(f) shows a graph of normalised drain current | (%) against bending
radius (cm) for the proposed split transistor A1, A2 and the conventional

transistor A when both concave and convex bending is applied;

Figure 4(a) shows a graph of normalised capacitance against bending radius
(cm) for a proposed split capacitor and a conventional capacitor when both

concave and convex bending is applied;

Figure 4(a) shows a graph of normalised resistance against bending radius (cm)
for a proposed split resistor and a conventional resistor when both concave and

convex bending is applied;
Figure 5(a) shows a circuit diagram for a conventional diode-connector inverter;

Figure 5(b) shows a circuit diagram for a proposed split diode-connector

inverter;

Figure 5(c) shows a micrograph of the proposed split diode-connector inverter
of Figure 5(b);

Figure 6(a) shows a graph of output voltage against input voltage for the

conventional diode-connector inverter of Figure 5(a);

Figure 6(b) shows a graph of inverter gain against input voltage for the

conventional diode-connector inverter of Figure 5(a);

Figure 6(c) shows a graph of output voltage against input voltage for the

proposed split diode-connector inverter of Figure 5(b);

Figure 6(d) shows a graph of inverter gain against input voltage for the

proposed split diode-connector inverter of Figure 5(b);
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Figure 7(a) shows a circuit diagram for a conventional zero-Vss connected

inverter;

Figure 7(b) shows a circuit diagram for a proposed split zero-Vss connected

inverter;

Figure 7(c) shows a micrograph of the proposed split zero-Vgs connected

inverter of Figure 7(b);

Figure 8(a) shows a graph of output voltage against input voltage for the

conventional zero-Vss connected inverter of Figure 7(a);

Figure 8(b) shows a graph of inverter gain against input voltage for the

conventional zero-Vss connected inverter of Figure 7(a);

Figure 8(c) shows a graph of output voltage against input voltage for the

proposed split zero-Vgs connected inverter of Figure 7(b);

Figure 8(d) shows a graph of inverter gain against input voltage for the

proposed split zero-Vgs connected inverter of Figure 7(b);

Figure 9(a) shows a circuit diagram for a conventional diode-connected ring-

oscillator with level shifter;

Figure 9(b) shows a circuit diagram for a proposed split diode-connected ring-

oscillator with level shifter;

Figure 10(a) shows a micrograph of a top side of the proposed split diode-

connected ring-oscillator of Figure 9(b);

Figure 10(b) shows a micrograph of a bottom side of the proposed split diode-

connected ring-oscillator of Figure 9(b);

Figure 10(c) shows a photograph of the proposed split diode-connected ring-

oscillator of Figures 10(a) and 10(b);

Figure 11(a) shows a graph of output voltage against time for the conventional

diode-connected ring-oscillator of Figure 9(a) at a bending radius of 1cm;
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Figure 11(b) shows a graph of output voltage against time for the conventional

diode-connected ring-oscillator of Figure 9(a) at a bending radius of 2cm;

Figure 11(c) shows a graph of output voltage against time for the proposed split

diode-connected ring-oscillator of Figure 9(b);

Figure 11(d) shows a graph of output frequency against bending radius for the
proposed split diode-connected ring-oscillator of Figure 9(b) and the

conventional diode-connected ring-oscillator of Figure 9(a);

Figure 12(a) shows a circuit diagram for a conventional zero-Vss connected

ring-oscillator;

Figure 12(b) shows a circuit diagram for a proposed split zero-Vss connected

ring-oscillator;

Figure 12(c) shows a micrograph of the proposed split zero-Vss connected ring-

oscillator of Figure 12(b);

Figure 13(a) shows a graph of output voltage against time for the conventional

zero-Vgs connected ring-oscillator of Figure 12(a) at a bending radius of 1cm;

Figure 13(b) shows a graph of output voltage against time for the conventional

zero-Vgs connected ring-oscillator of Figure 12(a) at a bending radius of 2cm;

Figure 13(c) shows a graph of output voltage against time for the proposed split

zero-Vgs connected ring-oscillator of Figure 12(b);

Figure 13(d) shows a graph of output frequency against bending radius for the
proposed split zero-Vss connected ring-oscillator of Figure 12(b) and the

conventional zero-Vss connected ring-oscillator of Figure 12(a);
Figure 14(a) shows a circuit diagram for a conventional operational-amplifier;
Figure 14(b) shows a circuit diagram for a proposed split operational-amplifier;

Figure 14(c) shows a micrograph of the proposed split operational-amplifier of
Figure 14(b);
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Figure 15(a) shows a graph of gain (dB) against frequency (Hz) for the

conventional operational-amplifier of Figure 14(a);

Figure 15(c) shows a graph of gain (dB) against frequency (Hz) for the

proposed split operational-amplifier of Figure 14(b);

Figure 16(a) shows a graph of output voltage (V) against time (s) for the

conventional operational-amplifier of Figure 14(a);

Figure 16(c) shows a graph of output voltage (V) against time (s) for the

proposed split operational-amplifier of Figure 14(b);

Figure 17 shows (a) a convention design of an amplifier comprising transistors
that are sensitive to bending and resistors that are insensitive to bending; and
(b) a proposed design according to an embodiment of the invention in which
only the components that are sensitive to bending are printed on each side of a

substrate;

Figure 18 shows a circuit diagram for a transistor (a) and three different layout
configurations (b), (c) and (d) for the same transistor; and

Figure 19 shows an artificial tactile e-skin sensing system, comprising a flexible
sensor layer and a proposed Fully-Additive printed circuit layer in accordance

with an embodiment of the invention.

Detailed description

[0036]In accordance with a first embodiment of the present invention there is
provided a method 10 of fabricating an electrical circuit assembly on a flexible
substrate, as illustrated in Figure 1. The method 10 comprises the following

steps:

a) identifying one or more bending-sensitive elements of an electrical
circuit assembly, each bending-sensitive element having a
performance that varies when said bending-sensitive element is

flexed:
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b) splitting said one or more bending-sensitive elements into a first
portion and a second portion, wherein the first portion and the
second portion are functionally equivalent and together equate to

said bending-sensitive element;

c) printing the first portion of said bending-sensitive element on a first

surface of the flexible substrate;

d) printing the second portion of said bending-sensitive element on a
second surface of the flexible substrate, diametrically opposite the
first portion such that bending of the flexible substrate has an
opposite effect on each of the first and second portions thereby

serving to substantially cancel the effect on each portion out; and
e) electrically connecting the first portion and the second portion.

[0037] Thus, embodiments of the invention provide a method 10 for printing
electronics on a flexible substrate such that bending of the substrate has little or

no residual effect on the performance of the electronics.

[0038]In one embodiment, the method 10 is performed using a Fully-Additive
screen printing process 20 as illustrated in Figure 1(b) for a first organic thin-film
transistor (OTFT) 21 printed on a first side of a plastic flexible substrate 22. It
will be understood that in other embodiments the electrical circuit assembly may
take another form and may comprise one or more electrical circuits or electrical
components. It should also be noted that the figures are not drawn to scale and
the thickness of the OTFT 21 is exaggerated (in reality, the OTFT 21 is
significantly thinner than the substrate 22). As will be explained below, the

OTFT 21 is a bending-sensitive element.

[0039]In an initial step O, the flexible substrate 22 is provided. In a step 1, a
silver gate layer 24 is screen printed on the flexible substrate 22 and is heat-
cured in an oven (not shown). In a step 2, a dielectric layer 26 made of Dupont
5018™ is screen printed on the gate layer 24 and cured using ultraviolet (UV)

light. In a step 3, a silver drain 28 and a silver source 30 are screen printed on
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the dielectric layer 26 and heat-cured in the oven. In a step 4, a semiconductor
layer 32 made of 6,13-Bis(triisopropylsilylethynyl)pentacene (also known as
TIPS-Pentacene) is slot-die coated and heat-cured on a hotplate. For reference,

a molecular structure 34 of TIPS-Pentacene is also illustrated in Figure 1(b).

[0040] The Fully-Additive screen printing process 20 can be carried out as an
all-air process (i.e. printing in air without special gases such as those commonly
used in nitrogen chambers). In addition, the Fully-Additive screen printing
process 20 can be a low temperature process (typically <120°C since many
inexpensive substrates such as polyethylene terephthalate (PET) plastic films

deform in temperatures beyond ~120°C).

[0041]Further details of which may be incorporated into the low-cost Fully-
Additive screen printing process 20 described above, can be found in

references 1-4 listed at the end of the specification.

[0042] The simplicity of the Fully-Additive screen printing process 20 makes it
easy to print electronic components, elements or circuits on both sides of the
flexible substrate 22. Accordingly, although only one OTFT 21 is illustrated in
Figure 1(b) it will be understood that the same Fully-Additive screen printing
process 20 may be employed to print a second OTFT 21 on a second side of

the flexible substrate 22 in accordance with embodiments of the invention.

[0043]Furthermore, variations between the OTFTs 21 may be minimised by
precise control of the semiconductor layer 32, for example, by blade coating the
semiconductor layer 32 using a polymer small molecular blend in a dual-solvent
system. The resulting process variations are a low at approximately +4.9%

carrier mobility (¢7) and +0.43V threshold voltage (V).

[0044] The OTFTs 21 described above have been demonstrated to feature the
highest carrier mobility of all reported Fully-Additive OTFTs, at 1.5cm?/Vs.
However, the Fully-Additive screen printing process 20 may also be employed
to print other electronic components according to embodiments of the invention,

including complex circuits (e.g. amplifiers and digital-to-analogue converters
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DACS) and passive devices including capacitors, resistors and inductors. In
some embodiments, resistors have been printed with resistance ranges from
<10Q/0O to 800kQ/O (depending on the composition/blending of the ink),
capacitors have been printed with capacitance ranges from ~2pF to 570pF and
physical size ranging from 0.01cm? to 2.56cm? while inductors have been
printed with inductance ranges from 1uH to 8uH (depending on the size of the
printed inductors and the operating frequency), with quality factor (Q) >10 at
10MHz. Further details of such embodiments are described in more detail

below.

[0045]For completeness, Figure 1(c) illustrates a screen printing apparatus 40
employed in the screen printing process 20 of Figure 1(b). Thus, the apparatus
comprises a screen 42 located above the flexible plastic substrate 22; a
container 44 of paste (i.e. molten material) which is flowed over the screen 42 to
form each desired layer or element; and a squeegee 46 which is wiped over the
screen 42 to compress the paste into formations 48 provided on the screen 42

to form the desired shape of the layer/element.

[0046] Regardless of which printing technique is used, one common drawback
of traditional (single-sided) printed electronics on a flexible substrate is that the
characteristics of the printed electronics (e.g. transistors, capacitors, resistors,
etc.) change when the substrate is bent (i.e. the element is bending-sensitive).
Figures 2(a) and 2(b) illustrate two printed transistors A and B (each one similar
to one of the OTFTs 21 described above) spaced apart on the same side of the
flexible substrate 22. As depicted in Figures 2(a) and 2(b), the substrate 22 is
bent convexly in the region of transistor A and the substrate 22 is bent
concavely in the region of transistor B. As illustrated in Figure 2(b), transistor A
is stretched due to convex bending and transistor B is compressed due to
concave bending. In each case, the amount of bending or change in the length
| of each transistor A or B can be quantified in terms of a bending radius R
extending from each end of each transistor A or B to a point where they cross
and a bending angle 6 there-between. As the substrate 22 is, in practice,

significantly thicker and stiffer than the transistors A and B, the centre of the
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substrate 22 - between transistors A and B - can be assumed to form a neutral
plane (e.g. where no physical deformation or bending is experienced). As
explained previously, the bending of the substrate 22 results in a change of the
physical dimensions of the printed electronics (in this case, transistors A and B),

and hence results in a change of their electrical characteristics.

[0047]The applicants have observed through experiments conducted on
numerous printed electrical circuit assemblies (such as the transistors A and B)
that the changes in the electrical characteristics due to concave bending and
due to convex bending are usually opposite or converse. For example, for the
transistors A and B, the drain current increases when the transistor B is bent
concavely and the drain current decreases when the transistor A is bent
convexly. Furthermore, the amount of change of the drain current is largely
determined by the bending radius, R. In other words, if the bending angle 6 of
two equally sized transistors A and B is the same, but one is bent concavely
and the other is bent convexly, the amount of change in their respective drain
current is approximately the same but with opposite signs and the average of
their respective drain current is approximately the same as that when both

transistors A and B experience no bending (i.e. when the substrate 22 is flat).

[0048] The above observations are evident from the graph of Figure 2(e) which
shows output drain current Ip against voltage across drain and source Vps for
convex transistor A and concave transistor B. The drain current for transistor A
is decreased and the drain current for transistor B is increased when compared
to the drain current for each transistor A/B when they are flat. In addition, the
average value of the drain current for transistors A and B is close to the drain
current for each transistor A/B when they are flat. Thus, proving that the effect
of bending by the same amount is approximately equal and opposite in sign

depending on whether the bending is concave or convex.

[0049] In light of the above, the applicants have proposed the use of a localised
self-compensation effect in embodiments of the present invention. In particular,

the bending-sensitive elements of a desired electrical circuit assembly are split
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or partitioned into two identical parts or halves, and each part is respectively
printed on opposite top and bottom sides of a flexible substrate and is
electrically connected to its sister-part through vias. A perspective view and
cross-sectional view of two printed transistors similar to those shown in Figures
2(a) and 2(b) but based on the proposed method are depicted in Figures 2(c)
and 2(d) respectively. As such Figures 2(c) and 2(d) show two electrical circuit
assemblies in the form of transistors A and B comprising: a flexible substrate 22;
a first portion A1/B1 printed on a first (top) surface 50 of the flexible substrate
22; a second portion A2/B2 printed on a second (bottom) surface 52 of the
flexible substrate 22; wherein the first and second portions A1/B1 and A2/B2
are substantially identical and together equate to a desired electrical circuit
assembly A/B; and wherein the first portion and the second portion A1/B1 and
A2/B2 are located diametrically opposite each other and are electrically
connected to each other. In this case, the electrical connections are through a
first via 54 connecting each drain part, a second via 56 connecting each source
part and a third via 58 connecting each gate part of each of the transistors
A1/A2 and B1/B2. In other embodiments other types of electrical connections

may be employed.

[0050] When the substrate 22 is bent, the transistors A1/B1 on the top surface
50 and on the bottom surface 52 will experience largely equal but opposite
stresses. Specifically, when the substrate 22 is bent convexly, the part on the
top surface A1 will be stretched and the part on the bottom surface A2 will be
compressed. Similarly, when the substrate 22 is bent concavely, part on the top
surface B1 will be compressed and part on the bottom surface B2 will be
stretched. Consequently, because of the opposing effects experienced by each
of each part of each transistor A and B, the total drain current of A1 and A2 (or
B1 and B2) when bent will be approximately the same as A1 and A2 (or B1 and
B2) when unbent (i.e. when flat). Accordingly, embodiments of the invention
provide a method and electrical circuit assembly configured to cancel the effects

of bending when printed on flexible substrates.

Experimental Results - Transistors
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[0051]Figures 3(a) to (e) depict the output characteristics of printed transistors
(i.,e. OTFTs 21) based on both the conventional design shown in Figures 2(a)
and 2(b) and on the proposed design shown in Figures 2(c) and 2(d). Note that
for the conventional design, the two printed transistors A and B are printed on
the same side of the flexible substrate 22 whilst in the proposed design, each
transistor A/B is split into two halves A1/A2 and B1/B2 which are printed
respectively on the top surface A1/B1 and bottom surface A2/B2 of the flexible
substrate 22. In this experiment, the characteristics of each transistor were
measured using a Keithley 4200-SCS Parameter Analyzer and a bending radius

R of 1cm was tested.

[0052]Figure 3(a) shows a graph of output drain current | (A) against voltage
across gain and source Vg (V) for the conventional transistor B when both
concave and flat, for a range of bias conditions (i.e. Vgs=10V, 20V, 30V, 40V,
50V, 60V). In each case, a percentage variation between the measurements
for the flat and the concave scenarios was calculated as follows: +118% at
Ves=10V, +65% at Vgs=20V, +52% at Vgs=30V, +44% at Vgs=40V, +40% at
Ves=50V and +37% at Vgs=60V. Notably, when the transistor B is bent

concavely, its current is increased and has a positive variation.

[00563]Figure 3(b) shows a graph of output drain current | (A) against voltage
across gain and source Vg (V) for the conventional transistor A when both
convex and flat for a range of bias conditions (i.e. Vgs=10V, 20V, 30V, 40V, 50V,
60V). In each case, a percentage variation between the measurements for the
flat and the convex scenarios was calculated as follows: -44% at Vgs=10V, -36%
at Ves=20V, -33% at Vgs=30V, -30% at Ves=40V, -28% at Vgs=50V and -26%
at Vgs=60V. Notably, when the transistor A is bent convexly, its current is

decreased and has a negative variation.

[0054] Compared to the case when the conventional transistor A/B is flat, the
current variation due to bending is large. For example, at a bias condition of
Vss=60, the current is varied by 63% overall at bending radius of 1cm —

respectively +37% and -26% when the transistor is bent concavely and
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convexly. Such a large variation is problematic, particular for sensing
applications since it unclear whether any variation is due to a change in the
sensed parameter or due to bending. In fact, this problem is exacerbated
because the magnitude of the variation changes not only for different bias
conditions (as shown in Figures 3(a) and 3(b)) but also for different bending

radii (as will be described below in relation to Figure 3(f)).

[0055]Figure 3(c) shows a graph of output drain current | (A) against voltage
across gain and source Vgs (V) for the proposed split transistor A1/A2 when
both bent (one part concave and the opposite part convex) and flat for a range
of bias conditions (i.e. Vgs=10V, 20V, 30V, 40V, 50V, 60V). In each case, a
percentage variation between the measurements for the flat and the bent
scenarios was calculated as follows: +37% at Vgs=10V, +15% at Vgs=20V, +10%
at Vgs=30V, +7% at Ves=40V, +6% at Vgs=50V and +5% at Vss=60V. Notably,
when the proposed transistor is bent, the variation in current due to bending is
significantly reduced when compared with the conventional transistors of Figure
3(a) and 3(b). For example, at the same bias condition of Vzs=60, the current
variation is reduced from 63% to a mere 5% which represents more than a 12
times reduction in the current variation. Also, it is noted that the variation is
reduced as the bias current is increased. Furthermore, a 5% variation from
bending is approximately equal to the variations that may arise from the printing
process itself and, in any case, in the context of circuit design, a 5% variation

can be easily accommodated.

[0056]Figure 3(d) shows a graph of output drain current | (A) against input
voltage across gain and source Vs (V) for the conventional transistor A/B when
flat, concave and convex and Figure 3(e) shows a graph of output drain current
| (A) against input voltage across gain and source Vs (V) for the proposed split
transistor A1, A2 when both bent and flat. Accordingly, it can be seen that the
proposed design of Figure 3(e) has little variation of input-output transfer
characteristics when bent and when flat compared to the large variation shown

for the concave and convex conventional transistor of Figure 3(d).
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[0057]Figure 3(f) shows a graph of normalised drain current | (%) (with respect
to the current when the transistor is flat) against bending radius (from 1cm to
8cm) for the proposed split transistor A1, A2 and the conventional transistor A
when both concave and convex bending is applied. It can therefore be
observed that greater variation results when the bending radius is small (i.e. the
bending angle is large) and less variation results when the bending radius is
large (i.e. the bending angle is small), particularly for the conventional transistor.
Thus, as expected, the current variation due to bending reduces when the
bending radius increases. However, the variation is significantly reduced for all
bending radii in respect of the proposed transistor. Specifically, the reduction is
from about one order to two orders of magnitude (12x, 26x, 34x, 99x, 19x, 14x,
10x and 8x for a bending radius of 1, to 8cm respectively). In addition, as
observed earlier, in general, the variations of a conventional transistor bent
concavely and convexly are largely the same (or similar value) but of opposite
directions (signs). The worst case variations occur for the smallest bending

radius, R=1cm.

[0058]In light of the above, it has been demonstrated that electrical circuit
assemblies in the form of transistors can be fabricated in accordance with
embodiments of the invention in order to largely negate the effect of bending on

the transistor performance.

Experimental Results - Capacitors

[0059]In a similar manner to the above transistors, a proposed capacitor 60
was printed on a flexible substrate in accordance with an embodiment of the
invention. As such the capacitor 60 was split into two identical portions and a
first portion was printed on the first surface of the substrate and a second
portion was printed on a second surface of the substrate. Each portion was
printed using the Fully-Additive process outlined above. The two portions were
connected to each other through vias and a top portion of Figure 4(a) shows a
micrograph of the printed capacitor 60 from above. Each portion of the printed
capacitor 60 has an area of 64mm? with nominal (when the capacitor is flat)

capacitance of 91.8pF.
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[0060] For comparison purposes, a conventional capacitor was also printed on a

single side of a flexible substrate (not shown).

[0061] The bottom of Figure 4(a) depicts the normalized capacitance of the
proposed capacitor 60 and conventional capacitor (with respect to the
capacitance when the capacitors are flat) at various bending radii. Converse to
the transistors, it can be seen that when the conventional capacitor is bent
convexly, its capacitance increases and vice versa. This is believed to be
because when the capacitor is bent convexly, the area of the capacitor
increases and vice versa. As expected, the capacitance variation increases as
the bending radius reduces. Compared to the conventional capacitor when
either convexly or concavely bent, the proposed capacitor 60 based on an
embodiment of the invention features significantly less variation. Specifically, at
a bending radius of 1cm, the capacitance varies only 0.27% if the proposed
method is used, while it varies approximately 2.9% (1.7% increase when bent
convexly and 1.2% decrease when bent concavely) if the conventional design is
used. Compared to the convention design, the proposed method provides
capacitance variation reductions of 11x, 5x, 6x, 8x, 6x, 3%, 4x and 3x at bending

radii of 1cm to 8cm respectively.

Experimental Results - Resistors

[0062] In a similar manner to the above transistors and capacitors, a proposed
resistor 62 was printed on a flexible substrate in accordance with an
embodiment of the invention. As such the resistor 62 was split into two identical
portions and a first portion was printed on the first surface of the substrate and a
second portion was printed on a second surface of the substrate. Each portion
was printed using the Fully-Additive process outlined above. The two portions
were connected to each other through vias and a top portion of Figure 4(b)
shows a micrograph of the printed resistor 62 from above. Each portion of the
printed resistor 62 had a dimension of 8cm (length) by 1cm (width) and a

measured resistance of 26.4kQ).
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[0063] For comparison purposes, a conventional resistor was also printed on a

single side of a flexible substrate (not shown).

[0064] The bottom of Figure 4(b) depicts the normalized resistance of the
proposed resistor 62 and conventional resistor (with respect to the resistance
when the resistors are flat) at various bending radii. Accordingly, and similarly
to the above capacitors, the bending properties depicted in Figure 4(b) show
that the resistance decreases when the conventional resistor is bent concavely
and vice versa. Furthermore, the sensitivity of the conventional resistor to
bending is substantially higher (~5x) when compared to that of the printed
capacitor (e.g., for r=1cm, 14% vs 3%). This is believed to be because of the
intrinsic property differences for the different materials used for the resistors and
capacitors. However, in a similar manner to the case of printed transistors and
printed capacitors, the resistance variation can be significantly reduced by the
proposed method resulting in an 8x, 15x, 6x, 6x, 4x, 5x, 4x and 3x reduction in
resistance variation for bending radii of 1cm to 8cm respectively. More
specifically, for a bending radius of 1cm, an overall 14% variation (convex +
concave) of the conventional resistor is significantly reduced by nearly an order
of magnitude (~8x) to a small 1.8%. Also, as expected, the resistance

variations increase as the bending radius reduces.

Bending of Printed Circuits

[0065] In summary, the above experimental results show that the proposed self-
compensation method of embodiments of the invention provides a significant
reduction in parameter variation for both printed active (e.g. transistors) and
passive (e.g. capacitors and resistors) components. By employing the
proposed method, the bending variations for transistor current, capacitance and
resistance have been reduced by 12.6x, 10.7x and 7.7x respectively (at a

bending radius of 1cm).

[0066] To further verify the efficacy of the proposed method, several
fundamental digital and analogue circuits were printed and measured, including

inverters, ring oscillators and operational amplifiers. The results presented
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below show that by employing the proposed self-compensation method, the

variation in each of these circuits due to bending is significantly reduced.

Experimental Results - Inverters

[0067] Two commonly used inverter architectures have also been investigated
and they are the diode-connected load and the zero-Vss-connected load. Both
architectures have their advantages and drawbacks. The former features

higher operation speed whilst the latter features higher noise margin.

[0068] A conventional diode-connected inverter 70 is shown in Figure 5(a) while
Figure 5(b) shows a proposed diode-connected inverter 72 employing the self-

compensation method according to an embodiments of the invention.

[0069]In Figure 5(a) a first transistor T1 has an input gate voltage V;,, and
output drain voltage V,yut and a source voltage Vpp. A second transistor T2 has
a drain voltage Vss which is also connected to an input gate for T2 and Vo is

connected to the source of T2.

[0070]In Figure 5(b), the structure is similar to that of Figure 5(a) but wherein
each transistor T1 and T2 is split into two half transistors T1A/T1B and T2A/T2B,
respectively, and each half is printed on an opposite side of the flexible
substrate. For ease of illustration the components that are shaded are printed
on opposite sides to the components that are unshaded. Accordingly, T1A is
printed on one side of the substrate and T1B is printed on the opposite side of
the substrate. Vias connect each of the gate, source and drain from T1A to T1B.
Similarly, T2A is printed on one side of the substrate and T2B is printed on the
opposite side of the substrate. Vias connect each of the gate, source and drain
from T2A to T2B. Note that although the schematics appear more complex, the
layouts of the conventional inventor 70 and the proposed inventor 72 effectively

occupy largely the same area and the complexity remains the same.

[0071]Figure 5(c) depicts a micrograph of the conventional inverter 70.

However, it will be understood that a micrograph for the proposed inventor 72
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would be largely similar except that the halves of each transistor would be

located on either side of the flexible substrate.

[0072]Figures 6(a) and 6(b) respectively depict the input output transfer
characteristics and gain of the conventional diode-connected inverter 70 both
flat and when bent at a radius of 1cm and 2cm. It is shown that the inverter
threshold voltage increases when the conventional inverter 70 is bent concavely
and it decreases when bent convexly. Specifically, if the conventional inverter
70 is bent at radius of 1cm and 2cm, the inverter threshold voltage has 0.99V
variation (0.38V increase when bent concavely and 0.61V decrease when bent
convexly) and 0.52V shift variation (0.31V increase when bent concavely and
0.21V decrease when bent convexly) respectively. Similarly, both the transfer
characteristics and the inverter gain curve shift to the right when bent concavely
and shift to the left when bent convexly. Nevertheless, large variation or shift of
the inverter threshold voltage and the transfer characteristic (and the ensuing
inverter gain curve) is not desired, as it may lead to deterioration of the noise
margin (e.g. negative noise margin) and the ensuing failure of the operation and
signal propagation. The maximum gain obtained decreases slightly when the
conventional inverter 70 is bent concavely and increases slightly when bent
convexly — specifically 2.4% and 1.9% gain reduction respectively for concave
bending radius of 1cm and 2cm and 4.3% and 1.4% gain increase respectively
for convex bending radius of 1cm and 2cm. A possible cause for the gain
variation is the different bending effects (e.g. disproportional on-resistance

change) for drive and load transistors due to their different biasing conditions.

[0073]For comparison, Figures 6(c) and 6(d) depict the input output transfer
characteristics and gain of the proposed diode-connected inverter 72 in
accordance with an embodiment of the invention both when flat and when bent
at a radius of 1cm and 2cm. The inverter threshold voltage varies by increasing
only by 0.09V and 0.04V when bent at radius of 1cm and 2cm respectively —
11x and 13x smaller than that of the conventional design. Furthermore, the
proposed inventor 72 results in a relatively smaller gain reduction of 1.4% and

0.9% at a bending radius of 1cm and 2cm respectively. Accordingly, it has been



WO 2018/009150 PCT/SG2017/050347

26

shown that the proposed diode-connected inverter 72 is much less sensitive to

bending variations than the conventional diode-connected inverter 70.

[0074]Figures 7(a) and (b) respectively depict the schematics of a zero-Vgss
connected load inverter based on a conventional design 80 and a proposed

design 82 in accordance with an embodiment of the invention.

[0075]In Figure 7(a) a first transistor T1 has an input gate voltage Vi, a source
voltage Vpp and an output drain voltage connected to the source of a second
transistor T2. The second transistor T2 also has a drain voltage Vss and a gate

voltage Vout.

[0076]In Figure 7(b), the structure is similar to that of Figure 7(a) but wherein
each transistor T1 and T2 is split into two half transistors T1A/T1B and T2A/T2B,
respectively, and each half is printed on an opposite side of the flexible
substrate. For ease of illustration the components that are shaded are printed
on opposite sides to the components that are unshaded. Accordingly, T1A is
printed on one side of the substrate and T1B is printed on the opposite side of
the substrate. Vias connect each of the gate, source and drain from T1A to T1B.
Similarly, T2A is printed on one side of the substrate and T2B is printed on the
opposite side of the substrate. Vias connect each of the gate, source and drain
from T2A to T2B.

[0077]Figure 7(c) depicts a micrograph of the conventional zero-Vgs connected
load inverter 80. However, it will be understood that a micrograph for the
proposed zero-Vss connected load inverter 82 would be largely similar except
that the halves of each transistor would be located on either side of the flexible

substrate.

[0078] The transfer characteristics and gain of the conventional zero-Vgss
connected inverter 80 are depicted in Figures 8(a) and 8(b). The inverter
threshold voltage has 2.17V variation (1.19V increase when bent convexly and
0.98V decrease when bent concavely) and 1.15V variation (0.59 increase when

bent convexly and 0.56V decrease when bent concavely) respectively for
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bending radius of 1cm and 2cm when compared to flat operation. The
maximum gain obtained decreased (by 14.3% and 10.1% respectively for 1cm
and 2cm) when the inverter was bent concavely and increased (14.3% and 11.8%
respectively for 1cm and 2cm) when bent convexly. These results are converse
to the bending results for the diode-connected inverter of Figures 5(a) and 6(b).
A possible cause is thought to be the significant bending effects due to the zero-

Vs connected load transistor operating close to a subthreshold region.

[0079]For comparison, Figures 8(c) and 8(d) depict the transfer characteristics
and measured gain of the proposed zero-Vss connected inverter 82 according
to the self-compensation method in an embodiment of the invention. In this
example, the transfer characteristics and inverter gain varies only 0.57V and
0.27V when bent at 1cm and 2cm respectively — 4.3x and 3.8x smaller than that
of the conventional design. Furthermore, the proposed zero-Vss connected
inverter 82 results in a relatively smaller gain reduction of 10.1% and 6.7% at a

bending radius of 1cm and 2cm respectively.

[0080] There are two major differences between the bending characteristics of
the diode-connected inventors and the zero-Vgs connected inverters. First, the
direction of threshold voltage variations is opposite. This may be attributed to
the different connections of the load transistors. Second, the gain variations of
the zero-Vss connected inverter have the same direction but are substantially
more severe than for the diode-connected inverter (e.g., for =1cm and 2cm,
respectively 28.6% and 21.9% vs 6.7% and 2.3%). This may be attributed to
the relatively more severe effects from bending for the on-resistance of the
zero-Vss connected load transistor which operates closer to a subthreshold
region. For printed electronic (PE) circuit design, in light of the variations
observed due to bending, circuits embodying diode-connected inverters are
preferred over zero-Vgs connected inverters. Interestingly, concave bending
results in higher speed for both inverters, and is hence is preferred over convex

bending.
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Experimental Results - Ring-Oscillators

[0081] The output characteristics of ring-oscillators were also studied with
respect to bending. As with the inverters, ring-oscillators may comprise diode-
connected loads as per Figure 9 or zero-Vgs connected loads as per Figure 10.
The former architecture features a relatively higher oscillating frequency and the

latter features a higher reliability with respect to process variations.

[0082] The schematics of a diode-connected ring-oscillator are depicted in
Figure 9(a) for a conventional design 90 and in Figure 9(b) for a proposed
design 92 in accordance with an embodiment of the invention where each
transistor is split into two halves, one of which is placed on the top of the flexible

substrate while the other is placed on the bottom.

[0083]In Figure 9(a) the conventional diode-connected ring-oscillator 90
comprises twelve transistors T1 to T12. T1 has an input Vpp, a biased source
Vias @and a drain connected to the source of T2 and the input of T3. T2 has an
input connected to the output of T11 and T12 and a drain connected to Vgs. T3
has source connected to Vpp and a drain connected to the source of T4 and the
input of T6. T4 has an input and a drain connected to Vss. T5 has an input Vpp,
a biased source Vyigs and a drain connected to the source of T6 and the input of
T7. T6 has an input connected to the output of T3 and T4 and a drain
connected to Vgs. T7 has source connected to Vpp and a drain connected to
the source of T8 and the input of T10. T8 has an input and a drain connected to
Vss. T9 has an input Vpp, a biased source Vyigs and a drain connected to the
source of T10 and the input of T11. T10 has an input connected to the output of
T7 and T8 and a drain connected to Vss. T11 has source connected to Vpp and
a drain connected to the source of T12 and the input of T2. T12 has an input

and a drain connected to Vss.

[0084]In Figure 9(b), the structure is similar to that of Figure 9(a) but wherein
each transistor T1 to T12 is split into two half transistors denoted A and B,
respectively, and each half is printed on an opposite side of the flexible

substrate to form the proposed diode-connected ring-oscillator 92. For ease of
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illustration the components that are shaded are printed on opposite sides to the
components that are unshaded. Accordingly, each A transistor portion is
printed on one side of the substrate and each B transistor portion is printed on
the opposite side of the substrate. Vias connect each of the gate, source and

drain for each A and B portions.

[0085]Figures 10(a) and (b) show micrographic mirror images of opposite sides
of a flexible substrate on which is printed the proposed diode-connected ring-
oscillator 92 in accordance with an embodiment of the invention. Figure 10(c)
shows the flexible substrate of Figures 10(a) and (b) when bent and clearly

shows printed electronic components on both sides of the flexible substrate.

[0086] Figures 11(a) and 11(b) show measured output voltage of the
conventional diode-connected ring-oscillator 90, respectively, for a concave and
convex bending radius of 1cm and 2cm when compared to a flat configuration.
The output frequency is 96.4Hz when the conventional diode-connected ring-
oscillator 90 is unbent/flat, and it increases to 124.7Hz (or 115.1Hz) when bent
concavely and decreases to 80.2Hz (or 85.9Hz) when bent convexly at a
bending radius of 1cm (or 2cm). This represents a frequency variation of 46.2%
at 1cm bending radius and 30.3% at 2cm bending radius. Bending also leads to
a small output swing decrease of 3.2% (or 2.2%) when bent concavely and 5.6%

(or 3.7%) decease when bent convexly at 1cm (or 2cm).

[0087]Figure 11(c) depicts the output voltage of the proposed diode-connected
ring-oscillator 92 according to an embodiment of the invention. The measured
output frequency in this case is 102.0Hz and 100.3 Hz when bent at 1 cm and
2cm respectively, representing 5.8% and 4.0% frequency decreases — 8.0x and

7.6x reduction compared to the conventional design 90.

[0088] The output frequency variations at different bending radii (from 1cm to
8cm) are summarized in Figure 11(d). With the conventional design 90, the
frequency increases when bent concavely, and vice versa. Additionally, the
frequency variation deteriorates quickly when the bending radius is smaller than

4cm. The changing trend is expected and complies with the current variation
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trend of bending transistors, as noted earlier. Specifically, frequency variations
are 46.2%, 30.3%, 22.4%, 17.2%, 14.3%, 12.6%, 9.9% and 7.4% for bending
radii of 1cm to 8cm respectively. However with the proposed design 92 using
the self-compensation method of embodiments of the invention, the frequency
variation has been significantly reduced for each bending radius. Specifically,
the resulting variations are 5.8%, 4.0%, 2.5%, 2.1%, 1.7%, 0.6%, 0.4% and 0.7%
at bending radii of 1cm to 8cm respectively (i.e. 8.0x, 7.6x, 8.8x, 7.9x, 8.6x,
20.3x, 23.2x and 11.4x less than the conventional design 90).

[0089] The schematics of a zero-Vss connected ring-oscillator are depicted in
Figure 12(a) for a conventional design 100 and in Figure 12(b) for a proposed
design 102 in accordance with an embodiment of the invention. Figure 12(c)
shows a micrograph of a printed zero-Vgs connected ring-oscillator in
accordance with the conventional design 100 and which is also equivalent to

one half of the proposed zero-Vss connected ring-oscillator 102.

[0090] In Figure 12(a) the conventional zero-Vss connected ring-oscillator 100
comprises twelve transistors T1 to T12. T1 has an input Vpp, a biased source
Vias @and a drain connected to the source of T2 and the input of T3. T2 has an
input connected to the output of T11 and T12 and a drain connected to Vgs. T3
has source connected to Vpp and a drain connected to the source of T4 and the
input of T6. T4 has an input connected to the drain of T3 and a drain connected
to Vss. T5 has an input Vpp, a biased source Vyigs and a drain connected to the
source of T6 and the input of T7. T6 has an input connected to the output of T3
and T4 and a drain connected to Vgs. T7 has source connected to Vpp and a
drain connected to the source of T8 and the input of T10. T8 has an input
connected to the drain of T7 and a drain connected to Vss. T9 has an input Vpp,
a biased source Vyigs and a drain connected to the source of T10 and the input
of T11. T10 has an input connected to the output of T/ and T8 and a drain
connected to Vss. T11 has source connected to Vpp and a drain connected to
the source of T12 and the input of T2. T12 has an input connected to the

source of T11 and a drain connected to Vss.
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[0091]In Figure 12(b), the structure is similar to that of Figure 12(a) but wherein
each transistor T1 to T12 is split into two half transistors denoted A and B,
respectively, and each half is printed on an opposite side of the flexible
substrate to form the proposed zero-Vss connected ring-oscillator 102. For
ease of illustration the components that are shaded are printed on opposite
sides to the components that are unshaded. Accordingly, each A transistor
portion is printed on one side of the substrate and each B transistor portion is
printed on the opposite side of the substrate. Vias connect each of the gate,

source and drain for each A and B portions.

[0092] The output voltage of the conventional zero-Vgs connected ring-oscillator
100 is depicted in Figures 13(a) and 13(b) for both concave and convex
bending at a bending radius of 11cm and 2cm, respectively. The output
frequency is 49.7Hz when the conventional zero-Vss connected ring-oscillator
100 is unbent/flat, and it increases to 87.6Hz (or 71.4Hz) and decreases to
25.5Hz (or 28.4Hz) at a bending radius of 1cm (or 2cm) — representing a
frequency variation of 124.9% (or 86.6%). Compared to the conventional diode-
connected ring-oscillator 90, the frequency variation of the conventional zero-
Vs connected ring-oscillator 100 is relatively larger. A possible cause is the
larger load resistance changes of the zero-Vss connected load, which stem
from the current variation of the load transistors operating near a sub-threshold
region. Bending also leads to a slight output swing decrease of 5.0% (or 1.0%)
when bent concavely and 3.4% (or 2.1%) when bent convexly at 1cm (or 2cm),
which is similarly observed for the conventional diode-connected ring-oscillator
90.

[0093] For comparison, Figure 13(c) depicts the output voltage of the proposed
zero-Vgs connected ring-oscillator 102 according to an embodiment of the
invention. The output frequency changes to 55.1Hz and 50.3Hz when bent at 1
cm and 2cm respectively — representing 10.9% and 1.3% frequency variations.
Thus with the proposed design 102, the output frequency variation has been

reduced respectively 11.5x and 66.6x at bending radii of 1cm and 2cm.
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[0094] The output frequency variations at different the bending radii (from 1cm
to 8cm) are summarized in Figure 13(d) for both the conventional design 100
and the proposed design 102. It is therefore shown that the output frequency
increases when the conventional zero-Vgs connected ring-oscillator 100 is bent
concavely, and vice versa. The output frequency variation also deteriorates
quickly when the bending radius is smaller than 4cm — specifically, the variation
is 124.9%, 86.6%, 65.1%, 46.2%, 38.9%, 27.5%, 21.2% and 18.0% for bending
radius of 1cm to 8cm respectively. Compared to the conventional design 100,
proposed zero-Vss connected ring-oscillator 102 according to an embodiment of
the invention effectively reduce the frequency variations — 11.5x, 68.3x, 461.9x,
12.8x, 12.1x, 7.6x, 6.6x and 13.6x smaller (variations of 10.9%, 1.3%, 0.1%,
3.6%, 3.2%, 3.6%, 3.2% and 1.3%) for bending radii of 1cm to 8cm respectively.

[0095]Of the two ring oscillator configurations (diode-connected and zero-Vss
connected), the variations of the conventional zero-VGS connected ring
oscillator 100 are substantially more severe. This may be attributed to the
relatively larger drain current variations and ensuing larger on-resistance
variations of the zero-VGS connected load transistor which operates near a
sub-threshold region. In respect of variations due to bending, similar to the
inverters above, the diode-connected topology is preferred over the zero-Vgss
connected topology for ring oscillators. From a circuit perspective, placing both
the diode connected and zero-Vgs connected ring oscillators such that they are
bent concavely is preferred over convex bending, as this leads to increased

speed.

Experimental Results - Differential Amplifiers

[0096] The bending properties of a fundamental analogue circuit in the form of a
differential amplifier (or op-amp) are now explored. Figure 14(a) shows a circuit
diagram for a conventional differential amplifier 110 while Figure 14(b) shows a
proposed differential amplifier 112 in accordance with an embodiment of the
invention. Figure 14(c) shows a micrograph of a printed differential amplifier in
accordance with the conventional design 110 and which is also equivalent to

one half of the proposed differential amplifier 112.
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[0097] In Figure 14(a) the conventional differential amplifier 110 comprises five
transistors T1 to T12. T1 has a gate input Vyiss, @ source input Vpp, and a drain
connected to the source of T2 and the source of T3. T2 has a gate input Viy_n
and an output Vout p. T3 a gate input Vin_p and an output Vot n. T4 has Vou p @s
a source input and Vgss connected to the drain and gate. T5 has Voun @s a

source input and Vgs connected to the drain and gate.

[0098] In Figure 14(b), the structure is similar to that of Figure 14(a) but wherein
each transistor T1 to T12 is split into two half transistors denoted A and B,
respectively, and each half is printed on an opposite side of the flexible
substrate to form the proposed differential amplifier 112. For ease of illustration
the components that are shaded are printed on opposite sides to the
components that are unshaded. Accordingly, each A transistor portion is
printed on one side of the substrate and each B transistor portion is printed on
the opposite side of the substrate. Vias connect each of the gate, source and

drain for each A and B portions.

[0099]Figure 15(a) shows measured frequency responses of the conventional
differential amplifier 110 when flat and when bent convexly and concavely for a
bending radius of 1cm and 2cm, respectively. The measured gain is 5.34dB
and unit-gain bandwidth is 289.0Hz for the flat (unbent) condition. The gain
decreases slightly to 4.88dB (or 5.05 dB) and 4.76dB (or 4.87dB) when the
differential amplifier is bent concavely and convexly at radius of 1cm (or 2cm)
respectively. Also the unit-gain bandwidth is significantly affected by the
bending. It increases to 386.0Hz (or 352.4Hz) and decreases to 202.3Hz (or
245.4Hz) when bent concavely and bent convexly at 1cm (or 2cm) respectively
— representing 63.6% (or 37.0%) unit-gain bandwidth variations at bending radii

of 1cm (or 2cm).

[00100] Figure 15(b) shows the measured frequency response of the proposed
differential amplifier 112 according to an embodiment of the invention. As can
be seen, the unit-gain bandwidth variation is substantially reduced and only

increases to 320.0 Hz (or 307.8) for bending radii of 1cm (or 2cm), which is
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equivalent to a 10.7% (or 6.5%) variation and is 5.9x (or 5.7x) smaller than that
of the conventional differential amplifier 110. Furthermore, gain reduction is
also alleviated to some extent, with gain deceases to 4.92dB (or 5.13dB) when

bent at a radii of 1cm (or 2cm).

[00101]From a circuit perspective, because printed electronic (PE) differential
amplifiers are expected to operate in an open-loop (vis-a-vis a closed-loop)
configuration, the variations of gain (and unity-gain bandwidth variations) need
to be low and the proposed design 112 can help to achieve this. Also, from
Figure 15(a), the unity-gain bandwidth conversely, perhaps somewhat
unexpectedly, increases positively and negatively for concave and convex
bending respectively. Therefore, a placement such that the bending is concave

would be preferred over convex bending.

[00102] The reduction in performance variations using embodiments of the
invention can also be observed from the time domain input-output waveform in
Figures 16(a) and (b) for an input-output frequency of 150Hz. As shown in
Figure 16(a) for the conventional differential amplifier 110, with a sine wave
input of 1V, the output amplitude obtained is 1.31V for a flat (unbent) condition,
and changes to 1.41V (or 1.38V) and 1.14V (or 1.20V) when the conventional
differential amplifier 110 is bent concavely and bent convexly at a bending
radius of 1cm (or 2cm) — representing 18% (or 13.6%) amplitude variations. In
contrast, as shown in Figure 16(b), for the proposed differential amplifier 112
according to an embodiment of the invention, the output amplitude changes to
1.33V (or 1.32V) when bent at a bending radius of 1cm (or 2cm), representing
only a 2.1% (or 1.1%) variation which is 8.6x (or 12.4x) smaller than that of the

conventional design 110.

Circuit Splitting

[00103] Figure 17(a) shows a circuit diagram of a conventional amplifier 120
comprising three transistors M4, M; and M3 and two resistors Ry and R,. In this
case, each transistor is sensitive to bending effects but each resistor is not.

Accordingly, only the bending-sensitive transistor components are split into two
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halves A and B to form a proposed amplifier 122 in accordance with an
embodiment of the invention, as shown in Figure 17(b). Hence, to compensate
for the characteristic variation of the conventional amplifier 120 due to bending,
only the transistors My, M, and M3 need to be separated into two halves whilst

the resistors Ry and Rz remain unchanged.

[00104] More specifically, M4 has a source input Vpp, a gate input Vpiss and a
drain connected to a source of M, and a source of M;. M, has a gate input Vi, n
and a drain connected to Vout p and Ry. Mz has a gate input Vi, , and a drain

connected to Vout_n and Rz. Both Ry and Rz are connected to Vss.

[00105]In Figure 17(b), the structure is similar to that of Figure 17(a) but
wherein each transistor M4, M, and Mj is split into two half transistors denoted A
and B, respectively, and each half is printed on an opposite side of the flexible
substrate to form the proposed amplifier 122. For ease of illustration the
components that are shaded are printed on opposite sides to the components
that are unshaded. Accordingly, each A transistor portion is printed on one side
of the substrate and each B transistor portion is printed on the opposite side of
the substrate. Vias connect each of the gate, source and drain for each A and

B portions.

Component Configurations
[00106] Figure 18(a) shows a circuit diagram of a transistor 130 comprising a
gate G, source S and drain D. Figures 18(b), (c) and (d) show three different

layouts for the transistor 130.

[00107]More specifically, Figure 18(b) shows a layout wherein the gate G and
drain D are split into two halves but a common source S is provided there-
between. Figure 18(c) shows a layout wherein each of the gate G, drain D and
source S is split into two separate halves, each half being printed with the same
layout. Figure 18(d) shows a layout wherein each of the gate G, drain D and
source S is split into two separate halves, similar to Figure 18(c), however, in
this case each half is printed as a mirror image of the other such that each

source S is adjacent.
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[00108] Although, in general, to ensure good compensation for bending, the two
portions (or halves) of the bending-sensitive components should be separated
equally it is not necessary for each portion/half to be identical. Accordingly, for
a transistor any of the three layouts of Figures 18(b), (¢) and (d) could be
employed separately for each half of a split transistor in an embodiment of the
invention. For example, a top half transistor may employ layout 18(b) and a

bottom half transistor may employ either layout (c) or (d).

[00109] However, in order for the bending compensation to be commensurate,
each portion/half of a bending-sensitive component should be functionally
equivalent to provide a roughly equal and opposite variation on bending. In
practice, this means that for a transistor, the two halves should have the same
aspect ratio (i.e. the same width to length ratio). For the case of passive
components (resistors, capacitors and inductors), the two halves should have
the same values (i.e. the same resistance, capacitance and inductance
respectively). However, in each case the layout of the two halves of the

bending-sensitive component may be different (i.e. configured differently).

Applications

[00110]Figure 19 shows one possible application for embodiments of the
invention. In this example, the application relates to a neuroprosthetic e-skin
200 which is configured to mimic the pressure sensitivity of human skin. The e-
skin comprises tactile sensors 202 on a flexible substrate 204 for sensing
pressure and/or bending and an electrical circuit assembly 206 in accordance
with an embodiment of the invention, for signal conditioning or processing (e.g.
to convert a sensed analogue parameter into a digital signal that mimics a
physiological stimulation). Each flexible substrate 204 is connected via flexible
conductors to a user’s brain 208 such that digital pulses corresponding to a

sensed condition are transmitted to the user.

[00111]In this e-skin 200 example, when the flexible substrate 204 is bent as
part of pressure sensing, the flexible substrate 204 at the point of contact bends

inwardly (i.e. concavely) while the adjacent areas bend outwardly (i.e. convexly).
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[00112] To depict the severity of the intractable changes due to bending, the el
electrical circuit assembly 206 may comprise a ring oscillator according to an
embodiment of the invention such as that of Figures 9(b) or 12(b), which
represents a mechanical-electronic transduction circuit of the e-skin 200.
Accordingly, from the above experimental results it has been shown that an
output frequency of the proposed ring oscillator 206 can reduce the variation of
a conventional ring oscillator by 8 times for a diode-connected ring-oscillator

and by 12 times for a zero-VGS connected ring oscillator at 1cm bending.

Conclusion

[00113]In summary, the applicants have shown that the proposed self-
compensation method of embodiments of the invention provides very significant
variation reduction (up to over two orders of magnitude) due to bending for both
printed digital and analogue circuits. A summary of the variations of
conventional and proposed circuits, and the resulting variations reduction is

tabulated in Table | below.

YVariativas Yurfations YVarisiions
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Fera-Var Congected v s N ~ o oo § .
. - §24.9%, 86.3%% LAY {189 F2x 108x
King Osciliaipe
H.50dB | 043a3B | 0.32dR | G.12dB 3x 4x
Op-sap
£3.6%% 37.4%, 17 6,5% Hx 6%

Table 1 - Summary of measurements of unbent and bent devices/circuits and

reduction of variations arising from the proposed self-compensation method
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[00114] Embodiments of the invention provide a localized self-compensation
means that innately and very effectively self-compensates for the variations of
printed electronic circuits and systems due to bending. Notably, the variation in
circuit performance is improved without compromising the complexity, area and
overall thickness of the device and without hardware overheads or power

dissipation.

[00115]In terms of the variations observed, capacitor-based circuits and diode-
connected circuits are preferred; and for inverters and ring oscillators, concave
bending is preferred. In addition, the variation directions of capacitors and
resistors are the same, but the converse of transistors. For the inverter and ring-
oscillator, the variations range from moderate-to-very-severe and severe-to-
extremely-severe respectively for diode-connected and zero-VGS connected
topologies. This depicts that diode-connected circuits are preferred; and for
speed, concave-bending is preferred. For the differential amplifier, the gain and
gain bandwidth variations range from mild-to-severe; and concave and convex

bending is respectively preferred for gain-bandwidth and gain.

[00116] By leveraging the process-simplicity of the proposed Fully-Additive All-
Air Low-Temperature printing-process, a novel localized self-compensation
means is achieved involving the partitioning of a given bending-sensitive
component into two halves, each placed on the top/bottom of the flexible-
substrate surface. The proposed means is highly efficacious with reduction of
variations ranging from ~2x to >100x, yet without power, hardware or substrate-

area overheads.

[00117] Although only certain embodiments of the present invention have been
described in detail, many variations are possible in accordance with the
appended claims. For example, features described in relation to one
embodiment may be incorporated into one or more other embodiments and vice

versa.
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Claims

1.

A method of fabricating an electrical circuit assembly on a flexible

substrate comprising:

a)

2

identifying one or more bending-sensitive elements of an electrical circuit
assembly, each bending-sensitive element having a performance that
varies when said bending-sensitive element is flexed;

splitting said one or more bending-sensitive elements into a first portion
and a second portion, wherein the first portion and the second portion
are functionally equivalent and together equate to said bending-sensitive
element;

printing the first portion of said bending-sensitive element on a first
surface of the flexible substrate;

printing the second portion of said bending-sensitive element on a
second surface of the flexible substrate, diametrically opposite the first
portion such that bending of the flexible substrate has an opposite effect
on each of the first and second portions thereby serving to substantially
cancel the effect on each portion out; and

electrically connecting the first portion and the second portion.

The method according to claim 1 wherein the first and second portions

have identical configurations.

3.

The method according to claim 1 wherein the first and second portions

have different configurations.

4,

The method according to any preceding claim wherein the first and

second portions have one or more of. a same value, a same dimension, a same

area, a same volume, a same footprint or a same aspect ratio.

5.

The method according to any preceding claim wherein the printing of the

first and/or second portions is by a Fully-Additive process.
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6. The method according to claim 5 wherein the Fully-Additive process is an

all-air process.

7. The method according to claim 5 or 6 wherein the Fully-Additive process

is a low temperature process.

8. The method according to any preceding claim further comprising the
following steps for the printing of each of the first and second portions of the
electrical circuit assembly, when the electrical circuit assembly comprises an

organic thin film transistor (OTFT):
a) screen printing and curing a gate on the flexible substrate;
b) screen printing and curing a dielectric on the gate;

c) screen printing and curing a drain and a source spatially-separated

on the dielectric; and
d) slot die coating a semiconductor layer between the drain and source.
9. An electrical circuit assembly comprising:
a flexible substrate;

a first portion of a bending-sensitive element of the electrical circuit

assembly printed on a first surface of the flexible substrate;

a second portion of the bending-sensitive element of the electrical circuit

assembly printed on a second surface of the flexible substrate;

wherein the first and second portions are electrically connected to each

other and are functionally equivalent; and

wherein the first portion and the second portion are located diametrically
opposite each other such that bending of the flexible substrate has an opposite
effect on each of the first and second portions thereby serving to substantially

cancel the effect on each portion out.
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10.  The electrical circuit assembly of claim 9 wherein the electrical circuit

assembly comprises one or more individual elements, components or circuits.

11.  The electrical circuit assembly of claim 9 or 10 wherein the electrical
circuit assembly comprises one or more of the following: transistor, Organic
Thin Film Transistor (OTFT), resistor, capacitor, inductor, inverter, diode-
connected inverter, zero-gate-source-voltage (zero-Vgs) inverter, ring-oscillator,
diode-connected ring-oscillator, zero-gate-source-voltage (zero-Ves) ring-
oscillator, multi-layer interconnect, data converter, digital-to-analogue converter
(DAC), operational amplifier (op-amp), differential amplifier, capacitor-based

circuit, diode-connected circuit or sensor.

12.  The electrical circuit assembly of any one of claims 9 to 11 configured for

analogue, digital or mixed signal processing.

13.  The electrical circuit assembly of any one of claims 9 to 12 wherein the

first and second portions are electrically connected through one or more vias.

14. A device comprising the electrical circuit assembly of any one of claims 9
to 13.

15.  The device according to claim 14 configured as an electronic skin.

16.  The device according to claim 14 or 15 comprising one or more sensors
on the flexible substrate for sensing pressure and/or bending and the electrical

circuit assembly for signal conditioning or processing.

17.  The device according to any one of claims 14 to 16 configured as a

neuroprosthetic.
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Identify one or more bending-sensitive elements of an electrical
circuit assembly, each bending-sensitive element having a
performance that varies when said bending-sensitive element is

10 flexed

\ !

Split said one or more bending-sensitive elements into a first

b)\ portion and a second portion, wherein the first portion and the

second portion are functionally equivalent and together equate
to said bending-sensitive element

v

Print the first portion of said bending-sensitive element on a
first surface of the flexible substrate

v

Print the second portion of said bending-sensitive element on a
d) second surface of the flexible substrate, diametrically opposite
T~ the first portion such that bending of the flexible substrate has
a substantially equal and opposite effect on each of the first
and second portions

v

e
)\ Electrically connect the first portion and the second portion

C)\

22

22 Step 1: Gate
Screen Printing
Thermal Cure

22
Step 2: Dielectric
Screen Printing
UV Cure

2
Step 3. Drain/Source
Screen Printing
Thermat Cure

21

s

tep 4: Semiconducior
Siot Die Coating
Thermat Cure
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