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Modeling of Ungrounded Tangibles on Mutual
Capacitance Touch Screens

Christian Bjgrge Thoresen and Ulrik Hanke, Senior Member, IEEE

Abstract—Tangible user interface for touch screens, where in-
teraction happens through tangible objects placed on the screen,
is one possible option for addressing the lack of haptic feedback
in touch screens. For the development of tangible user interface
for mutual capacitance touch screens, it is of interest to be able to
model how a tangible on the screen surface is seen by the touch
screen controller. Finite Element Method simulations for this
case is very demanding in terms of both computational resources
and time. In this article, we present a computationally efficient
model for simulating the capacitance image of arbitrarily shaped
conductive sheets on full size mutual capacitance touch screen
panels, with calculation time in the order of milliseconds. Output
data from the model show good agreement with corresponding
measurement data from experiments, with a root mean square
deviation of 1.5% of the peak to peak of the measured values
for the modeled screen area.

Index Terms—Mutual capacitance sensing, tangible user inter-
face, touch screen panel.

I. INTRODUCTION

ANGIBLE User Interface (TUI) for touch screens is

a field of interest for overcoming the lack of haptic
feedback in touch screens. Several examples of TUI for optical
rear-camera or light sensitive pixel based touch screens exist
[1]. However, these screens are susceptible to interference
from ambient light, limiting their use to environments with
controlled lighting. TUI for mutual capacitance Touch Screen
Panels (TSPs) is therefore an interesting option. Still, mutual
capacitance TSPs have typically been designed to detect
touches by human fingers, while filtering out other kinds of
touches. For this, the TSP makes use of the finger’s property
of having a strong electrical coupling to the ground potential
of the TSP. Thus, touch events can also be triggered by
sufficiently ground-coupled, finger-like objects, such as rubber
tip styli for TSPs and the TUI touch pads [2], which are
both grounded through the user. We have previously demon-
strated, both by Finite Element Method (FEM) simulations
and experiments, that such TSPs can be enabled to also detect
ungrounded conductive objects [3]. This could allow for design
of TUI objects that does not rely on grounding through the user
or by other means. Detection of ungrounded TUI objects could
also be achieved using the modified TSP design presented by
Brown et al. [4], which is specifically designed to also be able
to detect non-conductive objects by using a different electrode
pattern in the digitizer.
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Fig. 1. Image of the measured raw touch data output for a conductive
sheet shaped as the annulus shown overlaid in the images. Dark represents
reduction in mutual capacitance, bright represents increase. (a) grounded case,
(b) ungrounded case.

A mutual capacitance TSP digitizer consists of an inter-
secting array of electrodes in the screen surface in the form
of rows and columns. The TSP controller works by sampling
an image of the mutual capacitances between each pair of
intersecting electrodes. This image is influenced by conductive
objects as well as variation of permittivity in the proximity
of each electrode intersection. Grounded conductive objects,
like human fingers, lead to a decrease in mutual capacitance
near the object. The capacitance image for a grounded object
therefore closely resembles the shape of the screen contact
area of the conductive part of the object, as shown in Fig. la.
This could allow for straight forward application of image reg-
istration and interpolation algorithms for determining location
and orientation of the object. Ungrounded objects however,
may, depending on shape and orientation, lead to various
combinations of areas of both increase and decrease in mutual
capacitance, as shown in Fig. 1b. This makes it less straight
forward to implement algorithms for determining the location
and orientation of the object.

Tangibles will typically be differentiated by identification
of unique touch patterns contacting the screen. One option is
to use different matrix constellations of circular pads, where
the center of each pad is determined by regular touch algo-
rithms, as demonstrated for grounded pads [2], [5]. Circular
ungrounded pads will give rise to an increase in mutual
capacitance in the capacitance image, and similar interpolation
algorithms as for grounded touch could be applied to deter-
mine the center of the pads. For the TSP design we previously
looked at, the sensitivity to such ungrounded circular pads
was lower than for grounded pads of the same size [3].
For that TSP, larger pads may be needed for ungrounded
operation than for grounded operation. In any case ungrounded
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operation would involve modification of the processing of
the capacitance image. Then it is also an option to use
arbitrarily shaped patterns of conductive material, rather than
just a simple pad matrix. This would likely increase the space
efficiency of the patterns, allowing more unique patterns of a
fixed pattern size or a reduction in the pattern size needed to
be able to differentiate a given number of patterns. To achieve
this, the detection algorithm will somehow have to take into
account the TSP’s transformation of the TUI pattern into a
capacitance image.

Mutual capacitance TSP controllers may work using dif-
ferent capacitance measurement principles. In this paper we
will consider the charge transfer method, where the controller
applies a voltage step to one or more Tx-electrode and use
charge integrators to measure the amount of charge transfered
to each Rx-electrode. This allows for a quasi-static analysis,
where we assume that the series resistances can be ignored.
We also assume that the controller keeps all of the the Rx-
electrodes and all of the inactive Tx-electrodes at constant
potential.

The experimental TSP design presented by Brown et al.
[4] is able to also detect non-conductive objects by mea-
suring the mutual capacitance to an additional set of Rx-
electrodes with different distance to the Tx-electrodes at the
intersections. Such a design is also highly applicable to TSPs
specialized for tangible detection, as it provides freedom to
use the relative permittivity of the materials for designing
identification patterns. This can result in a more direct image
of the pattern, compared to the use of ungrounded conductive
patterns. However, it also requires both a more thorough
redesign of both the TSP digitizer, as well as additional
channels on a customized TSP controller.

For developing both TUI touch patterns and their detection
algorithms, we see the need for an efficient way of model-
ing the TSP capacitance image output for any given touch
pattern. Our previous use of FEM simulations was limited
to 5 by 5 TSP electrodes, typically corresponding to about
25mm X 25 mm of screen area [3]. These simulations were
run on a high end workstation, and each took in the order
of 10 min to complete. For the higher number of electrodes
required for the area covered by a TUI identification pattern,
these simulations would require access to a computation
cluster and become even more time consuming. This cost
limits their applicability in development, testing and numerical
optimization based tuning of different combinations of patterns
and detection algorithms.

With this in mind, we have developed a computationally
simple model for mutual capacitance TSPs that calculate the
capacitance images for arbitrarily shaped ungrounded conduc-
tive sheets on the TSP surface. The model is described in detail
in section II, with options for handling fringe field, multiple
conductive sheets and multiple layers. In section III we present
experiments for the use of the model for a consumer market
tablet TSP device, including tuning of model parameters. The
results, with comparison of model output versus TSP output
for a set of different shapes, are presented and discussed in
section IV.
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Fig. 2. Top-down view of the Manhattan electrode layout for a section of
the screen of 3 by 3 electrodes. The intersection area of the middle Tx- and
Rx-electrode is highlighted.

(@) (b)

Fig. 3. Image of the coverage matrix P (a) and the fringe field matrix F (b)
derived from P for the annulus shape shown in transparent overlay.

II. THE MODEL

The basic idea of the model is to consider each electrode
intersection in the TSP independently. For a mutual capaci-
tance TSP, the screen surface can be divided into a matrix
of electrode intersection areas. One such area is highlighted
in Fig. 2. From the shape, position and rotation of the
conductive pad on the TSP, we determine how large portion
of each of these intersection areas that are covered by the
pad. This corresponds to a low resolution bitmap image of the
conductive pad, with pixel value O for no coverage and 1 for
full coverage. For a TSP consisting of m Rx-electrodes and
n Tx-electrodes, we let the matrix element P;; represent the
pad coverage of the intersection area of Rx-electrode 7 and
Tx-electrode j. This results in a coverage matrix P, as shown
for an annulus in Fig. 3a.

For our model, we define some parameters to calculate the
mutual capacitance reading from this coverage image, illus-
trated for the case of no coverage and full coverage in Fig. 4.
First, for zero coverage, we have the direct mutual capacitance
for one electrode intersection in untouched condition, Cy. The
presence of a conductive object on the TSP surface above one
of the electrode intersection leads to a reduction in the direct
mutual capacitance between the two intersecting electrodes.
We denote the direct mutual capacitance in the fully covered
case as C{, and define AC" = Cjj — (.

For the case of a grounded pad, we can then simply model
the change in the capacitance image from untouched state
as proportional to the coverage matrix P, by expressing the
capacitance change matrix AC’ as

AC' = AC'P. (1
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Fig. 4. Cross-section illustration of the capacitances in the electrode inter-
section without (a) and with (b) a conductive pad covering the area.

For the case of an ungrounded pad, we also have the same
reduction in the direct mutual capacitance between intersecting
electrodes. However, the ungrounded pad also provides a
coupling between all the electrodes it covers. We consider the
ungrounded pad as a floating electrode in a multi-electrode
capacitor, as illustrated in the circuit diagram in Fig. 5. When
the controller applies a voltage to one Tx-electrode, keeping
all other electrodes at ground potential, it results in a shift of
the floating potential of the pad. The pad can be considered
the middle node in a capacitive voltage divider. To find this
potential shift, we need the mutual capacitances between the
pad and each of the Tx- and Rx-electrodes. Looking at just one
electrode intersection area, we define the contribution to the
Tx-electrode to pad mutual capacitance from this area as Chx
for a fully covered area, see Fig. 4. Likewise, we have Cy,;« for
the Rx-electrode. For a partially covered area, with coverage
P;;, the mutual capacitances between the pad and respectively
the Tx-electrode and the Rx-electrode can be approximated as
P;jChex and P;;Cpr. This is shown in Fig. 5, where also the
direct mutual capacitance between the electrodes is included
as Cp + AO/PU

For each Tx-electrode j, we calculate the total mutual
capacitance with the pad as the sum of the contributions from
each intersection area as

C =Chx » Py, j=12,...,n. 2)
i=1
Similarly, for each Rx-electrode ¢, we have

C{X:Oprxzpija i:172a"'7m' (3)
Jj=1

Applying a voltage Vy to Tx-electrode [, considering all
the other screen electrodes to be kept at ground potential, we
model the the pad to ground capacitance as

CF" = Cpe = OF, )

where Cl is the total pad to electrodes capacitance,

m n

Che =Y O + Z: . 5)
pm

i=1
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Fig. 5. Circuit diagram for a 3 by 3 electrode sub-section of the digitizer as
used in the simplest model for ungrounded pads. The capacitance values are
given in terms of the relative pad coverage for the intersection area, F;j. The
dashed lines represent the conductive pad, with varying capacitive coupling
to the different parts of the electrodes.

The potential shift of the floating pad due to the voltage
applied to Tx-electrode [ is then given by a capacitive voltage
divider as

Ctx Ctx
AvP =y ——L =y L

. (6)
Clgnd + Cltx 0 Cpc

This potential shift of the pad due to Tx-electrode [ results
in a change in the charge on Rx-electrode k

t
C]EXOZX
Che
With this charge, we calculate the capacitance contributed

by the ungrounded pad to the total Tx- to Rx-electrode
capacitance measured by the TSP controller as

AQR  CpCyx
ACH™ = ?‘Z =~ ®)
pe

Substituting (2), (3) and (5) into (8), we obtain

AQy = —AVPM O = -V, (7)

C’perjptx Jj=1
(Cprx + Cpix)

ACH™ = 9)
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We combine the two pad to electrode capacitance parame-
ters Cprx and Chix into a new parameter Clhyy, corresponding
to the series capacitance of the two:

CprxCht
Coty = __ TPITXptx (10)
Pt CVprx + Cptx
Jj=1 =1
ACT™ = Cpiy (11)

NSE!

7

n
> Pij
1j=1

On matrix form, the numerator can be expressed as the
outer product of the row sum and column sum vectors of
the coverage matrix. By combining this positive capacitance
contribution with the negative contribution due to reduction
of the direct mutual capacitance (1), we can express the total
change in measured capacitance as

AC}, = AC' Py + ACE™. (12)

A. Tx-Electrode Drive Sequence

The one by one activation of Tx-electrodes described so far
does not apply to all TSPs. By oscilloscope measurements on
small aluminum pads put on the screen, we found that the
tablet TSP used in our experiments activates Tx-electrodes in
neighboring pairs, with overlap. Each Tx-electrode is activated
twice in a complete scan, except for the first and last electrode.
Each point in the data obtained from the controller represent
the capacitance between two adjacent Tx-electrodes and one
Rx-electrode. This can easily be adjusted for in the model
by letting Clt"/ represent the total pad to active group of Tx-
electrode capacitance, in this case simply C}*" = C* + Cry.
We then replace the occurrences of C* with C in the
numerator in (8). The model can be adapted to other Tx-
electrode drive patterns in a similar way.

B. Fringe Field Contribution

So far we have considered the capacitance to be propor-
tional to the overlap only, as in a parallel plate capacitor
simplification. There is also an electric fringe field from the
electrode area close to, but not covered by the pad, between
the electrodes and the edges and top surface of the pad. One
way to include this field in the model is to generate a fringe
field matrix similar to the coverage matrix, but describing the
areas affected by fringe field instead. Then the fringe field
capacitance contribution can be expressed as a function of
this matrix and included in the model.

There are several possible ways to generate such a fringe
field matrix from the coverage matrix. Considering these
matrices as images, we can apply regular image processing
techniques. A very simple approach is to first apply Gaussian
blur to the coverage matrix, as this results in positive values
also for the areas adjacent to the pad. The standard deviations
of the Gaussian blur oy, oy, can be used as a parameter to
control how the values should depend on distance from the
pad. However, this image also includes the contribution from
the area covered by the pad, whereas we only desire an image
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of a halo around the pad. We achieve this by using the coverage
matrix as a mask, by calculating the Hadamard (element wise)
product of the blurred P and the mask 1 — P. We denote the
resulting fringe field matrix as F. An example is shown in
Fig. 3b.

In the model we modify equations (1), (2) and (3) to all
include a contribution from this fringe field matrix.

AC! = AC (P + kpi F) (13)

Cltx = C'ptx Z (Pil + kptxfil) (14)
=1

CIEX = Cprx Z (Pk] + kprxfkj) (15)
=1

Here Kixtx, kixp and k., are parameters representing the
relative contribution of the fringe field matrix to the different
capacitances. In addition we have chosen to have only one
parameter for the Gaussian blur, 0, = 0 = 0y.

For the non-fringe model, we combined C¢x and Cp, into
one parameter, Cpt,. It is possible to show that it can be used as
a good approximation also for this fringe model when kpy ~
kprx or when the contribution from the fringe field to Cy is
small.

C. Multiple Pads

Putting multiple isolated pads on each tangible may be
useful for creating uniquely identifiable patterns, in the same
manner as this has previously been used with grounded pads
[2]. Being able to simulate unconnected pads is also useful for
the case of analyzing possible interaction between tangibles
in close proximity. If we make the assumption that the direct
pad to pad capacitance is negligible, we can easily extend the
model to work for multiple pads. As input, we need to have
one coverage matrix P, for each of the n, individual pads.
We then apply (1) to the sum of all the individual coverage
matrices, whereas we calculate the positive capacitance change
contributions (8) individually for each pad and sum them,

ACH = ACY" (P + ACR).

q=1

(16)

D. Multiple Conductive Layers

The model can be extended to deal with several layers of
interconnected conductive shapes above the TSP. This allows
for simulation of tangible designs such as the tangible markers
described in [6]. These are ungrounded tangibles that are
able to trigger regular touch points by providing a capacitive
coupling to ground through the TSP panel. Being able to
efficiently simulate such tangibles, we may be able to optimize
their design for more reliable operation. For this extension of
the model we can make use of one set of the parameters AC”,
Cpiz and Cp,, for each layer, as well as having one coverage
matrix P for each layer as input.
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Fig. 6. Experimental setup, (a) aluminum tape cut to shape and stuck on
cardboard, (b) side view of the cardboard piece with the aluminum tape facing
down, aligned and weighted down using 4 layers of cardboard and an empty
glass.

E. Sub-Pixels

So far we have assumed uniform capacitance contribution
from the pad over the entire electrode intersection area.
Considering the electrode structure shown in Fig. 2, we would
expect the pad area overlapping the Rx-electrode to have
increased contribution to C** and reduced contribution to C'**
compared to the area only overlapping the Tx-electrode. To
account for non-uniform capacitance contributions over the
intersection area, we can divide each intersection area into ng
by ng smaller areas. The model parameters AC’, Cp,x and
Cpix then become ng by ng matrices to be multiplied element
wise with sub-matrices from a coverage matrix with resolution
increased a factor ng in each direction. A similar approach is to
derive three different coverage matrices from the model input,
one for the Rx-electrode coverage, one for the Tx-electrode
coverage and one for the contribution to direct reduction in
mutual capacitance.

F. Model Implementation

For implementing and testing the model, we have used
Python (3.5.1) scripting with the Numpy (1.10.4) package for
matrices and Scipy (0.17.0) for statistics and optimization. For
drawing the shapes to create the coverage matrices, we used
the python package Skimage (0.11.3). The drawing functions,
as we used them, render the shapes as pixels of value O or
1. Rendering directly to the coverage matrix would then lead
to considerable error at the edges of the shapes due to spatial
aliasing. We therefore used an oversampling of 16 by 16 pixels
for each element in P. This still leads to an inaccuracy of the
coverage matrix at the edges of the shapes of up to a value of
1/32 or 3.3 %.

III. EXPERIMENT

We cut ten different shapes from a sheet of aluminum tape
by hand and stuck them to 5cm X 5cm pieces of cardboard
(0.4mm thick), see Fig. 6a, for testing on a Samsung Galaxy
Note 10.1 (GT-N8010) tablet device. For this device we can
retrieve raw touch data as a matrix [3]. The center axes of the
shapes were marked on the back of each piece of cardboard,
including 45° rotation for some of the samples. For aligning
the samples, the tablet was set to display two cross-hairs, one
marking the location of the center of a touch pixel in the
middle of the screen and one marking the common corner of
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4 adjacent touch pixels. This allowed us to align the pieces
for symmetry around one center pixel or for symmetry around
a pixel intersection.

The cardboard pieces with the aluminum tape shapes were
weighted down by a stack of 4 additional cardboard pieces
stuck to the flat bottom of an empty glass, to achieve even
pressure, as shown in Fig. 6b. This setup is expected to
increase the fringe field to the back surface of the aluminum
tape making up the shapes, as the relative permittivity of the
volume above the shape (cardboard and glass) is increased
compared to air. However, this is similar to the practical use
case where a tangible object has conductive shape adhered to
its base surface that is in contact with the TSP. For each shape
and rotation we acquired 3 capacitance images for each of the
two different alignments, for a total of 16 x 2 x 3 capacitance
images. The full set of shapes and rotations used is shown in
Fig. 7.

We also calculated the corresponding capacitance images for
each sample using our model. To reduce the effect of inaccura-
cies in our manual alignment, we used cross correlation based
image registration [7] to find an approximation of how much
the sampled images were translated compared to the modeled
images. We then recalculated the modeled capacitance images
with new coverage matrices based on the translations found.
This does however not account for rotation error. The position
correction data for all samples had a root mean square (RMS)
value of 0.6mm and a maximum of 1.6 mm. From the full
screen area, we extracted an area of 14 by 14 touch pixels
centered at the shape for the comparison of experimental and
modeled data. This corresponds to an area of 7cm X 7cm.
With this size there is sufficient margin to ensure that all
touch pixels influenced by the shape are within the area. As
a measure of how well the model fits the experimental data,
we calculated the Pearson correlation coefficient and the root
mean square deviation (RMSD).

A. Determining Model Parameters

We applied two different strategies in order to determine the
model parameters, FEM simulation and numerical optimiza-
tion based on experimental data. For the FEM simulations,
we used the same FEM setup as described in [3], with
the same TSP parameters. A 3 by 3 electrode simulation is
sufficient for the simplest form of the model, where only the
middle electrodes are considered. For determining C{, Cpix
and Cpx, we covered the entire TSP surface by a grounded
conductor in the simulation. This corresponds to the case of a
large pad covering the entire TSP-surface, thereby eliminating
the fringe field to the back side of the pad. For Cpx and
Cprx, We in turn applied a voltage respectively to the middle
Tx-electrode and to the middle Rx-electrode. From those
simulations, the corresponding capacitances were found from
the resulting charge on the the area of the grounded conductor
corresponding to only the middle electrode intersection area, as
shown in Fig. 2. In the same simulation setup, corresponding
to fully grounded touch, C} was found as the capacitance
between the two middle electrodes. In order to determine C,
we used a simulation with only air above the TSP-surface and
no conductive pad, corresponding to the untouched state.
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Fig. 7. Outlines of the different shapes and their orientations as used in the
experiments, overlaid over the corresponding input to the touch model.

For numerical optimization we used the Pearson distance,
1—r, as a cost function, where r is the Pearson correlation co-
efficient between experimental data and corresponding model
data. The simple model can be described by two parameters,
AC’ and Cpy,y (10). When not considering the scale of the
model output, as is the case with the chosen cost function, we
can only determine the ratio between these two parameters. We
therefore fixed the value of AC’ to the one found in the FEM
simulations, leaving only one parameter to be determined.
For the fringe model, there are four additional parameters to
determine, kptx, Kprxs Frxix, and og.

For parameter optimization, we used the bound constrained
quasi-Newton method by Broyden, Fletcher, Goldfarb, and
Shanno, as implemented in the Python package SciPy [8].
We constrained all parameters to positive non-zero values.
Using the scale insensitive Pearson correlation coefficient as
a measure of fit, we still need to scale the model output to
match the count values from the TSP. For the model to have
a correct zero-output for the large screen area not covered by
any conductive sheet, we used a least squares fit for scale
factor only, with no offset.

IV. RESULTS AND DISCUSSION

The model parameters found by FEM and parameter op-
timizations are listed in Table I, along with the results of
comparing the output of the different models with measure-
ment data from all of the measurements. Models A and B
are both non-fringe models, where A is based on FEM and
B is based on parameter fitting using numerical optimization.
We see that the value for the Cp, parameter calculated from
FEM, model A, correspond well with the one found by fitting
the model to the data, model B. Models C and D are both
fringe-field models. For model C, Cpix and Cprx are from
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TABLE I
PARAMETER VALUES AND RESULTS

Model variants

Parameter / result A B C D
AC’ (pF) # —0.25 —0.25 —0.25 —0.25
Cptx (pF) 0.74 0.74

Chprx (pF) 0.62 0.62

Chptr (pF) 0.34° 0.32 0.342 0.31
kptx 0.59 0.78
kprx 0.66 0.64
Krxtx 0.97 0.76
og 0.37 0.50
Correlation coefficient 0.967 0.972 0.980 0.984
RMSD (count) 29.3 28.6 24.2 21.9
Residuals mean (count) —4.5 —9.3 —7.6 —8.8
Residuals std.dev (count) 28.9 27.1 23.0 20.1
LSQ scale factor (fF/count) 0.77 0.71 0.80 0.72

2 Fixed for all model variants, based on FEM simulations.
b Calculated values.

the FEM simulation, whereas the remaining parameters were
fitted. Model D has all parameters fitted. We see a variation in
the fringe parameters between these two models. It is worth
noting that these parameters are not necessarily completely
independent. Although Ci, is used as a parameter in the
optimization in model D, the fringe field expression was
defined using Chpix and Cpyy. For this, we have simply used
Cpotx = Cprx = 2Cp, for model D. Furthermore, the g
parameter does also to some degree influence the overall
contribution of the fringe field.

Table I also lists the performance results for each of the
models. The correlation coefficients for measured and modeled
data are higher and the RMSDs are lower for the fitted models
compared to the FEM based model. These numbers suggest
that model D is superior in simulating the touch screen output,
although at a slight increase in computational cost compared to
the non-fringe models, A and B. A scatter plot of the residuals
for model A and model D is shown in Fig. 8, illustrating how
model D has a tighter distribution of residuals over the full
range of count values. From the plot, we can also see that
the model is more accurate for low or negative count values,
where the spread of the residuals is lower than for count values
around 400. Expressed in terms of the observed peak to peak
value for measured data, the RMSD value for model A is
2.0% and for model D it is 1.5 %.

We have used gaussian kernel density estimation to illustrate
the distribution of the residuals for the different models in
Fig. 8, as well as in Fig. 9. In these graphs we see that the
distribution of the residuals, defined as modeled value minus
experimental value, has mean values below zero. The mean
residual for the two models shown are -4.5 for model A and
-8.8 for model D. As mentioned, the cardboard supporting
the aluminum tape shapes influences the capacitance image
compared to if this volume was filled with air only. This
is a likely contribution to the negative mean values of the
residuals, as the cardboard increase the capacitance seen in
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Fig. 8. Scatter plot of residuals from model comparison with all measurements
for model A and D. Distributions of the residuals are shown using Gaussian
kernel density estimation.
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Fig. 9. Violin plot of the residuals for the various shapes for model D,
showing means, extrema and distribution of the residuals.

the measurements. To test this, we also acquired data for a
plain piece of cardboard, resulting in an average count value
of 26 over the cardboard covered area. However, the cardboard
only covers part of the sampled area, 10 by 10 points out
of a total of 14 by 14. Furthermore, parts of the cardboard
area is covered by the conductive shapes. By subtracting the
cardboard contribution from the measured TSP data at the
points where only the cardboard was covering the screen, we
got mean residual values for model A and D of 2.6 and -1.5.

For a practical TUI application with ungrounded pads,
the tangible itself, on which the pad is attached, will also
likely influence the capacitance image in a similar way. For
applications requiring high accuracy, or if the tangible material
itself has a high relative permittivity, it may therefore be
of interest to also include the effect of the tangible in the
model. This could be implemented by modifying the no-touch
capacitance and the fringe factors according to a coverage
matrix for the area covered by the material of the tangible.
One possible application is the detection of presence of liquid
in a liquid container tangible, where the liquid above the tag
shape will influence the capacitance image.
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Fig. 10. Comparison of experimental data from the TSP and output from
model D for three different shapes (b), (d) and (j). The deviation between
model output and measurement is shown in different scale.

Fig. 10 shows a side by side comparison of measurement
data and data from model D for the recurring annulus shape (b)
and two other shapes, as well as the difference between the
measured and modeled data. The comparison clearly shows
the ability of the model to simulate an easily recognizable
capacitance image. For these three samples, the one from
shape (b) stands out as least accurate. Part of the deviation
can be attributed to the differences between model inputs
and the geometry of the hand cut shapes. A local geometry
error of 0.5mm could lead to a 10 % error in the coverage
matrix elements. Also, the capacitance contribution is not
uniform across the intersection area, leading to some degree
of rasterization issues. The proposed sub-pixel extension could
improve on the deviation due to rasterization.

In the experiments of ungrounded touch, we observed count
values from the TSP device in the range —380 to 1070.
For the circular pads we studied in [3], we observed count
values in the range of —600 to 360 for respectively grounded
and ungrounded touch conditions. In terms of the capacitance
reduction previously observed for regular grounded touch, the
results presented here are 63 % for capacitance reduction and
180 % for capacitance increase. This suggests that specially
crafted conductive shapes may be used to induce capacitance
reductions sufficient to trigger grounded touch events in reg-
ular TSP controllers, as was demonstrated for the multilayer
tag in [6]. We also have the option of inducing even stronger
increases in capacitance, which can be detected by customized
TSP controllers. From the experiments here, one example
of a shape with strong capacitance increase is the L-shape
(G), shown in Fig. 10, where there is a strong increase in
capacitance at the corner of the L. However, this peak is
only seen when the L is aligned with the TSP electrodes,
as the capacitance image is highly orientation dependent. It
is therefore difficult to design patterns that consistently gives
rise to increase or decrease in capacitance independent of
orientation. Having access to an efficient simulation tool may
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TABLE II
HoLDOUT TESTS

Test set RMSD holdout RMSD no holdout
(@) - (d) 22.4 22.4
(e) - (h) 18.8 18.4
-0 229 22.9
(m) - (p) 23.7 23.6

allow the use of numerical optimization for aiding in the
attempt of designing such patterns.

To test for overfitting, we divided the samples into four
sets, (a)-(d), (e)-(h), (1)-(1), and (m)-(p), and cycled through
all, holding one set out as a test set while using the three
other sets for the parameter fitting of model D. The resulting
RMSD values for each test set, both when it is held out from
the training set and not, are shown in Table II. The small
differences between holding each set out or not show that the
model works well with shapes not included in the training set.

V. FUTURE WORK

For future work we suggest applying the model in design
of TUI for mutual capacitance touch screens, as this was the
intended application of the model when developing it. This
involves using it for designing both uniquely identifiable pat-
terns and corresponding detection algorithms. One possibility
is to make use of the model in reverse in such an algorithm,
that is to determine the shape of the conductive sheet, given
the capacitance image. This may prove useful, as one can
then apply image registration with rotation to determine the
position and orientation of the tangible. Other future work
includes improving on the suggested extensions to the model,
such as multiple pads, multiple conductive layers and sub-
pixel treatment of the capacitance contributions. It may also be
interesting to look into modeling the effect of the permittivity
of non-conductive materials, possibly for also modeling the
TSP design by Brown et al. [4]. For a complete TUI on TSP
system, it may also be of interest to apply this model for
adjustment of the balance between sensitivity to grounded
and ungrounded touch, by adjustment of the TSP digitizer
geometry parameters.

VI. CONCLUSION

We have developed and tested a computationally efficient
model for simulation of the capacitance image in mutual
capacitance TSPs due to an ungrounded conductive sheet
of arbitrary shape. We achieved high correlation between
measurements and model output, and the model should be well
suited for use in designing TUI identification patterns and their
detection algorithms. The use of bitmaps as input for the model
makes it flexible in use. For a TSP panel with known design
parameters, we demonstrated using both FEM and parameter
fitting to determine model parameters. The FEM based model
can be useful to see the influence different TSP-parameters has
on the capacitance images when designing a TSP. Parameter
fitting is useful for modeling an existing TSP with possibly

http://dx.doi.org/10.1109/JSEN.2019.2940376

unknown design parameters, using measurements of a set of
test shapes to determine the model parameters.

REFERENCES

[1] S. Jorda, G. Geiger, M. Alonso, and M. Kaltenbrunner,
“The reacTable: Exploring the synergy between live
music performance and tabletop tangible interfaces,” in
Proc. TEI *07, Baton Rouge, LA: ACM, 2007, pp. 139-
146.

[2] T. Gotzelmann and D. Schneider, “CapCodes: Capacitive
3D printable identification and on-screen tracking for
tangible interaction,” in Proc. NordiCHI ’16, Gothenburg,
Sweden: ACM, 2016, 32:1-32:4.

[3] C. B. Thoresen and U. Hanke, “Numerical Simulation of
Mutual Capacitance Touch Screens for Ungrounded Ob-
jects,” IEEE Sensors Journal, vol. 17, no. 16, pp. 5143—
5152, Aug. 2017.

[4] C. Brown, A. Kay, Y. Sugita, and K. Kida, “60.1: Dis-
tinguished Paper: A Capacitive Touch Panel for Simul-
taneous Detection of Non-Conductive and Conductive
Objects,” SID Symposium Digest of Technical Papers,
vol. 46, no. 1, pp. 891-894, Jun. 2015.

[S] N. H. Yu, L. W. Chan, S. Y. Lau, S. S. Tsai, I. Hsiao,
D. J. Tsai, F 1. Hsiao, L. P. Cheng, M. Chen, and
P. Huang, “TUIC: Enabling tangible interaction on capac-
itive multi-touch displays,” in Proc. CHI ’11, Vancouver,
BC, Canada: ACM, 2011, pp. 2995-3004.

[6] S. Voelker, K. Nakajima, C. Thoresen, Y. Itoh, K. I.
@vergard, and J. Borchers, “PUCs: Detecting transpar-
ent, passive untouched capacitive widgets on unmodified
multi-touch displays,” in Proc. ITS ’15, St. Andrews,
Scotland: ACM, 2013, pp. 101-104.

[71 M. Guizar-Sicairos, S. T. Thurman, and J. R. Fienup,
“Efficient subpixel image registration algorithms,” EN,
Optics Letters, vol. 33, no. 2, pp. 156158, Jan. 2008.

[8] R. Byrd, P. Lu, J. Nocedal, and C. Zhu, “A Limited
Memory Algorithm for Bound Constrained Optimiza-
tion,” SIAM Journal on Scientific Computing, vol. 16,
no. 5, pp. 1190-1208, Sep. 1995.

Christian Bjgrge Thoresen received the B.Sc. degree in electrical engineer-
ing from the University of South-Eastern Norway (USN), Kongsberg, in 2008
and the M.Sc. degree in Microsystems technology from USN, Horten, in 2012.
He is currently pursuing the Ph.D. degree at USN, Horten. His current interest
of research is tangible user interface for capacitive touch screens.

Ulrik Hanke (SM’06) received the Siv.Ing. degree and the Dr.Ing. degree in
physics from the Norwegian University of Science and Technology (NTNU),
Trondheim, Norway, in 1989 and 1994, respectively. After two years as a
Post. Doc. he worked for a decade as a research scientist at department of
communication technology, SINTEF. Since 2006, he has been with University
of South-Eastern Norway, Horten, where he is a Professor of Micro- and
Nanosystem technology. His current main research interests are in theory,
design, and modeling of piezoelectric and RF acoustic micro devices.

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



