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TOUCH-SENSING SYSTEM

CLAIM OF PRIORITY
This application claims priority under 35 USC §119(e) to U.S. Patent Application

Serial No. 62/496,072, filed on October 3, 2016, the entire contents of which are hereby

incorporated by reference.

BACKGROUND

Touchscreen technologies are generally manufactured on a rigid substrate.
For example, projective capacitive sensing, like that used in contemporary
smartphones, uses a multi-layered, row-column matrix most often deposited onto
glass. This means that most touch panels are relatively small and flat. In cases
where irregular shapes or large areas have been made touch sensitive, the price tag
is often significant — touchscreens above 757 typically cost thousands of dollars,
and complex or flexible objects with touch-sensing capabilities are mostly research
prototypes unavailable to consumers. The high cost and inflexibility has limited
touch interaction from being adopted by a wider array of everyday objects, despite
touch being an intuitive and popular input modality.

Researchers have developed a myriad of approaches to enable touch-screen-
like interactions on ad hoc objects and surfaces, ideally with minimal instrumentation
of either the object itself or the environment.

The most prevalent way to achieve this level of fidelity (at scale) is through
computer vision. Early systems used conventional cameras segmenting e.g., skin
color, motion or shadows. Another option is to super-size touchscreen technologies

to room scale; for example, an augmented floor with FTIR sensing. Depth cameras
1
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have been a notable boon, easing the previously complex task of segmenting user
inputs from a background scene.

Acoustic methods can also be used. Multi-sensor approaches, chiefly based on
time difference of arrival techniques, can enable touch sensing on large surfaces,
including windows, wall and desks. Passive acoustics can also be used to capture and
recognize non-spatial gestures. Many of these approaches can also be applied to
discrete objects. For example, a pair of piezoelectric elements in an emitter-receiver
configuration, allowing discrete touch locations on ad hoc objects to be trained and
recognized.

Electrical methods are the least common. One option is to detect touch
locations in an environment by passively capturing ambient electromagnetic noise
that couples to users when they are near to a noise source (e.g., a power line behind a
wall). Active approaches are also possible. For example, a capacitive, flexible, touch-
sensing tape can be used that is affixed to objects.

Materials can be created with special, integrated features that enable touch
capabilities. These are not ad hoc objects per se, but rather augmented versions of
everyday materials. The most common target for these efforts has been textiles.
Through silk-screening or weaving of conductive materials, sensing of discrete touch
locations and multi-touch inputs is possible. Most projects utilize capacitive sensing,
though other techniques, such as time domain reflectometry, have also been applied.

SUMMARY
The systems and methods of the touch sensing system described herein

provide a low-cost and versatile sensing technique that enables touch input on
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arbitrary surfaces, whether large or irregular. In some implementations, this is
achieved by using electric field tomography sensing in concert with an electrically
conductive layer that can be easily and cheaply added to objects and surfaces. The
touch sensing system can be applied to both rigid and pliable objects with both
regular and irregular geometries. The touch sensing system can be interfaced with
everyday objects to make them touch-enabled objects. For example, the touch
sensing system described herein can be applied to automotive parts, 3D printed
objects, furniture, floors, walls, ceilings, etc. The touch-enabled interfaces of these
objects can be small, on the order of a dozen centimeters square, or large, on the
order of several meters square. The touch-enabled surfaces of these objects can be
directly touched. The touch sensing system can be concealed beneath an outer layer
of the object, such as a coat of paint, a sheet of fabric, a piece of paper, etc. to
preserve an aesthetic appeal of the touch-enabled object.

The touch sensing system includes electrodes in contact with the conductive
substrate, which covers the desired interactive area, to inject a small current. This
results in an electric field distributed inside the substrate. The electrodes can be
attached anywhere on the substrate. For the simplicity of deployment, our system
attaches electrodes to the periphery of conductive substrate. When a user’s finger
touches on the desired interactive area, it draws a fraction of the current to the
ground. This results in a distortion in the electric field distribution, which can be
sensed using the electrodes. Greater details of this sensing principle will be described

below. The sensor data is transmitted wirelessly, allowing the sensors and board to
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be fully contained within an object and eliminating the need for external sensing
infrastructure (e.g., depth cameras).

.. The systems and methods described herein are related to Electrical
Impedance Tomography (EIT). Note that EIT has other names such as Electrical
Resistance Tomography (ERT), or Electrical Capacitance Tomography (ECT). Here,
the term EIT is used to represent all systems that utilize on electrical changes to
reconstruct an image of the interior structure of an object by sensing non-invasively
from the exterior surface. EIT applications include respiratory monitoring,
underground detection, and biological inspection. In the human computer interaction
domain, the technology can be used in a hand-gesture-sensing smartwatch.

In some implementations, EIT can be used in conjunction with materials that
alter their local impedance when pressure is applied by a finger such as piezo-
resistive films, multilayer meshes, and tactile sensor arrays. For example, EIT can be
used to create touch sensitive skins for robots. Irregular geometries are supported,
though no prior work has demonstrated scalability beyond roughly 0.5 m?,

Although the systems and methods described herein comprise tomography,
the sensing principles are very different from standard EIT — the methods and
systems do not sense changes in a material substrate (impedance in the case of EIT),
but is rather can be based on a user’s finger shunting injected current, further
described in greater detail below. This sensing mechanism enables use of leverage
very different materials for the conductive domain, which in turn entails different
fabrication methods and use cases not previously contemplated due to difficulty and

cost.
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The systems and methods described herein are related to Electric Field (EF)
sensing. EF sensing generally uses the air as a medium, enabling free-space
interactions such as finger tracking, motion sensing, and activity recognition. In
short, when a user (who represents a large charge sink) enters the sensed area, the EF
current distribution is disturbed. The system deduces the position of a disturbance by
using measurements from electrodes (e.g., peripheral electrodes). Systems typically
perform the localization through regression, rather than tomographic reconstruction.

Additionally, the last decade has seen tremendous growth in digitally-
augmented, rapid fabrication tools, especially for human computer interaction uses
such as prototyping enclosures, controllers and new computing form factors.
However, the output from these tools, such as CNC milling machines, laser cutters,
vacuum formers and 3D printers are static — output embodies the desired 3D form,
but rarely the interactivity of the end product. Ideally, designers should be able to
prototype both in the same medium.

A variety of approaches have been considered that aim to alleviate this
interactive divide. For example, DisplayObjects detects touch input on passive
prototyped objects by tracking fingers using an external camera array. Also using
computer vision, Makers Marks allows users to annotate objects that have been
created with stickers, which denote the location of desired functionality (e.g.,
joystick here); after 3D scanning and processing, the final functional object can be
3D printed and assembled by non-experts.

Due to its non-mechanical nature, capacitive sensing is a powerful and

popular technique for prototyping or retrofitting touch input. Hudson and Mankoff
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demonstrate rapid construction of functional physical interfaces using just
“cardboard, thumbtacks, tin foil and masking tape.” Midas provides an entire
workflow for authoring and fabricating (using a CNC vinyl cutter) complex
capacitive layouts, which can be adhered to complex objects. The aforementioned
capacitive tape can also be used in a prototyping context.

Owing to 3D printing’s versatility, a variety of disparate methods have been
explored to enable interactive printed output. For example, by 3D printing integrated
cavities, tubes, tines and other mechanical structures, active and passive acoustics
can be used to digitize user input. Sauron uses an internal camera and computer
vision, along with accessory mirrors and markers, to capture user input to mechanical
controls on 3D printed items. It is also possible to 3D print light pipes, which can
route optically driven touch input to e.g., a photodiode. Similarly, it is possible to 3D
print conductive material, enabling direct integration of capacitive sensing electrodes
into a model.

The systems and methods described herein are applied to not only to laser cut
and 3D printed objects with a mechanism different than the related techniques
described, but also prototypes made from ceramic, wood, plastic and other common
non-conductive materials. The systems and methods described herein also enable
directly 3D print touch-capable objects using a low-cost filament.

The systems and methods described herein are be used for a number of
examples including those with large and irregular shapes, including flexible surfaces,
traditionally not achievable with the current touch-sensing systems. The systems and

methods described herein can scale to large surfaces such as walls and furniture.



10

15

20

WO 2018/067613 PCT/US2017/054999

Additionally, the systems and methods described herein can bring touch interactivity
to rapidly prototyped objects, enabling rapid iteration of both form and function. The
systems and methods described herein enable new interactive opportunities on a
diverse set of objects and surfaces that were previously static.

The touch sensing system includes generating, by a first pair of electrodes at a
first location in a conductive material, an electric field in the conductive material,
generating measurement data by measuring, by one or more second pairs of
electrodes, the electric field in the conductive material at one or more second
locations in the conductive material, with each of the one or more second locations
differing from the first location; generating, based on the measurement data, an
approximation of the electric field in the conductive material; and classifying, based
on the approximation, one or more regions of the interface into a given state. The
function of the preamble is to set forth the general technical environment of the
invention.

The method of the touch sensing system includes, in response to generating
the measurement data, selecting one of the one or more second pairs of electrodes for
generating another electric field in the conductive material; generating additional
measurement data, using the first pair of electrodes and the one or more second pairs
of electrodes that were not selected; and combining the measurement data with the
additional measurement data to generate cross-sectional measurement data; where the
approximation of the electric field is based on the cross-sectional measurement data.

In some implementations, generating the measurement data includes a

tomographic reconstruction of the electric field throughout the touch interface. In
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some implementations, the interface is a touch interface configured to receive a touch
input. In some implementations, the given state represents one of a touched state or a
not-touched state. In some implementations, the given state represents a tracking of
a continuous touch.

In some implementations, classifying includes applying a first regression
model for a first dimension of the interface and applying a second regression model
for a second dimension of the interface. In some implementations, classifying the
one or more regions includes determining a location of a disturbance in the electric
field of the interface that causes the electric field to diverge at the location of the
disturbance from a baseline electric field of the interface. The disturbance in the
electric field is caused by a shunted electric current at the location of the disturbance.

In some implementations, the method of the touch sensing system includes
determining the baseline electric field of the interface by obtaining the measurement
data when the interface is not being touched.

In some implementations, classifying the one or more regions includes
executing a neural network to perform operations including: receiving feature input
data including the measurement data, where the feature inputs each comprise a
sample of the measurement data; receiving weights based on a calibration
measurement of the conductive material, the weights each representing a value of the
electric field in the conductive material at a location in the conductive material when
the conductive material is not being disturbed; combining, at each stage of the neural
network, each of the feature inputs with one or more of the weights to generate

output data; and applying a classifier to the output data. In some implementations,
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classifying the one or more regions includes executing a support vector machine,
where one or more features of the support vector machine comprise the measurement
data.

In some implementations, the conductive material includes a surface coat
material having a resistivity between 500Q2 and SOMQ. In some implementations,
the conductive material includes one of a carbon-loaded thermoplastic polymer,
carbon-loaded silicone, or a carbon-loaded polymeric foil.

In some implementations, the method of the touch sensing system includes
include multiplexing the first pair of electrodes and one or more second pairs of
electrodes between a current generating state and a voltage measuring state. In some
implementations, the actions include tracking, based on the classifying, intermittent
touch of the interface to approximate a continuous touch. In some implementations,
the actions include determining, based on the classifying, that two or more regions of
the interface are simultaneously in a touched state. In some implementations, at least
one portion of the interface includes a curved surface.

In some implementations, the touch sensing system includes a conductive
material forming a touch interface; a plurality of electrodes affixed to the conductive
material; a multiplexing device configured to switch a state of electrodes of the
plurality between a current-projecting functionality state and a voltage measuring
functionality state; a signal generator; and one or more data processing devices
configured to perform operations including: causing the multiplexing device to
switch a pair of electrodes of the plurality from the voltage measuring functionality

state to the current-projecting functionality state; controlling the signal generator to
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generate, via the pair of electrodes, an electric field in the conductive material;
measuring, via one or more pairs of the electrodes of the plurality in the voltage
measuring functionality state, one or more voltages representing the electric field in
the conductive material to generate cross-sectional measurement data; reconstructing,
based on the cross-sectional measurement data, an approximation of the electric field
in the conductive material; and classifying, based on the approximation, one or more
regions of the touch interface of the conductive material into one of a touched state or
a not-touched state.

In some implementations, the conductive material includes a surface coat
material having a resistivity between 500Q2 and SOMQ. In some implementations,
the conductive material includes one of a carbon-loaded thermoplastic polymer,
carbon-loaded silicone, or a carbon-loaded polymeric foil. In some implementations,
the conductive material includes a bulk material with a resistivity of 10kQ - SOMQ.

In some implementations, the actions include obtaining a substrate; applying a
conductive layer to the substrate; affixing a plurality of electrodes to the conductive
layer; and calibrating a processing device in communication with the plurality of
electrodes by performing operations including: causing, via a pair of the electrodes of
the plurality, an electric field in the conductive material, when the conductive
material and the substrate are in a not-touched state; measuring, via one or more
additional pairs of the electrodes of the plurality, the electric field in the conductive
material to generate cross-sectional measurement data; generating, based on the

cross-sectional measurement data, an approximation of a baseline electric field of the
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touch interface of the conductive material; and storing the approximation of the
baseline electric field in a memory of the processing device.

In some implementations, obtaining the substrate includes forming the
substrate by one or more additive manufacturing processes. In some
implementations, applying a conductive layer to the substrate includes spraying the
conductive layer on the substrate. In some implementations, applying a conductive
layer to the substrate includes powder coating the conductive layer on the substrate.
In some implementations, applying a conductive layer to the substrate includes
vacuum forming the conductive layer on the substrate. In some implementations,
calibrating a processing device in communication with the plurality of electrodes
includes executing a machine learning process and where generating the
approximation of the baseline electric field comprises training the machine learning
process with training data representing a baseline electric field.

In some implementations, the touch sensing system includes one or more
processing devices in communication with a plurality of electrodes, the one or more
processing devices configured to perform operations including: generating, by a first
pair of electrodes at a first location in a conductive material, an electric field in the
conductive material; generating measurement data by measuring, by one or more
second pairs of electrodes, the electric field in the conductive material at one or more
second locations in the conductive material, with each of the one or more second
locations differing from the first location; generating, based on the measurement

data, an approximation of the electric field in the conductive material; and
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classifying, based on the approximation, one or more regions of the interface into a
given state.

In some implementations, the touch sensing system includes a non-transitory
computer readable medium storing instructions configured to cause a computing
system to perform operations including generating, by a first pair of electrodes at a
first location in a conductive material, an electric field in the conductive material,
generating measurement data by measuring, by one or more second pairs of
electrodes, the electric field in the conductive material at one or more second
locations in the conductive material, with each of the one or more second locations
differing from the first location; generating, based on the measurement data, an
approximation of the electric field in the conductive material; and classifying, based

on the approximation, one or more regions of the interface into a given state.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a schematic view of the touch sensing system.
FIG. 2 shows example sensing boards.
FIG. 3 shows a process for sensing touch by the touch sensing system.
FIG. 4 shows an example material being vacuum-formed.
FIG. 5 shows an example material for 3D printing a toy.
FIG. 6 shows an example of the touch sensing system using a carbon spray.
FIG. 7 shows a finite element model and reconstructed touch image.
FIG. 8 shows evaluation templates (left) and testing panel for electrode count

experiment (right).

12
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FIG. 9 shows evaluation results for an electrode count experiment.

FIG. 10 shows testing panels and evaluation results for a material experiment.

FIG. 11 shows testing panels and evaluation results for surface size experiment.

FIG. 12 shows testing panels and evaluation results for a geometry experiment.

FIG. 13 shows testing panels and evaluation results for coating experiment.

FIG. 14 shows evaluation results within-user accuracies and cross-user accuracies
for the material and geometry experiments.

FIG. 15 shows an example application using a desk.

FIG. 16 shows an example application using a wall.

FIG. 17 shows an example use of the system transforming a toy into an interactive
toy.

FIG. 18 shows an example use of the system enhancing a game via its use in a
3D-printed holder.

FIG. 19 shows another example use of the system applied to irregular surfaces: a
3D-printed map.

FIG. 20 shows an example use of the system with flexible surfaces.

FIG. 21 shows example use of the system as applied to a sofa.

FIG. 22 shows an example of a guitar with dynamically configurable controls.

FIG. 23 shows an example of the system-enabled game controller.

FIG. 24 shows an example of the system as applied to a touch sensitive prototype
wearable.

FIG. 25 shows an example of the system as applied to a molded object including a

gelatin.

13
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FIGS. 26 shows an example of the system as applied to a molded object including
a dough.

FIG. 27 shows an example of the system as applied to a molded objects including
each of an ABS plastic or a carbon-loaded silicone.

FIGS. 28-30 show examples of touch-enabled objects.

DETAILED DESCRIPTION

FIG. 1 shows a schematic view of a touch sensing device 100. The touch sensing
device 100 is illustrated with eight electrodes 102, but other numbers of electrodes can be
used, such as four, six, ten, twelve, fourteen, sixteen, thirty-two, and so forth. The
electrodes 102 are affixed to a conductive material 104. The electrodes 102 are in
communication with a data processing system 106 (e.g., a sensing board). The touch
sensing system 100 shown in FIG. 1 is a representative system for illustrative purposes,
but as described below, the touch sensing system can include conductive materials of
irregular geometries manufactured from one or more of several materials. For example,
the touch sensing system 100 can include electrodes 102 that are positioned on the
conductive material 104 in a non-uniform manner. In some implementations, a touch
interface of the touch sensing system 100, which is a portion of the conductive material
104, can be on any portion of the conductive material 104, and need not be surrounded by
electrodes 102 on the periphery as shown in in FIG. 1.

The interface of the touch sensing system 100 includes any surface that is
configured for being interacted with by a user of the touch sensing system. The interface
of the touch sensing system includes a monolithic and contiguous interface, rather than a

pattern. A pattern, for example, includes an array of touch-sensitive nodes or other
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discrete sensing devices, such as microelectronic devices, in the interface of the patterned
system. Various approaches are used to determine a location of a touch input or several
simultaneous touch inputs on the monolithic interface, such as tomography, as described
below.

An example of the data processing system 106 is shown in a schematic. The data
processing system 106 can include a microcontroller 110, a waveform generator 112
(e.g., a signal generating device), and one or more multiplexers 114 in communication
with the electrodes 102. For example, the data processing device 106 can be built around
a Cortex M4 microcontroller 200 running at 96MHz (MK20DX256VLH7), powered by
Teensy 3.2 firmware, as shown in FIG. 2. The data processing system 106 includes a
voltage controlled current source 116 (VCCS), direct digital synthesis (DDS) integrated
circuit, and ADC preamplifier 118. The one or more multiplexers 114 enable cross-
sectional measurements. In some implementations, the data processing system 106 can
include a Bluetooth module to transmit data.

FIG. 2 shows examples 200 of sensing boards. A motherboard with the micro-
processor is shown as well as two daughter boards with multiplexer units. An AD5930
DDS and an AD8220-based Voltage-controlled current source (VCCS) can be used to
generate the electric field. In some implementations, the DDS is configured to output 200
kHz sinusoidal waves. The signal is then fed into the VCCS to output a constant AC
current. The sensor can drive up to 6 Vpp to maintain constant AC current excitation,
depending on the load impedance.

A pair of 32-to-1 multiplexers connect the VCCS terminals to two electrodes,

forming a current-projecting electrode pair. Another pair of multiplexers connects two
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other electrodes (i.e. voltage-measuring pair) to the preamp buffer terminals. This
electrode selection flexibility also affords us the flexibility to vary the number of
electrodes used (chiefly 8, 16, or 32).

The measured signal can be amplified with a preamp to maximize the dynamic
range of the ADC. In some implementations, a high pass filter is included with a 79.6kHz
cutoff to dampen ambient EM noise, such as fluorescent light ballasts (i.e. 50 kHz) and
power-line noise (i.e. 60Hz). The input signal is then biased by AVDD/2 (1.65 V) and
sampled by the microcontroller’s ADCs at 4MHz with 12-bit resolution. Two ADCs in an
interleaved DMA mode to achieve this high sampling rate by the data processing system
106.

The data processing system 106 is configured to select, by the multiplexers, a
current-projecting electrode pair one or more voltage-measuring electrode pairs. The data
processing system 106 is configured to pause 100 us for the DC bias on the AC coupling
capacitors to stabilize. The data processing system 106 then collects 200 samples
(roughly 10 periods of the 200 kHz excitation signal) for a root-mean-square (RMS)
computation. In some implementations, these foregoing steps constitute a single voltage
measurement (taking ~137 us in total). The data processing system 106 then selects the
next voltage-measuring electrode pair, reconfiguring the multiplexers accordingly.

After the data processing system 106 collects all measurements in the current-
projecting configuration, the data processing system 106 selects the next current-
projecting pair and repeats the above procedure. Once the data processing system
completes one frame of measurements, the cross sends the values over Bluetooth to a

laptop for further processing. Table 1 notes an exemplary number of measurements used
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when using different electrode counts, which also defines the system frame rate. Other
measurement counts can be used per frame, and different frame rates are possible.

Table 1

Number of Electrodes 8 i6 32

Number of Measurements req. per Frame 40 208 928
Sensing Frame Rate (Hz) 181 35 8

FIG. 3 shows an example process 300 for sensing touch interactions with a touch
interface comprising the conductive material 104. A current is inserted from one pair of
electrodes and voltage from other pairs is measured. A mesh of cross-sectional
measurements is taken. A reconstructed 2D touch-sensing image is created, where low
and high current densities are shown. Low current densities are darker regions, which can
be classified as “touched” regions. Lighter regains represent higher current densities,
which can be classified as “not-touched” regions of the conducting material. The
conductive material 104 is augmented with electrodes 102 placed on the conductive
material (e.g., placed around the periphery of the desired interactive area). With this
configuration, the touch sensing system performs a similar fundamental sensing operation
as that used in four-pole EIT systems.

A small AC current is passed between a pair of adjacent electrodes (the emitter
pair), creating an electric field in the conductive material, shown in diagram 302. The
voltage difference is then measured at all other adjacent electrodes pairs (e.g., voltage-
measurement pairs, receiver pairs, etc.). This process repeats for all combinations of
emitter and receiver pairs, resulting in a mesh of cross-sectional measurements (e.g.,

measurement data), as shown in diagram 304.
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In a conventional EIT system, this data would be used to estimate a 2D
impedance distribution of an object interior, revealing regions with higher or lower
impedance. However, as the coatings used in touch sensing system are homogenous, EIT
is not applicable. Instead, the approach relies on the fact that a grounded object, such as a
user’s finger, will shunt some current to ground when it encounters an electric field
(through capacitive coupling). The introduction of a charge sink distorts the electric field,
characteristically altering the voltages measured at receiver pairs. The measurement data
is then used to reconstruct the electric field distribution, which can recover the location of
finger contacts, as shown in diagram 306. Since the system relies on capacitive coupling,
it does not require a direct contact between a user’s finger and the conductive substrate.
This allows for a thin layer of non-conductive topcoat to be applied on the substrate for
protection or atheistic purposes.

Selecting the correct resistivity for the surface is a crucial factor to the system’s
operation. If the resistivity is too high, the electric field will be very weak, making it hard
to sense the field signal. However, if the surface resistivity is too low, the current shunted
by the finger (a fairly high-impedance pathway) will be negligible, making changes hard
to detect. In some implementations, the surface resistivity is approximately between 500
Q to 50 MQ per square.

In some implementations, material classes include one or more of a sheet/film,
extrudable plastic, and paint. The material can thus include one or more of bulk materials
and films. In some implementations, a bulk material forms a part of the object (an object
made up at least in part of conductive material, as opposed to coated in a conductive

material). The material classes can be used for one or more fabrication and finishing
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processes, including laser cutting, stamping/pressing, 3D printing, vacuum forming,
casting, blow molding, injection molding, powder coating and spray painting. In some
implementations, the materials selected for the conductive material are low-cost materials
including four key properties: 1) compatible electrical resistivity 2) non-toxicity 3)
applied without exotic equipment or facilities, and 4) durable.

In some implementations, the conductive material includes a thermoplastic
polymer. FIGS. 4A-4D show an example conductive material including Velostat, a
carbon-loaded polyolefin sheet/film. It is primarily used for packaging of electronic
components to mitigate electrostatic buildup. The volume resistivity of Velostat is
roughly 500 Q-cm. A 4mil thick, 3’ <150’ roll has a resistivity of 72 kQ/sq and is
obtained inexpensively. Velostat can be easily cut into different shapes (with e.g.,
scissors, laser cutter, vinyl cutter) and affixed to surfaces with adhesive. Velostat is
highly flexible, and somewhat stretchable, allowing it to conform to a variety of object
geometries. When glued to a thermo-formable substrate, such as polyethylene sheet, it
can be vacuum formed into a rigid 3D shape (FIGS. 4B-D). While Velostat is the
example material, the conductive material can include one or more of a carbon-loaded
silicone, a carbon-loaded polymeric foil, etc.

The touch-sensing device 100 can include an extrudable plastic, such as a static
dissipating ABS filament. For example, the ABS filament can have a resistivity of
approximately 45MQ/sq. In some implementations, the filament can be printed onto a
substrate (using standard ABS settings). While ABS is the most common material used

for injection molding, these techniques are applicable to mass-production injection-
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molding and blow-molding techniques. Likewise, subtractive methods (e.g., milling)
should are compatible.

In some implementations, the conductive material can include a paint or spray
coating. Paint and spray coatings are particularly versatile, as they can be added as a
postproduction step to almost any object, whether small or large, flat or irregular,
regardless of how the object was manufactured (e.g. vacuum forming, 3D printing,
milling, injection molding, etc.). Total paint coverage of the objects was selected for
maximum flexibility, but stenciling, silk-screening and other masking methods can also
be used to define interactive areas. In some implementations, the conductive material
includes a carbon conductive paint, as shown in FIG. 6., such as one designed for
electrostatic discharge and RF shielding purposes. An evenly sprayed carbon coated
surface has resistivity of 1kQ/sq, and dries to a durable, matte black finish.

The shunting effect of a user’s finger occurs through capacitive coupling; direct
ohmic contact is not required. This permits the use of an optional (thin) top-coat, which
can be used to add color or a more durable finish to an object. Spray paint (e.g., as shown
in FIGS. 15, 16, 19 and 21) and acrylic paint (e.g., as shown in FIG. 17) can be used.
FIG. 6 shows a painted toy 600 as another example of application of the touch sensing
system to an irregular geometry. A conductive coating is added (A) to add touch
interactivity to an off-the-shelf toy (B, C), which was then repainted (D).

FIG. 5 shows an example implementation of a 3D printed substrate interfaced
with the touch sensing system 100. A carbon-loaded ABS filament (A) was used to 3D-
print a custom phone accessory (B, C) for a bongo game (D). When the user taps the 3D-

printed bongos, the disturbance in the electrical field is detected (e.g., using electrodes in
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communication with a data processing device of the phone), and the touch is registered.
In this example, the electrodes are placed on the bottom of the 3D printed substrate which
includes the conductive material. In some implementations, the electrodes are placed
around the touch pads of the bongos. Other similar 3D printed applications are possible.

In some implementations, the conductive material is selected that is soft and
pliable. For example, the conductive material can include a gelatin (e.g., Jell-O), which
has a surface resistivity of roughly 12 kQ/sq, as shown in images 2500 of FIG. 25,
described in further detail below.

Moldable materials can also be used for the conductive material. For example, a
dough material (e.g., Play-doh) can be made interactive using the touch sensing system.
A user of a sculptable touch sensing system can sculpt a figure or object, and then bind
interactive functionally to different touch locations. To achieve this, the sculpted object is
placed onto an 8-electrode base, with small pins that penetrate the conductive material
(e.g., the dough). Images 2600 of FIG. 26 show a snowman example, where different
phrases are spoken by an associated device when a nose or belly of the sculpted snowman
are touched by a user. In this example, the dough included a surface resistivity of roughly
23 kQ/sq. For such sculptable materials, users can shape objects and the objects can be
made to be touch sensitive.

Another pliable material is silicone, which is widely used in commercial
molding/casting applications. For example, a conductive silicone can be obtained by
mixing bulk carbon fiber with standard silicone (1:18 ratio by weight). The outcome has
a surface resistivity of approximately 16 MQ/sq. From this material, a touch-enabled

device can be made using the touch sensing system. For example, images 2700 of FIG.
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27 show a squishable, interactive Yoda toy and a zombie toy constructed from conductive
ABS. In this example, conductive ABS (A) and silicone (B) can be cast. Touching
different areas of these toys triggers different sounds and effects.

The touch sensing system includes a hardware and a special signal-processing
pipeline. Once a substrate (e.g., an object) has been created or coated with a compatible
conductive material, the substrate is instrumented with electrodes, e.g., around the
periphery of the intended interactive region. In one example embodiment, copper tape
was used and connected to the data processing system 106. It is also possible to reverse
these fabrication steps, attaching the electrodes first, and then covering over the
electrodes with e.g., 3D printed material or paint.

The finger-tracking pipeline was initially developed using a fully realized
tomographic reconstruction, to which standard computer vision “blob” tracking
techniques were applied, as shown in images 700, 702, and 704 of FIG. 7. In one
example, a single step Gauss- Newton method was used using a maximum a posteriori
estimator to produce the tomographic reconstruction (provided by the EIDORS EIT
toolkit).

The touch sensing system is capable of high accuracy and multi-touch
segmentation, as shown in images 706 and 708 of FIG. 7. In some implementations,
construction of a finite element model 700 (FEM) for each object before use can be used
to calibrate the touch sensing system. This is relatively straightforward for circular or
square planar surfaces. This method is sensitive to small manufacturing variances, such

as electrode adhesion and coating thickness.
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In some implementations, machine learning can be used for calibration as an
alternative. Machine learning can offload much of this variability and complexity of the
FEM. For example, rather than modeling an object’s geometry, the touch sensing system
100 can perform a simple one-time calibration on the object itself, from which machine
learning models can be initialized. In addition to permitting arbitrary geometries, this
process also innately captures and accounts for variances in construction. For input
features, the touch sensing system 100 uses raw cross-sectional measurements with no
additional featurization, as this data intrinsically encodes spatial inputs. Thus the lengths
of the feature sets can be found in Table 1 (the “number of measurements per frame”
row).

Below are two example classification approaches. For sensing discrete touch
positions (e.g., virtual buttons), the touch sensing system 100 uses a classification model
(built using Weka, SMO, RBF kernel with y = 0.07). The same parameters are used for
models that distinguish between touch and no-touch states, and that distinguish between
different touch locations. To support continuous 2D touch tracking, the touch sensing
system 100 uses two independent regression models (SMOReg, RBF kernel with y =
0.01) operating in parallel — one for X position and another for Y position.

The versatility of the touch sensing system 100 means that there are a wide range
of combinations of the touch sensing system: different electrode counts (8, 16, 32),
example materials (Velostat, carbon spray, carbon ABS), surface sizes (15x15, 30x30,
60x60cm), surface geometries (flat, curved, angular), and coatings (bare, paper, spray

paint).
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FIG. 8 shows an example touch sensing system apparatus 800 which was used to
capture the touch sensing system’s performance and not user inaccuracies, a template was
employed to guide user touches. This was a 15x15 cm laser-cut sheet of (non-conductive)
acrylic with a 4x4 grid of 1.5 cm holes, as shown in FIG. 8. This was overlaid onto the
experimental surface. For testing the touch sensing system, various parameters were
selected for the testing apparatus. For factors within control, variables were selected with
intermediate performances, e.g., all experiments used 16-electrode sensing (except for the
electrode count experiment).

To ensure adequate space for electrodes, a 30x30 cm Velostat sheet augmented
with 32 electrodes was used, as shown in FIG. 8. right. The data processing system 106
was configured for 8, 16 or 32 electrode modes in software.

Due to the limited bed size of the 3D printer, material conditions were 15%15 cm
in size. The carbon spray and Velostat were applied to 1/8” thick acrylic sheets, while the
carbon ABS was printed monolithically with 1 mm thickness, as shown in FIG. 10. All
touch panels were flat with 16 electrodes attached.

Three sizes were tested: 15x15, 30%30 and 60x60 cm, as shown in FIG. 11. These
were all flat, Velostat-coated acrylic sheets augmented with 16 electrodes. The touch
template location was randomized on the 30x30 and 60x60 cm touch panels per user.

In order to vary surface geometry, three 15x15 cm panels were 3D printed (using
conventional filament): flat, curved, and angular, as shown in FIG. 12. To best conform
to the irregular surfaces, carbon spray was used. Touch points were marked with painted

white circles. All conditions used 16 electrodes.
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The test conditions were bare (i.e., unmodified), paper-coated, and spray painted.
These coatings were applied to a flat, carbon-sprayed, acrylic sheet 1515 c¢cm in size
fitted with 16 electrodes.

The same procedure for all five experiments was used, the order of which was
randomized. When first presented with a surface condition, participants were asked to
hold their finger roughly 5 cm away from the surface. Over a period of roughly one
second, 30 data points were recorded and labeled as “no touch”.

Participants were then instructed to touch each of the 16 points denoted by the
touch template. This was done one at a time, in a random order, as requested by a simple
visualization on a laptop screen. Each time a user touched a point, 30 data points were
recorded. The laptop emitted a beep when the user could proceed to the next point. This
concluded one round of data collection.

This data was then used to train the two touch-sensing machine learning models.
For discrete touch location sensing, all data was used to train a touch / no-touch classifier
and a separate 16-class classifier having one class for each touch location. However, for
the regression-based, continuous touch-tracking model, only data from the four corners
was used. This mitigates overfitting and offers a more realistic evaluation of accuracy.

In some implementations, the classifier can be a part of a neural network of the
touch sensing interface. The neural network receives data representing a baseline electric
field of the conductive interface or other calibration values as weights for synapses of the
neural network. The neural network applies the raw measurements of the electric field
(e.g., voltage measurements from various electrode pairs) as features into the neural

network. The neural network outputs data that includes a determination of whether one
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or more regions of the interface of the touch sensing system are being touched or not
touched.

In some implementations, the classifier can include a support vector machine
(SVM). The feature inputs to the SVM include raw measurements of the electric field
taken by the pairs of voltage-measuring electrodes. The SVM outputs data including a
determination of whether a region of the interface is being touched or not touched.

The touch sensing system’s accuracy was then tested live (i.e., no post hoc
calibration, algorithm tweaks, data cleaning, etc.). Following the same procedure as
above, where users moved sequentially through all touch points in a random order. This
time, the system’s live classification result was recorded along with the requested touch
location for later classification-accuracy analysis. In the case of continuous touch
tracking, real world coordinates were recorded (e.g., requested X, Y: 30.0,60.0 mm;
sensed X, Y: 31.2,59.4 mm). These coordinates were later used to compute the
Euclidean-distance error.

This testing procedure was repeated twice more, for three rounds in total. This
four-round, training-then-test procedure was repeated for every condition in all five
experiments. In total, the study took around 70 minutes.

Results are presented, as well as a post hoc study investigating sensing stability
across users. All results figures use standard error for their error bars.

Touch/no-touch classification accuracy averaged 99.5% (SD=0.5) across all
conditions and factors. The one significant outlier (p < 0.05) from this average was the

paper coated condition, which had a touch segmentation accuracy of 93.2%.
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The touch tracking accuracy across the three electrode count conditions is shown
in data 900 of FIG. 9. The discrete touch location classifier achieved 90.7% (SD=12.0%)
accuracy, while the continuous tracking had a mean distance error of 9.1 mm (SD=4.7).
A two-tailed paired t-test showed that the 32-electrode condition was significantly worse
than 8 electrodes (p < 0.05) in the case of discrete tracking. As an additionally
visualization, plot touch trials from all participants are plotted, along with 2¢ ellipses
drawn to scale.

The reduction in accuracy was chiefly due to the reduced distance between
emitting electrode pairs. A shorter electrode separation means that the electric field does
not project as far out into the conductive medium, which reduces the signal-to-noise ratio
(SNR). Furthermore, the reduced distance between sensing pair electrodes similarly
decreases terminal resistance, resulting in smaller voltage measurements, again reducing
SNR. This result suggests that electrode count should be tuned according to surface size;
e.g., for smaller interactive areas, lower electrode counts are likely to work better.

The material results, seen in data 10000 of FIG. 10, show an average discrete
touch accuracy of 91.4% (SD=9.6) and mean distance error of 14.4 mm (SD=3.8). For
continuous tracking, a paired t-test shows a significant difference between Velostat and
the other two materials (p<0.05). This is likely to be a result of Velostat’s superior
homogeneity (compared to the other two conditions), as it is an industrially manufactured
material. This makes the electric field projection more linear. Small non-linearities in the
carbon spray and carbon ABS conditions meant that the tracking regressions could not

accurately interpolate interior touches. Positional accuracy improves towards the corners.
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This suggests that a denser calibration pattern (as opposed to a sparse, four-corner one)
could overcome such material variances.

FIG. 11 shows the results of the surface size experiment. The average
classification accuracy for discrete touch locations was 93.0% (SD=14.3) and the mean
continuous finger tracking distance error was 7.9 mm (SD=5.6). Larger surfaces tend to
have more linear regression results, though there is no significant difference between the
three conditions. This is probably not directly related to size per se, but rather ties into the
earlier observation about electrode separation (i.e., as surface size increases, so does
electrodes electrode separation, improving accuracy).

The accuracy of the three surface geometry test conditions is shown in the data
1200 of FIG. 12, which indicates an average discrete touch accuracy of 92.9% (SD=9.8)
and continuous touch tracking distance error is 15.7 mm (SD=3.5). There is no
significant difference between conditions.

FIG. 13 shows the results 1300 from the coating experiment. Spray painting and
bare performed equally well, suggesting some coatings are immediately compatible with
the touch sensing system, opening a range of finish and color options. However, the
paper covering resulted in significantly worse performance (p<0.05) than both other
methods.

A train-test experimental procedure was employed in the main evaluation in order
to test the system live, which offers an honest appraisal of real world accuracy. To
explore whether the system sensing was user-dependent, or if the touch sensing was
universal across users, a leave-one-user-out crossfold validation experiment was run. In

each fold, the system was allowed to train on 13 users’ data, and then tested on a data
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from the 14th user. This was repeated for all user combinations. This effectively
simulates “walk up” accuracy, wherein the system has never previously seen the user.
The post hoc test for material and geometry studies; results 1400 are shown in FIG. 14.
Overall, discrete touch location classification accuracy decreases by a mean of 3.3%,
while continuous touch tracking improves by 2.5 mm. These modest fluctuations, neither
of which is statistically significant, suggest that the system can be trained (e.g., factory
calibrated) on a small subset of users and then work for all.

The expressivity of the system is demonstrated with a variety of examples in this
section. The examples include the system in use with large surfaces, irregular geometries,
and rapidly prototyped objects.

A desk was carbon sprayed and then attached sixteen electrodes on the sides of
the desktop, as shown in images 1500 of FIG. 15, and the desktop was also coated with a
white finish color. In this example, a user can register an app to a physical sticker
anywhere on the table. After the sticker is registered, the user can click it to quick launch
the app. For example, the desk was carbon painted and eight electrodes were affixed to
the sides of the desktop, allowing the whole surface to become touch sensitive. As an
example application, users can place paper stickers anywhere on the table, register them
to an application (e.g., browser) or function (e.g., mute), after which the stickers can be
pressed to quick launch items.

A 4x8-foot piece of dry wall was used with the touch sensing system 100, as
shown in images 1600 of FIG. 16. For example, using 16 electrodes, a 107” diagonal
touch surface was created on the wall. An off-white latex wall paint was applied atop the

conductive material. Pervasive touch-sensitive walls enable innumerable applications.
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For example, the touch sensing system can include a light control application. In this
example, tapping the wall anywhere near a source light toggles the light on/off, and
dragging up or down allows the user to control the brightness.

Toys can easily be made interactive. A toy dog was carbon sprayed and brush
painted with different colors, as shown in images 1700 of FIG. 17. The touch sensing
system-enabled toy can then detect different touch locations for interactive applications.

With the touch sensing system, 3D prints can be touch-sensitive. In this example,
a user prints a bongo game with a phone holder with using carbon ABS, as shown in
images 1800 of FIG. 18. The user then enables touch sensing by attaching eight
electrodes to the periphery. This previously static print then becomes interactive and
allows a user play a bongo game on the phone.

In some implementations, a US topographical map was 3D printed, coated with
carbon spray, and finished with a green spray paint, as shown in images 1900 of FIG. 19.
Information is retrieved based on the touch location.

The touch sensing system 100 is compatible with flexible surfaces such as a fabric
and paper. For example, a Velostat backing can be laminated to a piece of paper, as
shown in images 2000 of FIG. 20. The paper can be placed on the conductive material.
The magnets on the top of the paper ensure a good contact between the Velostat and the
electrodes underneath. When a user draws with a charcoal stick, the drawing is tracked by
the system and automatically saved. Because the interactive paper is very low cost, a user

can simply throw it away after use.
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In some implementations, the touch sensing system is combined to a system-
enabled sofa. In this example, a user can swipe up and down to browse a list of apps, then
confirm by a right swipe, as shown in images 2100 of FIG. 21.

Rapid prototyping of touch-sensitive devices can be achieved with the methods of
the touch sensing system 100. For example, a user can customize the locations of controls
(e.g. filter, volume, etc.) by dropping them on a virtual guitar, as shown in images 2200
of FIG. 22. The guitar can then be used as if the controls are physically on that location
with the system-enabled surface coating.

Once the surface becomes touch sensitive, a user can configure the interface
layout with templates to prototype different interactions. In this example, a user prints out
a game controller with a system-enabled top surface. For example, the user designed
three different templates featuring different interaction modalities, as shown in images
2300 of FIG. 23.

In some implementations, a user can vacuum-form an object. The user can rapidly
prototype not only the shape but also interactivities of the object. For example, a user
makes a touch-sensitive wristband, which can detect 1D sliding and hand gestures, as
shown in images 2400 of FIG. 24.

Physical props are often useful in learning visual-spatial subject matter. As an
example, a model of a brain using gelatin can be created to simulate an organic feel. The
model is placed onto an 8-electode acrylic base. A user touches different regions of the
model brain to summon information, as shown in images 2500 of FIG. 25. Such a base
could be reused for any number of low-cost instructional objects. For example, a

topographical map was coated with carbon spray, instrumented with eight electrodes, and
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covered by a green topcoat with spray paint, as shown in images 2800 of FIG. 28. For
this application, information about different geographical regions is retrieved upon a
user’s touch.

In one example, a phone case can be made touch-enabled using the touch-
sensitive system. A phone case was vacuum-formed that included a rear cover for a Moto
E smartphone, as seen in images 2900 of FIG. 29. When touch-enabled using the touch
sensing system, such a phone enclosure provides protection and also can be used to detect
various grips. Such input can be used for various purposes, such as to quickly launch
applications or hardware, such as a camera or messaging application.

In one example, the touch sensing system can be applied to a steering wheel to
enable the steering wheel to be touch sensitive, as shown in images 3000 of FIG. 30. In
this example, the steering wheel represents a large, irregular object that has yet to be
instrumented with rich touch functionality, despite offering an immediately useful surface
for user input. For example, in one case, 8 electrodes were added to a carbon-sprayed
Chevy Aveo steering wheel. The touch sensing system tracks the position of both hands
of a driver, as well as detecting gestures, such as swipes.

The evaluations were focused on single-touch accuracy. In explorations of this
technique, it was found that tracking multiple touch points was possible with
reconstruction-based tracking. For example, when a user touches one finger from each
hand on the touch panel, two blue blobs on the tomographic reconstruction are visible, as
shown in image 708 of FIG. 7.

Environmental noise such as fluorescent light and RF radio is another concern.

Due to the high resistance of the conductive layer materials, the conductive materials do
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not pick up airborne noise. However, the human body is a good antenna for many types
of environmental electromagnetic noise. Among all noises found in a typical office
setting, such as power-line noise, radio emissions, electromagnetic interference (EMI)
from appliances, etc., only the noise from fluorescent lights (50 kHz and higher
harmonics) affects the touch sensing system’s measured signals. Interference usually
occurs when the light source is within 1.5 m of a user. During the evaluation, the
fluorescents lights were on, approximately 1.3 m above users’ heads. The touch sensing
system thus successfully segments touch input even with the present of the noise source.

Another limitation comes from the grounding condition of the user. If the user is
in contact with a strong electrical ground (e.g. a laptop connected to AC power, a large
metal object or a metal railing), more current can be shunted than normal. The resulting
altered measurements can affect the touch point reported by the machine learning
approach. To alleviate this problem, varying grounding conditions are used when training
the global machine learning models.

The data processing system 106 draws 120 mA during normal operation (which
includes 10 mA for the Bluetooth module). In some implementations, the power
consumption can be lowered by reducing the duty cycle of the sensing. For example, the
sensor can enter a power saving mode (sensing infrequently and with lower resolution) to
detect whether or not a finger is touching on the surface. Once it detects a finger, the
touch sensing system 100 then turns on the full cross-sectional measurements for touch
tracking.

Implementations of the subject matter and the functional operations described in

this specification can be implemented in digital electronic circuitry, in tangibly-embodied
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computer software or firmware, in computer hardware, including the structures disclosed
in this specification and their structural equivalents, or in combinations of one or more of
them. Implementations of the subject matter described in this specification can be
implemented as one or more computer programs, i.e., one or more modules of computer
program instructions encoded on a tangible program carrier for execution by, or to
control the operation of, a processing device. Alternatively, or in addition, the program
instructions can be encoded on a propagated signal that is an artificially generated signal,
e.g., a machine-generated electrical, optical, or electromagnetic signal that is generated to
encode information for transmission to suitable receiver apparatus for execution by a
processing device. A machine-readable medium can be a machine-readable storage
device, a machine-readable storage substrate, a random or serial access memory device,
or a combination of one or more of them.

The term “processing device” encompasses apparatuses, devices, and machines
for processing information, including by way of example a programmable processor, a
computer, or multiple processors or computers. The apparatus can include special
purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC
(application specific integrated circuit) or RISC (reduced instruction set circuit). The
apparatus can also include, in addition to hardware, code that creates an execution
environment for the computer program in question, e.g., code that constitutes processor
firmware, a protocol stack, an information base management system, an operating
system, or a combination of one or more of them.

A computer program (which may also be referred to as a program, software, a

software application, a script, or code) can be written in any form of programming
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language, including compiled or interpreted languages, or declarative or procedural
languages, and it can be deployed in any form, including as a stand-alone program or as a
module, component, subroutine, or other unit suitable for use in a computing
environment. A computer program may, but need not, correspond to a file in a file
system. A program can be stored in a portion of a file that holds other programs or
information (e.g., one or more scripts stored in a markup language document), in a single
file dedicated to the program in question, or in multiple coordinated files (e.g., files that
store one or more modules, sub programs, or portions of code). A computer program can
be deployed to be executed on one computer or on multiple computers that are located at
one site or distributed across multiple sites and interconnected by a communication
network.

The processes and logic flows described in this specification can be performed by
one or more programmable computers executing one or more computer programs to
perform functions by operating on input information and generating output. The
processes and logic flows can also be performed by, and apparatus can also be
implemented as, special purpose logic circuitry, e.g., an FPGA (field programmable gate
array) or an ASIC (application specific integrated circuit) or RISC.

Computers suitable for the execution of a computer program include, by way of
example, general or special purpose microprocessors or both, or any other kind of central
processing unit. Generally, a central processing unit will receive instructions and
information from a read only memory or a random access memory or both. The essential
elements of a computer are a central processing unit for performing or executing

instructions and one or more memory devices for storing instructions and information.
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Generally, a computer will also include, or be operatively coupled to receive information
from or transfer information to, or both, one or more mass storage devices for storing
information, e.g., magnetic, magneto optical disks, or optical disks. However, a computer
need not have such devices. Moreover, a computer can be embedded in another device,
e.g., a mobile telephone, a smartphone or a tablet, a touchscreen device or surface, a
personal digital assistant (PDA), a mobile audio or video player, a game console, a
Global Positioning System (GPS) receiver, or a portable storage device (e.g., a universal
serial bus (USB) flash drive), to name just a few.

Computer readable media suitable for storing computer program instructions and
information include all forms of non-volatile memory, media and memory devices,
including by way of example semiconductor memory devices, e.g., EPROM, EEPROM,
and flash memory devices; magnetic disks, e.g., internal hard disks or removable disks;
magneto optical disks; and CD ROM and (Blue Ray) DVD-ROM disks. The processor
and the memory can be supplemented by, or incorporated in, special purpose logic
circuitry.

To provide for interaction with a user, implementations of the subject matter
described in this specification can be implemented on a computer having a display
device, e.g., a CRT (cathode ray tube) or LCD (liquid crystal display) monitor, for
displaying information to the user and a keyboard and a pointing device, e.g., a mouse or
a trackball, by which the user can provide input to the computer. Other kinds of devices
can be used to provide for interaction with a user as well; for example, feedback provided
to the user can be any form of sensory feedback, e.g., visual feedback, auditory feedback,

or tactile feedback; and input from the user can be received in any form, including
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acoustic, speech, or tactile input. In addition, a computer can interact with a user by
sending documents to and receiving documents from a device that is used by the user; for
example, by sending web pages to a web browser on a user’s client device in response to
requests received from the web browser.

Implementations of the subject matter described in this specification can be
implemented in a computing system that includes a back end component, e.g., as an
information server, or that includes a middleware component, e.g., an application server,
or that includes a front end component, e.g., a client computer having a graphical user
interface or a Web browser through which a user can interact with an implementation of
the subject matter described in this specification, or any combination of one or more such
back end, middleware, or front end components. The components of the system can be
interconnected by any form or medium of digital information communication, e.g., a
communication network. Examples of communication networks include a local area
network (“LAN”) and a wide area network (“WAN”), e.g., the Internet.

The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication
network. The relationship of client and server arises by virtue of computer programs
running on the respective computers and having a client-server relationship to each other.
In another example, the server can be in the cloud via cloud computing services.

While this specification includes many specific implementation details, these
should not be construed as limitations on the scope of any of what may be claimed, but
rather as descriptions of features that may be specific to particular implementations.

Certain features that are described in this specification in the context of separate
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implementations can also be implemented in combination in a single implementation.
Conversely, various features that are described in the context of a single implementation
can also be implemented in multiple implementations separately or in any suitable sub-
combination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a sub-combination or variation of a sub-combination.

Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to
achieve desirable results. In certain circumstances, multitasking and parallel processing
may be advantageous. Moreover, the separation of various system components in the
implementations described above should not be understood as requiring such separation
in all implementations, and it should be understood that the described program
components and systems can generally be integrated together in a single software product
or packaged into multiple software products.

Particular implementations of the subject matter have been described. Other
implementations are within the scope of the following claims. For example, the actions
recited in the claims can be performed in a different order and still achieve desirable
results. As one example, the processes depicted in the accompanying figures do not
necessarily require the particular order shown, or sequential order, to achieve desirable
results. In certain implementations, multitasking and parallel processing may be

advantageous.
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WHAT IS CLAIMED IS:

1. A method for determining a location of an input to an interface, the method
comprising:

generating, by a first pair of electrodes at a first location in a conductive material,
an electric field in the conductive material;

generating measurement data by measuring, by one or more second pairs of
electrodes, the electric field in the conductive material at one or more second locations in
the conductive material, with each of the one or more second locations differing from the
first location;

generating, based on the measurement data, an approximation of the electric field
in the conductive material; and

classifying, based on the approximation, one or more regions of the interface into

a given state.

2. The method of claim 1, further comprising:

in response to generating the measurement data, selecting one of the one or more
second pairs of electrodes for generating another electric field in the conductive material;

generating additional measurement data, using the first pair of electrodes and the
one or more second pairs of electrodes that were not selected; and

combining the measurement data with the additional measurement data to
generate cross-sectional measurement data;

wherein the approximation of the electric field is based on the cross-sectional

measurement data.

3. The method of claim 1, wherein generating the measurement data comprises a

tomographic reconstruction of the electric field throughout the touch interface.

4. The method of claim 1, wherein the interface is a touch interface configured to

receive a touch input.

5. The method of claim 4, wherein the given state represents one of a touched
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state or a not-touched state.

6. The method of claim 4, wherein the given state represents a tracking of a

continuous touch.

7. The method of claim 1, wherein the classifying comprises applying a first
regression model for a first dimension of the interface and applying a second regression

model for a second dimension of the interface.

8. The method of claim 1, wherein classifying the one or more regions comprises
determining a location of a disturbance in the electric field of the interface that causes the
electric field to diverge at the location of the disturbance from a baseline electric field of

the interface.

9. The method of claim 8, wherein the disturbance in the electric field is caused

by a shunted electric current at the location of the disturbance.

10. The method of claim 8, further comprising:
determining the baseline electric field of the interface by obtaining the

measurement data when the interface is not being touched.

11. The method of claim 1, wherein classifying the one or more regions comprises
executing a neural network to perform operations comprising:

receiving feature input data comprising the measurement data, wherein the feature
inputs each comprise a sample of the measurement data;

receiving weights based on a calibration measurement of the conductive material,
the weights each representing a value of the electric field in the conductive material at a
location in the conductive material when the conductive material is not being disturbed,;

combining, at each stage of the neural network, each of the feature inputs with
one or more of the weights to generate output data; and

applying a classifier to the output data.
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12. The method of claim 1, wherein classifying the one or more regions comprises
executing a support vector machine, wherein one or more features of the support vector

machine comprise the measurement data.

13. The method of claim 1, wherein classifying the one or more regions comprises

executing a machine learning classifier.

14. The method of claim 1, wherein the conductive material comprises a surface

coat material having a resistivity between 500Q and SOMQ.

15. The method of claim 1, wherein the conductive material comprises one of a
carbon-loaded thermoplastic polymer, carbon-loaded silicone, or a carbon-loaded

polymeric foil.

16. The method of claim 1, further comprising:
multiplexing the first pair of electrodes and one or more second pairs of

electrodes between a current generating state and a voltage measuring state.

17. The method of claim 1, further comprising:
tracking, based on the classifying, intermittent touch of the interface to

approximate a continuous touch.

18. The method of claim 1, further comprising:
determining, based on the classifying, that two or more regions of the interface

are simultaneously in a touched state.

19. The method of claim 1, wherein at least one portion of the interface comprises

a curved surface.

20. A touch responsive system comprising:

a conductive material forming a touch interface;
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a plurality of electrodes affixed to the conductive material;

a multiplexing device configured to switch a state of electrodes of the plurality
between a current-projecting functionality state and a voltage measuring functionality
state;

a signal generator; and

one or more data processing devices configured to perform operations
comprising:

causing the multiplexing device to switch a pair of electrodes of the
plurality from the voltage measuring functionality state to the current-projecting
functionality state;

controlling the signal generator to generate, via the pair of electrodes, an
electric field in the conductive material;

measuring, via one or more pairs of the electrodes of the plurality in the
voltage measuring functionality state, one or more voltages representing the
electric field in the conductive material to generate cross-sectional measurement
data;

reconstructing, based on the cross-sectional measurement data, an
approximation of the electric field in the conductive material; and

classifying, based on the approximation, one or more regions of the touch
interface of the conductive material into one of a touched state or a not-touched

state.

21. The system of claim 20, wherein the conductive material comprises a surface

coat material having a resistivity between 500Q and SOMQ.

22. The system of claim 20, wherein the conductive material comprises one of a
carbon-loaded thermoplastic polymer, carbon-loaded silicone, or a carbon-loaded

polymeric foil.

23. The system of claim 20, wherein the conductive material comprises a bulk

material with a resistivity of 10kQ - SOMQ.
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24. A method of constructing a touch-sensitive surface, the method comprising:
obtaining a substrate;
applying a conductive layer to the substrate;
affixing a plurality of electrodes to the conductive layer; and
calibrating a processing device in communication with the plurality of electrodes
by performing operations comprising:

causing, via a pair of the electrodes of the plurality, an electric field in the
conductive material, when the conductive material and the substrate are in a not-
touched state;

measuring, via one or more additional pairs of the electrodes of the
plurality, the electric field in the conductive material to generate cross-sectional
measurement data;

generating, based on the cross-sectional measurement data, an
approximation of a baseline electric field of the touch interface of the conductive
material; and

storing the approximation of the baseline electric field in a memory of the

processing device.

25. The method of claim 24, wherein obtaining the substrate comprises forming

the substrate by one or more additive manufacturing processes.

26. The method of claim 24, wherein applying a conductive layer to the substrate

comprises spraying the conductive layer on the substrate.

27. The method of claim 24, wherein applying a conductive layer to the substrate

comprises powder coating the conductive layer on the substrate.

28. The method of claim 24, wherein applying a conductive layer to the substrate

comprises vacuum forming the conductive layer on the substrate.
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29. The method of claim 24, wherein calibrating a processing device in
communication with the plurality of electrodes comprises executing a machine learning
process and wherein generating the approximation of the baseline electric field comprises
training the machine learning process with training data representing a baseline electric

field.

30. A device for performing touch sensing, the device comprising:
one or more processing devices in communication with a plurality of electrodes,
the one or more processing devices configured to perform operations comprising:

generating, by a first pair of electrodes at a first location in a conductive
material, an electric field in the conductive material;

generating measurement data by measuring, by one or more second pairs
of electrodes, the electric field in the conductive material at one or more second
locations in the conductive material, with each of the one or more second
locations differing from the first location,;

generating, based on the measurement data, an approximation of the
electric field in the conductive material; and

classifying, based on the approximation, one or more regions of the

interface into a given state.

31. The device of claim 30, wherein the operations further comprise:

in response to generating the measurement data, selecting one of the one or more
second pairs of electrodes for generating another electric field in the conductive material;

generating additional measurement data, using the first pair of electrodes and the
one or more second pairs of electrodes that were not selected; and

combining the measurement data with the additional measurement data to
generate cross-sectional measurement data;

wherein the approximation of the electric field is based on the cross-sectional

measurement data.

32. A non-transitory computer readable medium storing instructions that are
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executable by one or more processors configured to perform operations comprising:

generating, by a first pair of electrodes at a first location in a conductive material,
an electric field in the conductive material;

generating measurement data by measuring, by one or more second pairs of
electrodes, the electric field in the conductive material at one or more second locations in
the conductive material, with each of the one or more second locations differing from the
first location;

generating, based on the measurement data, an approximation of the electric field
in the conductive material; and

classifying, based on the approximation, one or more regions of the interface into

a given state.

33. The non-transitory computer readable medium of claim 32, wherein the
operations further comprise:

in response to generating the measurement data, selecting one of the one or more
second pairs of electrodes for generating another electric field in the conductive material;

generating additional measurement data, using the first pair of electrodes and the
one or more second pairs of electrodes that were not selected; and

combining the measurement data with the additional measurement data to
generate cross-sectional measurement data,

wherein the approximation of the electric field is based on the cross-sectional

measurement data.
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