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ARTICLE INFO ABSTRACT

Keywords: The fast progressing electronic skins are spreading their applications into many aspects of human life. In terms of
Electronic Skin motion sensing, drawbacks exist in state-of-the-art approach of integrating sensing units into arrays e.g. the
Noncontact tradeoff between resolution and effective area, power consumption and interacting experience. This paper
Self-Powered

presents a novel self-powered digital-analog hybrid electronic skin for measuring noncontact linear planar
displacement which achieves a high resolution of (0.75 mm, 1.07 mm, 2.20°) in a large area of 100 cm? in three
degrees of freedom. Owing to utilization of masked silver nanowires (AgNWSs) spray coating and corona charging
techniques in the fabrication process, this electronic skin is transparent and stretchable, while realizing self-
powered sensing of an electret based on electrostatic inductions. Theory and localizing functions are proposed
and proved by accordance with simulation and standard testing results. This electronic skin is capable of acting
as an effective human-machine interface, which shows its future potential of practical usage in portable elec-
tronics, healthcare devices, and artificial intelligence, etc.

Motion sensing
Electrostatic inductions

1. Introduction

The research on electronic skins is developing rapidly. Researchers
apply intensive efforts to the construction of a solid and systematic
study of multifunctional electronic skins [1-3]. This kind of skin mi-
micking device can measure major human-related signals e.g. per-
spiration [4], electroencephalograms [5], smell [6], humidity [7],
temperature [8-10], and light [11]. In terms of mechanical sensing,
pressure [12-15] and strain [16-19] are the two basic elements
achieved in multiple mechanisms, on which more complicated hybrid
sensing systems are built to measure vibration [20], torsion [21], mo-
tion of human [22], contact trajectory [23], pulse [24], etc. Electronic
skins relying on contact sensing can measure a variety of environmental
parameters, but they lack the flexibility in interacting modes due to the
requirement of contact. As a result, contact sensing is not fascinating
enough in terms of novel human-machine interfaces. The need for user-
interacting experiences and convenience calls for electronic skins fea-
turing noncontact sensing methods. Based on electrostatic inductions,
noncontact sensing mechanisms improve the degree of freedom for
interaction purpose [25]. While analog sensing methods [26] elevate
the resolution, and digital arrays increase sensing area. Current state-of-
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the-art for noncontact electronic skin include motion sensing by elec-
trostatic inductions [26,27], humidity sensing by materials character-
istics [28-30], etc. On the other hand, the need for external energy
supply hampers the portability and endurance of electronic skin de-
vices. In order to solve the energy supply problem of electronic skin
sensors, energy harvester based on triboelectric nanogenerators
(TENGs) [31,32] and electrets [33,34] have been widely studied. Based
on such devices, the self-powered sensors [31-41] can actively generate
electrical signal itself as a response to a triggering from the ambient
environment without the necessity for driving power.

Herein, we present a self-powered stretchable transparent electronic
skin for sensing noncontact planar linear displacements. This device is
based on spatial electrostatic inductions, and it measures the motion of
a matched electret which can be attached to finger. Theory is proposed
to clarify the phenomenon, and simulation is conducted to compare
with testing results. Patterned polydimethylsiloxane-silver nanowires
(PDMS-AgNWs) thin films by spray coating are stacked to comprise the
electrode-substrate double layers, while polytetrafluoroethylene (PTFE)
electret is fabricated through corona charging process. The electret in
this work has a long charge retention time and uniform surface charge
distribution compared to energy solutions featuring TENGs. The PDMS-
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AgNWs thin films enhance the conductivity, transparency and stretch-
ability of the electronic skin, while the PTFE electret acts as the signal
source for motion sensing. With the voltage waveforms obtained from
electrodes caused by spatial electrostatic inductions, displacement of
the electret is calculated in the rectangular coordinate system with
three degrees of freedom i.e. (x, y, a). A digital-analog hybrid localizing
method guarantees high accuracy and resolution in large area. Compare
with the current noncontact electronic skins for motion sensing, our
work shows a higher resolution by uniform charge distribution, better
flexibility due to materials and device structure, long charge refill time,
etc. In the meantime, such noncontact electronic skin obviates driving
power by adopting a passive sensing mechanism, while providing un-
precedented interacting experience as a noncontact human-machine
interface.

2. Materials and methods
2.1. Fabrication of patterned PDMS-AgNWs thin film

Firstly, the PDMS base solution and the cross-linker are mixed
uniformly at a mass ratio of 10:1 and evacuated for 30 min. The mixture
solution is dropped on the smooth glass surface, spin-coated at
1000 rpm for 60 s and then heated on the hot plate at 80 °C for 60 min
to solidify. Then a polyimide (PI) mask prepared by laser cutting is
placed onto the surface of the PDMS and oxygen plasma treatment is
carried out to make the surface of PDMS film hydrophilic by Corona
(Electro-Technic Products, Inc. USA). After repeating spray coating
ethanol solution of AgNWs, the membrane is annealed at 100 °C for
10 min to enhance conductivity and stability. Finally, the PI mask and
patterned PDMS-AgNWs film are carefully peeled off sequentially.

2.2. Fabrication of noncontact electronic skin

Two PDMS-AgNWs films obtained from Section 2.1 are stacked
perpendicularly while vertically connected by liquid PDMS and then
heated on the hot plate at 100 °C for 10 min. At last, the device is en-
capsulated with liquid PDMS on the surface and then cured to protect
the AgNWs exposed on the top layer. The overall thickness of the
electronic skin is 600 pm.

2.3. Fabrication of PTFE electret

When the applied electric field on the corona needle exceeds the
breakdown threshold of the air gap, it will cause a large amount of ions
to be generated by air ionization. These ionic charges are injected into
the electret under the corona electric field. Firstly, commercial poly-
tetrafluoroethylene (PTFE, 0.5 mm in thickness) is cut into 4 cm X 4 cm
squares and then washed ultrasonically with pure water and ethanol.
Next, the PTFE film is tapped onto the medal plate of the high voltage
source (SPELLMAN SL1200, USA) for 10 min, with the voltage on metal
grid set to be —1.6kV, while the voltage on the corona needle is
—7kV. After measuring the surface potential distribution of the PTFE
electret with electrometer (MONROE 244a), it is cut into a circle with a
diameter of 2 cm using the part with uniform potential distribution.

2.4. Testing method to realize quantitative noncontact motions

In order to achieve quantitative horizontal motion with three free
variables in the standard testing process, a sliding rail, a slider and an
ejector are designed and 3D printed (see Fig. S1). The sliding rail is
capable of translating and rotating to comply with arbitrary displace-
ment vector (xo, Yo, @), while the PTFE electret is attached to the slider
to perform motions. Electronic skin is placed directly beneath the sus-
pended sliding rail on a coordinate paper to ensure accuracy. The
vertical distance between the electret and electronic skin is fixed to
5mm. The electric field and potential distribution generated by a
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surface charge will decay over the increase of distance. Therefore, a
maximum operation distance exists for this electret and the corre-
sponding e-skin configuration to maintain a relatively high signal-noise
ratio. We have tested the case when h = 10 mm (see Fig. S2), and the
signal-noise ratio is still very high. As a result, it is estimated that this
device can work at a maximum vertical distance of three centimeters,
which is convenient for regular usage as a human-machine interface.
On the other hand, the vertical distance has a slight influence on the
localizing functions. However, the localizing results is not very sensitive
to the distance, because the localizing functions is determined by nu-
merator over denominator, which response in the same trend to the
varying distance. As a result, the normalizing effect ensures that the
localizing function is insensitive to the distance, and therefore the
sensing result is not very sensitive to the vertical distance. In each cycle,
slider is ejected and then stopped by an interceptor to achieve desig-
nated motion with constant speed. Contrast tests are performed to
verify that the sliding rail system do not produce fraud signal, since the
slider is not electrified.

3. Results and discussions

The structure diagram of the electronic skin is shown in Fig. 1a,
which presents the stacked electrode-substrate layers with an over-
lapped configuration. The five electrodes within the same layer are
parallel to each other, while those within different layers are perpen-
dicular. Ohmic contact points are reserved for connection by enlarging
the AgNWs surface at the edges, and a detailed configuration of the
electrodes can be found in Fig. S3a. The inset image is the photograph
of a circular electret, whose noncontact motion can be characterized by
the electronic skin. A picture of the electronic skin is displayed in
Fig. 1b, demonstrating the excellent transparency and flexibility of the
device. In addition, Fig. 1c contains the fabrication process of the
electronic skin in four steps i.e. Oxygen plasma treatment, AGNWs spray
coating, annealing and assembly. Fig. 1d is a SEM image for char-
acterization of the AgNWs electrode. We can see from this figure that
silver nanowires overlap with each other, forming the conductive net-
work. As a tradeoff between conductivity and transparency, the AgNWs
electrode has a sheet resistance of 11.9 Q/sq, and the resistance of a
10 cm long electrode is 760 Q in average (see Fig. S3b); whereas the
overall transparency of the electronic skin is calculated as 80.2%, ac-
cording to the measurement results shown in Fig. S3c. We tested the
change in electrode resistance of AgNWs at different bending angles
(see Fig. S4). The test results show that the resistance change of AgNWs
does not exceed 100 Q under different bending degrees. Compared with
the 100 MQ impedance of probes to the oscilloscope, the change of
resistance caused by bending can be neglected. The PTFE electret fab-
ricated by corona charging possesses an average electric potential of
2.2kV, which is able to generate high density of stable electric field in
the surrounding area which lasts for one week. Potential distribution of
the electret surface can be referred in Fig. S3d. The electret has a long
charge retention time for about one week. And the electret surface
potential remains 80% after 7 days (see Fig. S5a). Fig. S5b also shows
that the electret-based electronic skin system maintain 84% voltage
output after 7 days. So that the electric field is steady and continuous
over one week, despite a small decay in the magnitude of charges,
which only affect the output magnitude but not the sensing results.

The working principle of the electronic skin is shown in Fig. 2. Since
the electronic skin will only response to motion of the electret, it is
attached to moving objects e.g. finger in practical usage, and taken as
the token of arbitrary electrified object in simulation as well as testing.
According to basic electromagnetics, surface charge imposes certain
electric field distribution across the space. If equilibrium bodies and
dielectrics are presented, the electric field will be altered to some ex-
tent. After setting up a two-dimensional rectangular coordinate system
taking the center of the electronic skin as its origin, the electric po-
tential of each electrode becomes the function of the position of the
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electret. The vertical distance between the electret and electronic skin is
fixed at h = 5 mm for all analysis in this paper. Fig. 2d represents such
function of potential in four electrodes i.e. E3, E2, E8 and E9 respec-
tively. Apparently the absolute potential reaches maximum when the
electret is exactly above the electrode, and the primary gradient is
perpendicular to the direction of the electrode. When taking the elec-
trostatic induction phenomenon into account, we can discover that the
induced charges in the electrode is directly proportional to the potential
function, because the velocity of electret is low enough for transient
charges to reach equilibrium. We address the relationship between the
potential and charge functions as

@

where i corresponds to electrode number, (x, y, a) represents the co-
ordinate of electret, and vy is the scale coefficient. Fig. 2a presents an
example of displacement with a vector of (xy, Yo, @p) = (15 mm, 20 mm,
30°). Since the matched load of the oscilloscope probe is 100 MQ2 which
is five orders of magnitude greater than the resistance of the AgNWs
electrode, the voltage obtained by the oscilloscope can be taken as the
open circuit voltage, and the induced currents can be directly calculated
by dividing voltage with the load resistance. Considering the relation-
ship between charges and currents, the voltage signals V (t) measured
by the oscilloscope can be therefore explicated as

Qi(x, y, a) = yUi(x, y, @)

0Q (1) au (t)
V(t) =R,I(t) =R, = YR,
® ® ot ot 2
U(t) dU dx = dU dy dUu du
=—-— + —— =v(t)| —cosa + —sina
ot dx dt dy dt dx ay (3)
dU du
V() =yR v(t)[—cosoc + —sinoc]
’ dx dy @

where R, is the load resistance of the probes, v is the velocity of the
electret. As a result, with electrodes perpendicular with the x axis, ‘Z—[y] is

considered noncontributing to the total value of V (t), and the signal-
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Fig. 1. Structure and fabrication process of the
electronic skin. (a) The structure diagram of
the electronic skin. The inset image is the
photo of PTFE electric. (b) The photo of elec-
tronic skin demonstrating its transparency and
stretchability. (c) The fabrication process of the
noncontact electronic skin. (d) SEM image for
characterization of the AgNWs network.

noise ratio is elevated when cosa is significant i.e. @ away from %
Hence, the potential response primarily to the motion component
parallel to its gradient. Note that this inference is important in later
analysis. Here, the acquired signal is linked with the potential dis-
tribution which can be predicted by theory. Fig. 2b displays the tested
voltage waveform from four electrodes corresponding to the displace-
ment in Fig. 2a; for the output from all ten electrodes, please refer to
Fig. S6. In addition, Fig. 2d and e shows the potential distribution and
curves corresponding to the displacement in the simulation results of
each electrode respectively. These four electrodes are selected from the
ten electrodes in total because the destination of the displacement falls
into the square overlapped by these four electrodes. The similarity
between the derivatives of curves in Fig. 2d and those in Fig. 2b is
significant, which can serve as the evidence of the theory given above.

If a monotonous relationship between a function derived from the
explicated voltage waveform V (t) and the displacement vector (xo, Yo,
ap) is discovered, we will be able to acquire the latter by calculating the
former i.e. achieve localization by measuring signals from electrodes.
Noticing the monotonicity of potential curves shown in Fig. 2e in the
section inside shadowed boxes which corresponds to the shadowed
square in Fig. 2a, it is promising to choose the designated area of the
potential distributions and curves to construct the monotonous func-
tions from the wave signals, in order to solve the three parameters in
the displacement. As such, squares with 6.25 cm? become basic units,
and there are 16 squares in the effective sensing area of the electronic
skin in total. There is an optimal mesh size for the current device
configuration in order to achieve high gradient in localizing functions
and consequently the accuracy, which is related to the size of the
electret and the vertical distance between the electret and electronic
skin. In this work, we adopt | = 25mm to cope with h = 5mm. With
different displacement falling into these squares, we are able to pick
different sets of electrodes for their signals. This method provides the
basis of digital-analog hybrid electronic skin. Considering the curves
shown in Fig. 2e, it can be discovered that during a single planar linear
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Fig. 2. Illustration of the working principle of the electronic skin. (a) An example displacement within rectangular coordinate system and the layout of electronic
skin. (b) The voltage waveform obtained from testing corresponding to the displacement in (a). Peak points and half-height points are marked. (c) Same voltage
waveforms in (b) with the integral along peak width at half height in the shadowed areas marked as Q. (d) function of the potentials of different electrodes with
respect to the position of electret. The potential change corresponding to the displacement in (a) is shown in black dots. (e) The potential change in electrodes
corresponding to the displacement of electret in (a). The shadowed box represents the area in square unit, while the red and blue dash lines marked the beginning and

cease of the displacement.

motion, the monotonicity of absolute potential typically changes up to
once in the designated electrodes around the square. This phenomenon
is determined by the overall configuration of the electrodes. Therefore,
based on electrostatic inductions, positive charges will flow into the
electrodes when potential is rising, corresponding to negative peaks in
Fig. 2c; while positive charges will flow away from the electrode if the
absolute potential begin to decrease during the motion, corresponding
to positive peaks in Fig. 2c. We find out from the above analysis that
transferred charges is a monotonous function with the displacement
vector (Xo, Yo, @). So we will begin with constructing the localizing
functions using transferred charges.

_ Q3+ |Qy]

TN ©)
_ Qs+ Q|

80 % == ®)

f and g are the first two localizing functions with three variables pro-
posed. Fig. 2c demonstrates the physical meaning of Q, which is the
bulk of transferred charges inside electrodes during a certain period. Q3
and Qg corresponds to the positive peaks in E3 and E8 respectively; Qy,
Q2, Qy, Qo corresponds to the negative peaks in E3, E2, E8, E9 re-
spectively. Notice that transferred charges can be calculated by in-
tegrate the induced currents inside the electrodes, which are directly
proportional to the voltage signal as indicated earlier. We use the in-
tegral along peak width at half height of the voltage waveforms to re-
present the transferred charge Q, in order to enhance the signal noise
ratio by obviating the noise signal at low magnitude. Taking (1) and (2)
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into account, we can explicate f and g into the following dimensionless
functions

13f e
ooy = @10l _ g BOUE Sy MO
e B - t:
Qx| /[33: V()
_ UsCar, vy @) — Us(isd, Ysas ) + U2(a, Yaas 92a) = Uz e, Vi, 02¢)
Us (Xac, Y3es 3c) — Us(aas Yaq» %a)
()
'sf t9c
gox @) = Il _ L vt + [ 1Ve(0)1de

8¢
1Qyl Jrgo, V(O)1dt
_ UsCxsy, > osr) — Us(xsd> Ysa» @) + Uo(x9a; Yoa> %9a) = Uo(Xgc, Yoe» %9c)
Us (Xs¢, Yges age) — Us(X8as Ygqs X8a)

(8)
Taking the displacement in Fig. 2a as an example, the relevant
electrodes for f will be E3 and E2, and for g they will be E8 and E9. As is
indicated in Fig. 2b, t, corresponds to the negative peak point of wa-
veform E3, while t;, and £, corresponds to the left and right half-height
points respectively. Similarly, 4 ;. and # stands for the positive peak
from E3, and it also applies to other electrodes when changing the
subscript number e.g &, for E2, t5; E8 and o, for E9. The x, y, and a
related variables in the expression corresponds to the coordinate of
electret at the moment ¢, and the subscript applies in the same way. All
sets of coordinate are on the line of the displacement.
Function f and g each contains three variables ie. x, y, a, and the
essential characteristics of these functions is that they are monotonous
and sensitive primarily to only one variable i.e. x and y respectively. As
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is shown in Fig. 2d, gradient of potential with motion perpendicular to
the electrode is much larger than that with parallel ones. As a result, the
functions f and g are only sensitive to one variable, since their basic
components are potentials of electrodes with respect to the position of
electret. Q, and Q, tend to be constant values because the transferred
charges when the electret is approaching the unit square tend to satu-
rate, as long as the displacement trajectory contains (xsq, )5, 03,) and
(Xsa> Ygq» %sa). On the other hand, Q3 and Q, increase together with x,
while Qg and Qo increase together with y. This can also be illustrated by
(7) and (8) if we notice the monotonicity of potential curves within the
unit square. An intuitive explanation is that the electret is either ap-
proaching an electrode or departing from it within a single unit, so that
the potential as well as transferred charges will change in only one
direction. Because the distance between electret and four electrodes
within a square unit is relatively small, the gradient of such change is
significant. However, it is not enough to solve three variables with only
two functions, so a third function h primarily sensitive to a is also
proposed for calculations.

a
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. 1
Ax-xzt = Atvv Ll = Attt (cos?a +sina)2

[ 2 2
1 1
(tsp — t3p) ( ) + ( )
Ire — Bg Ige — lsa

_ (tsp — tp)[ (e — Ba)* + (tsc — tSa)z]%
([3c - t3a)(t8c - [8c) (9)

h(a, x,y) =

Graphical labeling of the parameters involved can be viewed in Fig. 2a-
b. xg. refers to the x and y component of displacement from t;, to ., and
from tg, to tg. identically. Note that t,. = (t3, — ,)cosa = (tg. — tgq)sina,
the potential function Ux,y, a) is stationary, and
Xoib = (e — X3g) Vgege = (Xge — Xga) Upoge0 iS @ constant value while Ax
is a function of a, x and y. The physical meaning of the dimensionless
function h is the displacement Ax of the electret approaching from E8 to
E3 dividing a constant value x.', and is related to all three of the variables.
The meaning of dividing a constant value x;' is to make the function h
irrelevant with other parameters e.g. velocity of the electret. All of the
functions are irrelevant with it, as long as the velocity keeps constant
through all of the t values given in the expressions. In addition, the
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=60°)
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D

h(a,x,y) (a
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Fig. 3. Examples of localizing functions f, g, and h acquired from both simulation and testing. (a) Simulation results of f, g, and h when a = 30°. (b) Simulation results
of f, g, and h when a = 60°. (c) Testing results of f, g, and h when a = 30°. (d) Testing results of f, g, and h when a = 60°.
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146
131
15

Statistics - Statistics

Fig. 4. Illustration of calculations for localizing results of single and repeated tests. (a) Intersection between plane f = 1.1221 and mesh f(a = 0°). (b) Intersection
between plane g = 0.6588 and mesh g(a = 90°). (c) Intersection between plane h = -0.765 and mesh h(a = 45°). (d) Contour plane (x, y, a)| o121 (e) Contour plane
x,y,a) \gzo_ésgx. (f) Contour plane (x, y, a)|,__-s- (8) Intersection between the three contour planes shown in (d), (e) and (f), with the intersecting point marked. (h)
Distributions of the function values of f, g and h in the 100 repeated tests. (i) Distribution of the localization results of the 100 repeated tests.

functions are only related to the potential function of electrodes with re-
spect to the position of electret which is fixed. Hence, these expressions
apply to planar linear motion across nonadjacent unit squares with ap-
proximate constant velocity, while affected by no other variables. In f and
g the expressions only contain voltage distribution across space. While in
h, the function is defined as Ax-x, which is irrelevant with velocity.
Despite that the expression is further developed to be determined by time,
this function is normalized and dimensionless. Therefore, the localizing
functions are irrelevant with velocity, which also apply to the sensing
result. With three dimensionless functions f, g and h proposed above, we
are able to achieve noncontact motion sensing by calculating values of
these functions using the waveforms collected from designated electrodes
in the square unit, and then compare then with standard functions to solve
these coordinates.

Fig. 3a-b displays the simulation results of the three functions f, gand h
for localization. In order to visualize functions with three variables, we
slice them into three dimensional meshes with the third variable a fixed
from 0° to 90° with an interval of 15°. We pick @ = 30° and a = 60° as two
examples, while for the complete sets of figures, please refer to Fig. S7. f
(a = 90), gla = 0), h(a = 90), and h(a = 0) is not shown in this figure
because in such cases the motion is parallel to the x or y axis, and is thus
unable to generate the required peaks in waveforms for possible analysis.
In this figure x, ye[0 mm, 25 mm],which equals to the area in a square
unit. In Fig. 3a-b, f (the red mesh) is monotonous with x and has good
linearity, while is insensitive to y and a. In addition, g (the blue mesh) is
linked with y and has good linearity, while is insensitive to x and a. In
terms of h (the green mesh), this function responses monotonously with
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the change of a, but is also affected by x and y. As a result, after contour
planes are intercepted form the respective functions by the values obtained
from testing, one and only one crossover point will be generated in-
evitably, and as such it is the localization result i.e. displacement vector
(X0, Y0, Qp)- In summary, simulation results show that these functions are
capable of solving the displacement vector by processing the acquired
waveforms and thus achieve noncontact localization.

Testing part provides more details about the procedure of using
functions to solve the coordinates. Fig. 3c-d shows the standard testing
result of three localizing functions f, g and h derived from the voltage
waveforms measured from respective electrodes. I correspondence to
Fig. 3a-b, we also pick @ = 30° and a = 60° as two examples, while for the
complete sets of figures, please refer to Fig. S8. The four electrodes are E3,
E2, E8, E9, which is the same with Fig. 2a. The displacement vector is
confined to the same unit square shown in Fig. 2a. For an arbitrary dis-
placement falling into other square units, different sets of electrodes will
be picked to measure and process these localizing functions. This paper
chooses these four electrodes above for illustration. As can be seen from
Fig. 3c-d, the testing results of f, g and h matches well with the simulation
qualitatively. The main characteristics i.e. monotonicity and linearity of f, g
and h with respect to x, y and a are identical between the simulation and
testing results. Besides, similarity to some extent in configurations of the
meshes can also be found. The range of x and y is from 0 mm to 25 mm,
with an interval of 5 mm. And for a the range is [0°, 90°], with an interval
of 15°. In summary, the results of standard testing indicate accordance
with theory as well as simulation, and also put the three dimensional
functions in position for solving the displacement vector.
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Fig. 5. Demonstration of the electronic skin as a human-machine interface. (a) The arrangement of the real-time Raiden game platform with the electronic skin
serving as the human-machine interface. (b) The illustration of the sample moves of the finger in yellow arrows and the displacement of battleplane in the game in
green arrows. (c) The voltage waveforms acquired by the HS4 scopes leading to the calculation of sample moves in (b).

The calculation process is illustrated in Fig. 4. A single test is per-
formed with the displacement vector set as [10 mm, 7.5 mm, 45°]. The
value of f, g and h derived from the voltage waveform is [1.1221, 0.6588,
—0.765]. First the localizing functions are interpolated in three dimen-
sions to form much denser meshes. As is shown in Fig. 4a-c, intersecting
lines are made between the plane f = 1.1221 and the mesh fla = 0°), g
= 0.6588 and the mesh g(a = 90°), as well as h = -0.765 and the mesh h
(a = 45°) respectively. Assembling all intersecting lines with a from 0° to
90°, the meshes in Fig. 4d-f is formed, representing the whole contour
planes (x, y, )| =120 (6 Y5 @ lgg 65880 and (x, ¥, &) l,—_q 765 respectively.
When putting the three contour planes together in Fig. 4g, one and only
one intersection point is formed, which is (xo, Yo, @) = (10.5mm, 7.5 mm,
48.5°). 100 repeated tests with the same displacement vector (10 mm,
7.5 mm, 45°) are performed to investigate the accuracy and resolution of
the electronic skin. The distribution of the corresponding function values is
shown in 3D scatters in Fig. 4h, whereas the distribution of solved co-
ordinates is demonstrated in Fig. 4i. The average coordinate of the 100
tests is (10.0708 mm, 7.8546 mm, 48.5025°), with an absolute deviation of
(0.0708 mm, 0.3546 mm, 3.5025°) from the actual position. In addition,
the standard deviation of the data is (0.7498 mm, 1.0669 mm, 2.2003°),
which is excellent considering the large sensing area of 100 cm?. From the
outstanding results displayed above, we can conclude that this electronic
skin is capable of achieving noncontact localization with high accuracy
and resolution. For curved surface localization, we can extend the non-
contact positioning application by recalibrating the location function (f, g
h). Here we mainly emphasize the planar displacement sensing, while the
device possesses the potential for curved surface localization.

Finally, demonstration of practical usage of the self-powered non-
contact electronic skin is performed, in which the device serves as a
human-machine interface. Fig. 5a shows the arrangement of the real-
time game platform which operates at an interval of 1s with ~10%
delay caused by signal transmission. All 10 electrodes are connected to
probes from three HS4 scopes for data acquisition. The computer con-
trols the measurement of the scopes, and extracts information from the
signals acquired. As a result, users wearing a finger-cot with PTFE

electret attached on it are able to make moves in the Raiden game by
sliding the index finger above the electronic skin without touching it.
Fig. 5b shows three moves above the electronic skin surface marked
with yellow arrows, and the corresponding displacement vectors of the
battleplane in the game are marked with green arrows. The sample
moves are calculated with the voltage waveforms displayed in Fig. 5c
respectively; for the outputs from all ten electrodes, please refer to Fig.
S9. In order to provide a more intuitive impression of such application,
we prepared a supporting video (Video 1) recording the process of
playing the game with electronic skin and electret as the human-ma-
chine interface. The video consists of three scenarios i.e. axial, diagonal
and arbitrary movements, in which the user plays the game in a simple
and smooth manner. Therefore, the video exhibits high accuracy of
displacement sensing and excellent interacting experience of the elec-
tronic skin in the practical application.

4. Conclusions

In conclusion, we proposed a transparent stretchable electronic skin
for measuring noncontact planar linear displacements. This self-pow-
ered digital-analog hybrid device is able to achieve high accuracy in
large area localization with high resolution of (0.7498 mm, 1.0669 mm,
2.2003°) in all three degrees of freedom i.e. x, y and a. Masked AgNWs
spray coating and corona charging is applied in the fabrication process
of the electronic skin and the PTFE electret. Theory is proposed for
explanation of the phenomenon jointing the voltage waveforms ac-
quired from electrodes with motion of electret based on electrostatic
inductions. Three dimensional functions f, g and h for calculating co-
ordinates are developed and justified. Simulation and standard testing
conducted show accordance with each other as well as the theory.
When serving as a human-machine interface in a real-time game plat-
form, this electronic skin demonstrates its feasibility in practical usage
and excellence in user interacting experience. Overall, the results pre-
sented here provided fundamentals for one type of novel self-powered
noncontact electronic skin; from theory to simulation, and from testing
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to application. Therefore, they reveal the broad prospective of applying
such kind of electronic skin into human-machine interfaces, artificial
intelligence, etc.
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