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Abstract — Recent applications related to flexible
deployable enclosures for surgery and health care and to
wearables may make use of capacitive sensors for
monitoring the inflation state of the enclosure, the
movements of the human body, and the detection of
movements induced by respiration and heart activity
(ballistocardiography). We propose the use of flexible,
interdigital capacitive sensors in portable enclosures for
medical applications, analyze the principles of operation
of several versions of such sensors, and provide a
theoretical foundation to their design and use, including
limitations and errors. The paper also contributes to the
analytic description of operation of flexible interdigital
sensors, a topic not fully examined previously in the
literature.
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characteristics; theoretical analysis; movement sensor;
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L INTRODUCTION

There is an increasing interest today in wearable
and IoT connected sensors and systems. Such sensors
could have a multitude of applications in
manufacturing, entertainment and medicine. One type
of sensor widely used is the capacitive one. Numerous
applications of wearable, including textile capacitive
sensors have been reviewed in several papers such as
[1], [2], and [3]. Among the most popular applications
are those for detecting touching and gripping, human
body posture, 3D gesture sensing, indoor localization,
biometric sensing, and medical applications [1], [4].
Numerous medical and health-related applications
have been proposed for wearable capacitive sensors,
including tremor assessment [5], [6], relative
movements of body parts [5], [1], respiration, and
ballistocardiography [7]. In many of these
applications, the signal is sent to a computer by radio
waves or IR, or IoT means are used to connect to
larger networks [8].

During the last two decades, several flexible,
portable enclosures for various applications, including
medical ones, have been proposed [9], [10]. However,
flexible capacitive sensors mounted on flexible walls
have not been analyzed. We suggest the use of
capacitive flexible sensors attached to or embedded in
the walls of such enclosures for monitoring various
ambient and biologic signals, moreover for monitoring
the state of inflation of the collapsible enclosure. For
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such applications, small integrated capacitive sensors
are of little use; instead, capacitive sensors covering
large surfaces of the wall of the enclosure are needed.
We focus on interdigital capacitive sensors in this
paper. We provide theoretical foundations for the use
of these sensors in the envisaged applications and
determine their limitations and errors, thus providing a
foundation for their use. We approach theoretically the
operation of the discussed sensors because, while
simulation methods can produce more detailed and
precise results for specific cases of interdigital sensors
with precise dimensions, the analytic approach helps
the designer to gain a broad understanding.

II. STUDY MOTIVATION

Interdigital capacitive sensors have been studied
especially for macro- and microelectronic sensors and
for MEMS applications and using simulation software
[11-13], but much less for large and flexible devices
and not theoretically for flexible sensors. Uncertainties
in the operation of large surface sensors sewn, painted
on, or embedded in the textiles may hamper their use
and may pose the question of unquantifiable precision
issues; these uncertainties may question the sensors’
usability in medical applications. To remove this
barrier, we present a detailed analysis of several errors
and show a way of taking them into account. We apply
the results to systems based on flexible enclosures.
One such enclosure designed for surgery [14-16] is
pictured in Fig. 1.
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Figure 1. Example of a view of a portable, flexible enclosure
proposed for surgery. Picture by HNT made in Design Museum
exhibition London with Beazley Design of the Year Nominees for
2018, U.K., 15-17 Sep 2018. Design by SurgiBox Inc., US. Picture
© 2018 HNT.
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The enclosure in Fig. 1 is made of thin plastic film
and has several surgical gloves and ports. See other
pictures and a description in [17], p. 192. This type of
enclosure easily accommodates flexible capacitive
sensors on its lateral and bottom walls for patient
movement sensing, as suggested in Fig. 2, as well as
on the lateral walls and on the air duct, for assessing
the smoothness of the walls.

Sensor under
body the head

.
------

Figure 2. Example of several interdigital capacitive sensors
positioning under the torso and under the head, for position and
movement sensing, and on the torso (patch) for respiratory and
ballistocardiographic signals). All sensors should be flexible.

Vo

Figure 3. Example of interdigital capacitive sensor hand-painted
on textile, identical with one used in [5].

An example of a large (about 4 cmX5 cm), sensor
hand-painted on textile, identical with one used in [5],
is shown in Fig. 3 (see also [5]). Notice that
interdigital capacitive sensors with the electrodes
printed or deposited on the plastic walls, or embedded
in the walls are well suited for the application, while
plane-parallel plate capacitors with elastomeric
dielectrics, as proposed in several studies, are less
suitable, because of their non-negligible thickness.
Cost and adaptation to any shape of the support were
also factors when we suggested the use of interdigital
capacitors for wearables [5]. Pictures of such sensors
painted on textile are shown in [5] and experimental
results with them sensors are given in [5] and [6].

III. BASIC THEORY OF THE FLEXIBLE SENSORS

In this section we present several approximations
of the capacitance of the sensor and study the errors
occurring under various circumstances, under these
approximations. We are mainly interested in comb
capacitive sensors on textiles or thin foils, as used in
[5]. Wearable interdigital (comb) sensors pose specific
problems because of the various deformations of the
textile or film supporting or embedding them.

A. Capacitance of the planar interdigital sensor— in-
plane parallel electrodes [21-29]

We assume that the sensor is an interdigital one,
with the geometry as in Fig. 4(a). Its capacitance was
calculated under various hypotheses and reported in
papers as [18-26]. Several authors [19,20,23-25] have
presented calculations for interdigital sensors with
strips (electrodes) not in the same plane, which is of
special interest for flexible sensors.
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There are several approximate formula for the
capacitance of the interdigital sensor, including the
simple parallel plate approximation, the approximation
obtained using Schwartz-Christofell  conformal
mapping without and with taking into account the
fringe field approximations derived from finite
element simulations, and semi-empirical
approximations, based on matching a proposed
formula with the measurement results [19,20,23-25].

n
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Figure 4. (a) Geometry of the interdigital in-plane sensor. (b) Out
of plane sensor.

Much of the related work was devoted to MEMS
technology, especially MEMS actuators and sensors,
with some older contributions related to radio-
frequency circuits. For planar structures with thick
substrates, [22] proposed C [pF] = ((, + 1)/W) - L -
[(N —3)A; + A,], with A; = 8.85-10712p, A, =
9.9-10"2W, where b [cm] is the width of the
electrodes, N the number of electrodes, N(a + b) =
W is the overall width of the electrodes, see Fig. 4(a),
I [em] is the lengths of the digits. The approximation
is valid for thicknesses of the substrate, t; , much
larger than the distance between digits (strip spacing),
a, ty/a > 100, which is not respected for planar
capacitors on thin foils. The formula also assumes
very small values of a, of the order of microns [22].
Bahl [21] (equ 7.7b) provides a more general and
precise formula for the planar interdigital capacitance
in terms of complete elliptic integral of the first kind,

K():

—10-3 S K® o oon
CIpFl =107 2 Z8 - 1-(N=1) (1)

with [[]isinum, k is the elliptic modulus, k =
tan® > ¢ = b/2,d = (a+b)/2, and k' = V1 - k2.
The ratio % (of the complete elliptic integral of first

kind to its complement) is according to equ. (7.8 a,b)
and (7.9) in [21],
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(all the above from Bahl [21]; see also [5]).

B. Capacitance of the planar interdigital sensor—
out-of-plane parallel electrodes [18-27]

According to [27] for a pair of successive fingers,
the capacitance of a comb sensor with plan parallel but
out of plane successive electrodes is, for a pair of
successive electrodes, the capacitance is [27]
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where the notations are as in Fig. 4(b). This formula
will be extensively used in this study.

The formulas above are useful in case when the
capacitor and its support remain perfectly planar, that
is, when the planar support is stretching (or allows
compression yet maintaining the planar form, which is
rare) along directions in its plane. However, more
important for wearable and flexible sensors is the case
when the support of the sensor changes shape from
planar to curve or folded. This case is dealt with
subsequently.

C. Capacitance of the out-of-plane, tilted (non-
parallel) electrodes

Numerous configurations of the successive
electrodes may appear when the sensors bend
following folds and smaller wrinkles of the skin or
clothes during the movements of the human body
parts. The specific configuration depends on the
geometry of the skin or clothes folds, on the
dimensions of the folds, and on the width of the
electrodes, b, and spaces between them, a. When the
radius of curvature of the fold is comparable with b,
b > a, several cases of sensor folding may be
produced, for example those in Fig. 5(a)-(e). These
cases have to be dealt distinctly, because there is no
one single formula for all of them.

For small curvature radius of the wrinkles
compared with b, as in Fig. 5(a), examples of shapes
assumed by the sensor are shown in Fig. 5(b), 5(c),
where 5(c) is based on [24], and 5(e). These two cases
differ by the way the axes of the electrodes (in
transversal plane) intersect: in Fig. 5(b) and 5(e) the
axes intersect outside the electrodes, while in Fig. 5(c)
the axis of the tilted electrode intersects the horizontal
electrode. Figures 5(d) and 5(f) are complementing,

with geometrical details, Fig. 5(c) and 5(e)
respectively.
(a)

(e) ®

Figure 5. Non-parallel plate configurations, with the sensor seen
in cross-section. Thick lines represent the electrodes. [z = va

For the tilted plate case depicted in Fig. 5(c) and
(d), according to [24], [25] and [26], the capacitance is
computed as the sum of the inner and outer
capacitances of the facing plates, C = Cy, + Cpyy -
These capacitances, for the geometry in Fig. 5(d), are
given by [24, 25] (equations 7-12 in [24], with

simplified notations) and [26]; without the constant
multiplier the expression is:

C/e = K'(kpin) | K'(krout) | K'(kpin) | K'(kpout) )
K(kRin) K(krout) K(krin) K(kLout)

where K (k) is the complete elliptic integral of the first
kind and, from [24, 25],

n n I
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T T L
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krout = T T T\ - (6)
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The value of k;;, is obtained from kg;, by
replacing everywhere the exponent % by ﬁ; the value

of k;,u 1s obtained from kg, by replacing
everywhere the exponent ﬁ by #. When the

electrodes have the same width, [; = Iz + [;.

For the case in Fig. 5, in first approximation we
consider, for small curvatures of the sensor in the
regions without electrodes, r = a, lz =va,l, =b —
va, l; = b,v > 0. Notice that in Fig. 5(c) only one
electrode contributes to the height of the wrinkle (the
simplest case to consider), but several electrodes and
the corresponding inter-electrode spaces may be
included in the increasing and decreasing sections of
the wrinkle. Under these approximations, we derive

T T s = n,
a¢<(a+b)¢+(va)‘/’) - -
p)® @

kRin ~ — = (a+ ; +(va)E (7)
(a+b)‘/’<a‘/’+(va)‘/’> (a+b)‘/’<1+(v)‘/’>

and similarly, for Kgoyur, Krin> Krous- In case a < b, as
usually assumed, a + b = b and , a + b > va and we
can further approximate, using (1 +x)¢ =1+ cx,
withc = —1/2,

— = ~1-Z()e, ()

1+()®

kRin ~

Because v<1 and ¢ < m, kg;, is close to 1; this
leads us to the use the approximation

%:%-zn(zij@ z%-m(zifg) )

with the k from above; this introduces a new formula
for computing soft capacitors in wearable and patch-
type sensor. Notice that the case v = 0 is degenerate,
with infinite ratio; it is why we impose v > 0.
K'(kgin)
K(kRin) ’
expression of the capacitance is graphed in Fig. 6.
Various approximations are given in the literature for
the elliptic integrals [28], [29], [30]. These

The wvariation of the first term, in the
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approximations may be used to further refine the
results in this section.

1.2 4 K'(k_Rin))/ K'/K(deg),
1 K(k_Rin) v=0.1
0.8 - K'/K(deg),
0.6 - v=0.3

0.4
0.2
degrees tilt
0 T T )
0 5 10 15

Figure 6. Variation of one of the terms in the tilted electrode
capacitance (see text)

D. Case of snapping (plane switching) electrodes

One of the most simple shape changes when the
sheet is compressed along its plane is by plane
switching (snapping) of one or several digital
electrodes. This may happen when the regions of the
electrodes and (some of) the spaces between them are
stiff, but the connecting regions between electrodes
and spacing regions are soft. Such a configuration may
make some of the eclectrodes snap into a different
plane than the neighboring electrodes. Similar
structures exhibiting this behavior are some side-
folding security grilles and curtains. While such
sensors have not been proposed previously, similar
structures are known; therefore, we suggest that up-
down snapping sensors could be a new design with
advantages in applications where the sensor is
compressed in a transversal (in-plane) direction.

. ®)
Figure 7. Models of folding of the textile with the comb sensor,
with electrodes preserving parallelism by plane-switching at
compression.

The wrinkles formed by the contraction of the
sensor may have the shape as in Fig. 7(a,b). In this
case, the out-of-plane parallel electrodes case applies
[18-26] and the formulas to use are those in [27].

IV. SENSITIVITIES AND ASSOCIATED
NONLINEARITIES OF DEFORMED INTERDIGITAL
ELECTRODES

A. Sensitivity of the in-plane electrodes to elongation

From the above formulas, the sensitivity to in-
plane extension of the sensor, resulting in a transversal
extension, i.e., in the increase of distance between the
fingers, but assuming the fingers of constant width, is
computed only for the realistic (thin substrates)
formula based on elliptic integrals:

L=10% (V- )-i(’“")). (10)

da da \K'(k)

Assuming the case 0.707 <k <1, with 4 the
constant in front of the derivative, we derive
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Taking into account that ¢ = b/2 is independent of
a, only d depends on a and % (d) =1/2. Using ¢ =
b/2,d = (a + b)/2, we derive

tan? = = tan? 22— < tan?Z <1, (13)
4d 4

4(a+b)

(tan2 %) = 2tan S . Aarb? (14)

4d coszg
When a < b, we derive after some algebra that the
sensitivity is
s dC T -1
—-———|1—tan > (15)
2
A da 4 p2(1+9) ( 4(1 )
Therefore, the absolute sensitivity is greater when% -
0 and b is small (b = 01 in b)z) We derive that the
relative sensitivity is, for 0. 707 <k<1,
LdE_ L (K0
C da ﬂ da \K'()) —
K'(k)
1 1- tanzﬁ a4 1+ tan24d (16)
£ 21+Jt31‘12n—§ 1+\/tan2% da 1- \/tanzfs
T 1- tanzfg
Notice that, for longitudinal elongation, C(L) has a
linear expression, therefore the sensitivity along the
direction of the fingers is constant and low. This
allows making the sensor essentially sensitive along a

single direction. With two orthogonal sensors, one can
determine the direction of stretching.

B. Sensitivity of capacitors with out-of-plane
successive electrodes, with plane switching

Assume that the folding is due to in-plane
compression (in the sensor plane) and that this type of
folding produces plane switching of the electrodes,
such that the distance between the electrodes, a,
essentially remains the same (a strong approximation).
Then, for a pair of successive fingers, we derive the
relative sensitivity of the capacitance to deformation

1dC 2h d
-— = (nz - arctanz—)— —Zh (17)
Cdh a+b / dh nz_arctanz

. 2h .
Denoting —=1U one obtains
a+b
—arctan u(h)) = —, u' = —, therefore
dn ( )) 1+u2’ b’
1dcC 4 arctanu 1
—— = — (18)
Cdh a+b m2-arctan?u 1+u?2
e 1dc
Graphs of the sensitivities e for several

combinations of the ratios of a,b, where for b =
0.001, are shown in Fig. 8. Notice that the graphs in
Fig. 8 are of interest only for heights less than a,
whose maximal value is b = 0.001. The graphs in



Fig. 9 are shown only for values of the height that
make sense for the chosen parameters.

2.5 -
(1/C)(dC/d height)
2 o
----- =0.1b
15 - @
: Se > eeesesee 3=0.3b
11 a=0.05b
05 -
0 . . . . height .
0 0.002 0004 0006 0008 0.1

Figure 8. Theoretical characteristic of the sensitivity of out-of-
plane interdigital flexible sensor, S, = % . Z—Z, for an infinitely
stretchable support. Results for b=0.001.

The sensor cannot be considered linear, except for
small intervals. A quadratic approximation works well

for all cases of ratios 0.3 < % <1, for the ranges

where the capacitor support does not stretches, that is,
for h < a, For example, for b = 1 mm,a = 0.3 mm,
h <a, the approximation S, = —4-10%h? +
4544.8h + 0.0063 has the coefficient of
determination R? = 0.9998 for h € [0,0.1] mm, and
for b=1mm,a=03mmh<a, a good
approximation is S, = —2-10°h? + 3258h +
0.0134 with R? = 0.999 for h € [0,0.3] mm.

- e e» e» 3=0.5b
12 (1/C)(dc/dh)
1 A a=b
0.8 - ee00003=03b
0.6 1 Poly.
i (a=0.5b)
0.4 Poly. (a=b)
0.2
Poly.
0 T ] ~ (a=0.3b)
0 0.0005 0.001 height

Figure 9. Realistic zone of the out-of-plane interdigital sensor
operation (no stretch). b = 1 mm,h < a.

The approximation for a =b =0.001 (S, =
—733015h? + 1691.2h + 0.0249, R* =
0.9988) is also almost indistinguishable on the graph
of the S;, curve (Fig. 8 and 9).

C. Sensitivity of capacitors with out of plane
successive electrodes, with plane tilting

For tilting electrodes, according to Section III-C),
the sensitivity was computed for one of the terms in

_ K'(krin)
[24], namely for C; /¢ = Ko

forv = 0.1 and v = 0.3 are shown in Fig. 10.

The values obtained

0.2 ~
sensitivity
0.15 -
abs delta
0.1
abs delta
0.05 -
Expon. (abs
0 ™ T \ delta)
0 5 10 15

electrodes tilting angle, °

Figure 10. The exponential increase in sensitivity of the capacitive
sensor with tilting electrodes. Dotted line for v = 0.3. Thick line
v = 0.1. See legend to Fig. 5 and text for v's definition.

Notice that the sensitivity grows exponentially for
small angles, making such sensors insensitive to small
deformations that only tilt the electrodes under the
described conditions (for angles less than about 7-10°).
Also notice for small values of v (v =0.1) that the
interval of monotonic and significant variation of the
capacitance is from about 5° to 15°.

V. DISCUSSION AND CONCLUSIONS

We thoroughly analyzed the theoretical properties
of large, flexible interdigital capacitive sensors on the
surface of foils, textiles, and other deformable
materials. Such sensors can find applications in
monitoring the inflation state of collapsible enclosures,
the smoothness of the surface of textiles such as textile
industrial covers, or of textiles of medical use such as
large surface wound dressings and bed covers.

The various types of transversal deformations of
the sensors have been discussed for one pair of
electrodes. Notice that the folding may occur only on a
section of the interdigital capacitor, representing y%
of the surface of the capacitor. Then, the factor y
multiplies the effects described in Section IV.

The large number of mechanisms and patterns of
deformation of the flexible capacitive sensors used as
patches on the skin, placed on or embedded in textiles,
or placed on or embedded in flexible foils makes the
analysis of their behavior very tedious. In addition, the
results of the analysis remain limited to the specific
combination of materials, dimensions, deformation
amplitudes, and support (skin, foil, or textile)
analyzed. The variety of geometries and support-
sensor interactions and assumed shapes produce very
different nonlinear expressions for the sensitivity of
the sensor to local deformations in a normal direction
to the electrodes. Also because of the variety of
involved processes, the flexible capacitive interdigital
sensors exhibit a set of nonlinearities when deformed
in a normal direction to the electrodes.

We derive that interdigital capacitive sensors have
a good enough operation (linearity and monotony)
only for small enough tilting angle of successive
electrodes (from a few degrees to less than 10°) and
for small out-of-plane displacements of the electrodes
compared with the electrode widths. A practical
conclusion is that the width of the electrodes and their
inter-space should be commensurate with the thickness
of the textile or foil on which they are placed. When
this condition is satisfied, because the folding of the
substrate is typically produced with curvature radii
much larger than the thickness of the substrate, the
tilting of the successive electrodes and their out of
plane displacement is small. As a consequence, the
induced change in the capacitance is reasonably small
and monotonic with the change in geometry.

For some applications, such as the sensing of the
inflation state of a collapsible enclosure, only a
specified value of the capacitance matters (the value
when the inflation is complete). Using such an
interdigital sensor on the surface of an inflatable
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enclosure and coupling the sensor to a capacitance-to-
number or voltage circuit would allow the easy
detection of the full inflation state, by the capacitance
attaining a specified value. This could replace the use
of pressure sensors in the application described in our
parallel paper in this conference.

The analytical treatment in this study adds to the
theoretical contributions of Eidenberger and Zagar
[23], of Xiang [24], [25], and of Hu et al. [27]. The
analysis performed helps in understanding the
operation of these types of sensors; it may also help in
choosing methodically the parameters of the flexible
capacitive interdigital sensors, including width of the
electrodes, distance between them, rigidity of the
electrodes and the support, and overall dimensions of
the sensor, in relation with the application dealt with.
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