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We present BackTrack, a trackpad placed on the back of a smartphone to track fine-grained finger motions. Our system has a small
form factor, with all the circuits encapsulated in a thin layer attached to a phone case. It can be used with any off-the-shelf smartphone,
requiring no power supply or modification of the operating systems. BackTrack simply extends the finger tracking area of the front
screen, without interrupting the use of the front screen. It also provides a switch to prevent unintentional touch on the trackpad. All
these features are enabled by a battery-free capacitive circuit, part of which is a transparent, thin-film conductor coated on a thin glass
and attached to the front screen. To ensure accurate and robust tracking, the capacitive circuits are carefully designed. Our design is
based on a circuit model of capacitive touchscreens, justified through both physics-based finite-element simulation and controlled
laboratory experiments. We conduct user studies to evaluate the performance of using BackTrack. We also demonstrate its use in a

number of smartphone applications.
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ACM Reference Format:
Chang Xiao, Karl Bayer, Changxi Zheng, and Shree K. Nayar. 2020. BackTrack: 2D Back-of-device Interaction Through Front
Touchscreen. 1, 1 (February 2020), 12 pages. https://doi.org/10.1145/nnnnnnn.nnnnnnn

1 INTRODUCTION

Since the celebrated release of the first iPhone in 2007, the touchscreen has been a first-class citizen on mobile devices.
Serving as the major interface both for displaying visual content and for receiving user input, the touchscreen largely
defines how we use the device. In many aspects, however, it also rigidifies our use: we are supposed to grip our phone
in one hand, with four fingers responsible for holding it and our thumb and possibly even our other hand interacting
with the touchscreen. We must constantly move our thumb out of the way of the screen to avoid occluding its visual
content, while our other four fingers stay idle most of the time.

To liberate the finger from touching and occluding the screen, the HCI community has become interested in Back-of-
Device (BoD) interaction, and various systems have been proposed. For example, by taking advantage of the sensors on
the phone, such as the camera [26], microphone [36, 39], and inertial measurement unit [9, 18, 34], the user can deploy
fingers that would normally stay idle to tap the backside of the phone and interact with the phone. BoD interactions aim

to give the user more flexibility to use the device, by engaging more fingers and alleviating the occlusion of the front
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Fig. 2. BackTrack Overview. (a) When a touchscreen is connected to a conductive wire, a finger touching at the other end of the
wire (i.e., the green dot) will trigger a touch event (under the square) on the screen. (b) A naive solution attempting to build a 2D
trackpad would be to connect every (green) point on the trackpad to a distinct point on the screen through a conductive trace. (c) In
our BackTrack design, electrodes on the trackpad are divided into two groups (green and yellow). (d) When a finger touches the BoD
trackpad, it will trigger two touch events on the front screen (shown in red). The two touch events indicate, respectively, the column
index of the green electrode and the row index of the yellow electrode touched by the finger.

screen. Yet most existing BoD interactions have a limited vocabulary, supporting only finger tapping or 1D swiping (see
more discussion in Sec. 2).

In this work, we propose BackTrack, a BoD trackpad
that tracks fine-grained finger motions in 2D (see Fig. 1).

Not only does our system enrich user interaction on the
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back of the device, it also offers remarkable advantages
in daily use. It requires no power supply, no wireless or
port connection to the device, and no modification of
the operating system—the entire system is encapsulated

in a thin layer on the back of a phone case, ready to use

with any off-the-shelf smartphones and tablets. Fig. 1. BackTrack. (a) Our BackTrack has a compact and clean

To design such a trackpad on the back of the device, design that provides a 2D trackpad on the back of the device. The
entire system is encapsulated in a phone case that resembles a

a natural starting point is the trackpad already on the
conventional case, and requires no power supply. (b) The user can

device, that is, the front touchscreen. Nearly all touch- interact with the phone by operating on the back-of-device trackpad.
screens in today’s mobile devices are based on capacitive (c) In many apps, this type of interactions avoid occluding the screen.
sensing techniques. When an electrical conductor, such as a finger, comes into contact with the touchscreen, it distorts
the local electric field at that point. This distortion is measured as a change in capacitance, and if strong enough, it is
registered as a touch event. Under this working principle, a touch event can be triggered by any conductor of sufficient
charge and surface area, not just a finger. For example, one can extend a certain point of the front touchscreen with a

long conductive wire; a finger touching at the other end of the wire will trigger a touch event at that point (Fig. 2-a).

BackTrack overview. To leverage this insight for 2D tracking, a naive approach would be a simple extension of the
idea above: connect every point on the trackpad to a corresponding point on the front touchscreen through conductive
traces (Fig. 2-b). Thereby, the finger position on the trackpad is one-to-one mapped to individual touch events on the
front screen. However, this approach only affords an exceedingly low tracking resolution. If the resolution is N X N,
it will consume N? points on the front screen and require N? traces. It will be very hard to route those N? traces
in a compact form without any intersection. In addition to being intersection-free, any pair of traces must be well
separated. Otherwise, the close proximity of two traces introduces additional capacitance, which will interfere with the

measurement of touch-induced capacitance changes.
Manuscript submitted to ACM
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Instead, we recognize that the front screen is not just a touchscreen but a multitouch screen; it can sense capacitance
changes at multiple locations simultaneously. Leveraging this feature, we can reduce the design complexity significantly.
BackTrack requires only 2N traces for a trackpad with resolution N X N, as shown and described in Fig. 2-c. A finger
touching on the BoD trackpad triggers two touch events at the same time on the front screen (see Fig. 2-d); those two
events encode the x- and y-coordinate of the touching point, respectively.

In our approach, we place 2N electrodes near the edge of the front screen so that they can be easily traced to the
BoD trackpad (Fig. 2-c). The electrodes are made of indium tin oxide (ITO) coated on a thin glass layer. The ITO glass is
fully transparent, covering the front screen just like a screen protector. As a result, the entire front screen continues
functioning as it does without the ITO glass. We will present our BackTrack design in detail in Sec. 3, and its use is

evaluated by a set of user studies (Sec. 4).

2 RELATED WORK

Back-of-device interaction. Most relevant to our work is the area generally known as Back-of-Device (BoD)
interaction. Early work in this area aim to use BoD interaction to avoid finger occlusion of the front screen [12, 17,
28, 32]. More recently, BoD interactions have been used on small-screen devices [2, 35], to augment front-screen
operations [3, 5, 25, 37], and for authentication [6, 7, 23].

Many BoD techniques rely on electronic sensors connected to the mobile device [11, 21, 24, 27]. To drive the sensors,
a power supply is needed. As a result, these techniques require either a cable connection to the phone to draw power or
an external battery. This is a notable limitation. To overcome it, other methods take advantage of the existing sensors
already on the phone. Along this direction, the mainstream idea is to leverage physical (in contrast to electronic)
channels to communicate between the finger and the device. Various sensing channels, such as light sensed by the
camera [26, 33], sound sensed by the microphone [29, 30, 36, 39], and vibration sensed by the inertial measurement unit
(IMU) [9, 18, 34, 40] have been explored. However, recognizing intended user interactions from physical raw signals is
not as robust as using capacitive sensors, as those signals are often susceptible to environmental noise.

Capacitive sensing [22] has become a technological staple Table 1. Comparison with previous work. IS indicates in-
teraction space; FT indicates whether the method can track

) continuous finger motions; OS indicates if the system is
We refer the reader to the survey [10] for a thorough review applicable with off-the-shelf smartphone operating systems;

of capacitive sensing in HCI. Here, we only review the works ~SM indicates if the system provides a switch mechanism to
prevent unintentional touches.

of our daily life, used today on almost every mobile device.

that are closest to ours, and that also extend the capacitive

touchscreen with conductive materials. Table 1 summarizes the IS FT OS SM
technical features of our method and closely related works. Clip-on Gadgets [38] oD No Yes No

Clip-on Gadgets [38] attaches conductive tactile buttons on ExtensionSticker [16] | 1D  Yes Yes No
some locations of a touchscreen. When the user presses a tactile FlexTouch [31] 2D No No No
button, it triggers a touch event on the screen. However, the Ohmic-Sticker [14] 25D Yes No No
attached buttons will occlude the screen, and the interactions Kirigami Keyboard [4] | 2D No Yes No
take place only at where the buttons are attached. Extension- CAPath [15] 2D  Yes Yes No
Sticker [16] further develops this approach by attaching a 1D BackTrack 2D  Yes Yes Yes

array of conductive lines to the touchscreen. It allows the user

to swipe or tap on a surface outside the screen area, but is limited to 1D operations only. Similarly, Kirigami Keyboard [4]
maps 1D array of on-screen electrodes to an off-the-phone keyboard, but it cannot track continuous finger motion.
CAPath [15] uses 3D-printed objects to extend a capacitive touch input, allowing the user to create a customized touch

Manuscript submitted to ACM
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interface. However, the 3D-printed add-on must occlude a large portion of the front screen when it is in use. Ohmic-
Sticker [13, 14] is based on the principle that the resistance value in a capacitive sensor can also affect the capacitive
signal strength. The authors built an input device similar to a trackpoint, and further extended it as a 2.5D input device
to sense input forces. FlexTouch [31] extends the touchscreen to a large area. It requires access to the touchscreen’s
raw signal, and leverages a machine-learning model to recognize certain human poses on a yoga mat. Yet it remains
unclear how their method can be applied to track finger motions in BoD applications. Both Ohmic-Sticker [13, 14] and
FlexTouch [31] require access to the capacitive sensor’s raw signals. For off-the-shelf mobile devices, this means kernel
modification, which is not always feasible.

Lastly, none of these methods provide a switch mechanism, one that allows the user to enable (or disable) the sensor
at will. This may not be an issue for their target applications. For BoD interactions, however, unintentional touches
on the back is almost unavoidable. Thus, it is highly desired, if not required, to include a switch to activate the BoD

trackpad.

3 BACKTRACK DESIGN

While the basic idea behind BackTrack seems simple (recall Fig. 2), the devil is in the details. Our BackTrack design

aims to address several challenges arising from its use in practice:

i) BackTrack should be readily usable on any off-the-shelf mobile devices. Therefore, we can not assume the applications
using BackTrack have access to the touchscreen’s raw capacitance signals. Applications must function using the
unmodified operating system’s application programming interfaces (APIs). This goal sets us apart from any previous
BoD systems that require kernel access (see Sec. 2). We ensure that finger touches on the BoD trackpad to produce
strong capacitance changes that will be robustly registered by the unmodified driver as touch events. To this end,
we judiciously choose design parameters such as the electrode’s size and shape and connection pattern (see Sec. 3.1).

ii) BackTrack encodes a BoD finger touch location in two touch events on the front screen. This encoding scheme,
determined by how the trackpad electrodes are connected (Fig. 2-b), has many variations (see Fig. 5 for a few
examples). The electrodes’ connection pattern will affect the robustness of finger tracking. We therefore need to
find one that is robust to commonly used finger motions (see Sec. 3.2).

iii) While the BoD trackpad enriches user interaction, it is also prone to accidental touches—after all, the backside is
where fingers are positioned to hold the device. To prevent unintentional touches, we introduce a switch on the side
of the device (Fig. 1-a). BackTrack is activated only when the user positions their thumb on the switch. Interestingly,
the capacitive nature of the touchscreen allows us to devise a novel switch mechanism that is battery-free and as

thin as the copper foil (see Sec. 3.3).

Working principle and design guidelines. To address these Glass
Electrode

challenges, it is essential to first understand the circuit model of Glass [RESCaE =i

el T Cwu
BackTrack. We extend the well-understood principle of capacitive Transmit Receive ‘ ‘
sensing [10] to our system, and derive a detailed circuit particularly I Cele I Choay

for BackTrack. The derivation of our model is provided in the supple- - -
Fig. 3. A circuit diagram of BackTrack. The orange

layer here represents an ITO electrode in BackTrack
from the circuit model to shed light on our design. attached on the front screen, the conductive trace, and
the connected back electrode. When a finger touches
the electrode on the back, it introduces an additional
such as a finger, by measuring capacitance change in each pair of capacitance Chody» and thereby triggers touch events

mentary document. Here we summarize several guidelines inferred

Capacitive touchscreen senses the touch of a conductive object,

Manuscript submitted to ACM at the ITO electrode on the front screen.
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Fig. 4. Simulation of electrode coupling. (a) Electrodes that are close to but separate from each other (such as the green and
yellow ones in the red box) introduce additional capacitance Ccros, which will arise in our circuit model in parallel to Cejec shown in
(b). Note that here (b) is the circuit model related to one line of connected electrodes (e.g., a row of yellow ones), not to the entire
set of electrodes. In (c), We visualize the electric field near the electrodes highlighted in (a) (after applying a 45° rotation). This is
simulated using the finite-element method in COMSOL. Here we consider two electrode shapes, circular (top) and square (bottom).
(d) We plot the change of Ccos With respect to the parameter d (where d is defined in (c)).

electrodes (called transmit and receive electrodes [10]) placed under-

neath the touchscreen (i.e., Cj; in Fig. 3). In our BackTrack design, a number of indium-tin-oxide (ITO) electrodes are
placed on top of the touchscreen glass (recall Fig. 2-a). Each ITO electrode, together with the transmit and receive
electrodes underneath it, forms two effective capacitors, Ctr; and CtRra, respectively (see Fig. 3). Meanwhile, the ITO
electrode is connected to the electrodes on the BoD trackpad, which has an additional capacitance Cejec-

The existence of Ctr1, CTr2, and Cejec does not automatically trigger any touch events on the front screen. Although
they change the effective capacitance between transmit and receiving electrodes, the change is permanent, and thus the
touchscreen driver will not recognize it as a touch event. But when a finger touches some electrodes on the trackpad,
the touch introduces another capacitance Chogy (Fig. 3), which in turn changes the effective capacitance measured by
the touchscreen driver. This change is transient, and thus can trigger a touch event.

Our design goal is to ensure that the change introduced by Cy,ody is robustly recognized by the driver as a touch
event. According to the analysis using our circuit model (in the supplementary document), we seek a BackTrack design
that (i) reduces Celec While increasing Cyody, and (ii) has Ctg; and Crgg as large as possible. In the remainder of this

section, we describe our design of electrodes and the switch based on these two guidelines.

3.1 Electrode Design

Electrodes on the BoD trackpad are specified by their shape, size, and spacing d (see Fig. 4). The choices made for
these parameters determines the effective capacitance Cge. in Fig. 3. According to our circuit model analysis, we wish
to reduce Cglec. But the reduction of Cele. must balance two conflicting factors: On the one hand, electrodes with a
small size are preferred, because smaller electrodes introduce less capacitance. On the other hand, as the electrode
is reduced in size, it becomes harder for a fingertip to firmly contact the electrode, making the trackpad less reliable.
Empirically, we found that a diameter of 3mm is a proper compromise.

Additional capacitance is also introduced due to the proximity of unconnected electrodes. Consider the electrode
layout shown in Fig. 4-a. Electrodes in each horizontal (and vertical) line are connected, and across different lines they
are separate. As a result, electrodes close to but separate from each other form another effective capacitor Cerog, One
that arises in the circuit model in parallel to Cee. (Fig. 4-b). This effectively increases the electrode’s capacitance Cejec,
and thus we choose electrode shape and spacing with the aim of reducing Ceros.

Manuscript submitted to ACM
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Fig. 5. Electrode connection patterns. We show five different patterns for connecting the trackpad electrodes, and refer to them
as (a) grid, (b) rotated grid, (c) zigzag, (d) paired triangle, and (d) square grid patterns. Different patterns encode the coordinate of touch
location differently, and lead to different robustness for finger tracking. To understand the robustness difference, consider the grid (a)
and rotated grid (b) patterns, and a finger swiping downward (red arrow). With the grid pattern, the triggered row and column indices
are (1,1), (2,1), (3,1), ... When the finger swipes down on the rotated grid pattern from position A (shown in (b)) to C, the triggered
index sequence can be either [(1,3), (1,2), (2,2)] or [(1,3), (2,3), (2,2)], and the transition position B will determine which electrode is
crossed first. This uncertainty is the source of jittering shown in Fig. 6.

To this end, we use COMSOL, a commercial finite-element simulation tool, to predict Ccros under different electrode
configurations. As reported in Fig. 4, we consider both square and circular electrodes, each with difference spacings. The
simulation shows that circular electrodes lead to a smaller Ccros than square electrodes, and as the spacing increases,
Ceros reduces (Fig. 4-c). Also note that if the spacing d is too large, the electrodes would become too sparse to be
contacted reliably. Therefore, we choose to use circular electrodes with a spacing d = 3.1mm.

Electrodes on the front screen are mainly specified by their size; their shape and spacing are not crucial. This is
because the frontal electrodes are not meant to be directly touched by the finger, and thus they are sparsely placed near
the edge of the front screen. The size of a frontal ITO electrode affects the capacitance Ctr; (and Ctgrz) between the
ITO electrode and the receive (and transmit) electrode underneath the touchscreen (Fig. 3-c). Enlarging the size will
increase Ctr; and Crgrz. According to our design guidelines, to improve the trackpad robustness, we need to increase
Ctr1 and Ctrg and thus enlarge the electrode size.

But the ITO electrode cannot be too large. Otherwise, it will be coupled with many transmit and receive electrodes
underneath the screen, and form many effective capacitors. When a finger touches the glass over an exceedingly large
ITO electrode, the screen region affected by the finger touch will not depend on the fingertip any more, but rather on
the area of the ITO electrode, which is much larger than the fingertip. Then, the finger touch will not be recognized by
the driver as a touch event (e.g., the phone will not respond to a contact from our palm). In short, the size of the frontal
electrode must not be too large or too small. Empirically, we found that the size of 5mmx12mm (in rectangular shape)

with 0.4mm spacing is the most robust. In this setting the front screen still functions as expected.

3.2 Electrode Connection Pattern

BackTrack relies on two groups of electrodes to map a touch location’s 2D coordinate into two simultaneous touch
events on the front screen (Fig. 2). This mapping is determined by the specific pattern that connects each group of
electrodes, and has many options. For example, Figure 5 shows five different patterns. For the purpose of finger tracking,
each pattern leads to a different robustness, as illustrated in Fig. 5-a, b and their caption. In what follows, we first
evaluate the robustness of various patterns using controlled laboratory experiments, and then propose an algorithm to

further improve tracking robustness.

Robustness evaluation. We consider four connection patterns, namely grid, rotated grid, zigzag, and paired triangle
patterns (see Fig. 5-a, b, c, d), inspired by the touchscreen’s antenna design [1]. For the first three patterns, we have two

variants: one with circular electrodes and another with square electrodes. For each pattern variant, we also consider
Manuscript submitted to ACM
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Fig. 6. Robotic tests. (a) We use a robotic arm to test the robustness of various electrode shapes and connection patterns on the
trackpad. The top row shows the results from the grid pattern in Fig. 5-a, and the bottom row shows the results from the rotated grid
pattern in Fig. 5-b. (b, ¢) visualize the tapping test results: the green cross marks indicate the tapping positions by the robot, and red
dots indicate the positions sensed by the BackTrack system. (d, e) show the swiping test results: green lines are swiped by the robot,
red dots indicate the sensed swiping trajectories. (f, g) are the swiping trajectories output from the BackTrack system after applying

the low-pass filter (1).

two different spacings: d = 3.1mm and d = 3.4mm (d is defined in Fig. 4-c). In total, we evaluate 14 different methods of
electrode connection.

For each method of electrode connection, we evaluate its robustness for two types of user interactions: tapping and
swiping. All the evaluations are conducted by a robotic arm holding a conductive pen (whose size is comparable to a
fingertip; see Fig. 6-a). In the tapping test, we program the robot to tap 5X5 grid points on the trackpad (Fig. 6-b,c) and
measure the mean square error between the sensed touch locations and true locations. In the swiping test, we instruct
the robot to swipe along horizontal, vertical, and diagonal lines (Fig. 6-d,e). We then measure the average distance from
the sensed touch locations to their intended lines. We repeat each test 5 times and report the average error.

In addition, through an Android kernel hack, we are able to retrieve the raw signal value (also known as the
capacitive image [21]) returned by the touchscreen driver. This raw value is proportional to the capacitance change of
the touchscreen sensor. The detailed results of our experiments are reported in the supplementary document. From
these experiments, two patterns stand out in terms of signal strength, namely, the grid and rotated grid patterns both
using circular electrodes. The former performs best for sensing finger tapping and swiping horizontally and vertically.
The latter is more suitable for finger swiping along diagonal lines. The reason is discussed in the caption of Fig. 5. In
practice, tapping and horizontal and vertical swiping are used more often, and therefore we use the grid pattern with

circular electrodes in our BackTrack prototype.

Temporal filter. As shown in Fig. 6 and discussed in Fig. 5, swiping along an arbitrary direction may result in a
slightly jittered finger path. This is due to the limited trackpad resolution (N = 7 in our tests). One can reduce the
jittering by increasing the resolution but only to the extent limited by the screen size. Instead, we use a simple low-pass

temporal filter to reduce jittering and improve robustness. The low-pass filter is defined as
yi=Yi-1+a- (Xi —yi-1), (1)

where the subscript indicates the sensing cycle in time, y; is the filtered touch location at timestep i, x; is the sensed
touch location at timestep i prior to filtering, and « is a parameter that controls the filter strength (in practice, we use

a = 0.1). This filter is applied in realtime; see Fig. 6 for its effect.
Manuscript submitted to ACM
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3.3 Switch Design

A BoD trackpad, if not carefully designed, will suffer from unintentional touches. Fingers accidentally touching the
trackpad can interrupt the user’s interaction with the front screen. To address this issue, we propose a new, compact
switch design. We show that a novel use of a piece of copper foil can serve as a battery-free switch. The key idea is
based on our circuit model: when Cyqy is sufficiently small, finger touches on the BoD electrodes will not be captured
by the touchscreen driver—the trackpad becomes deactivated (see supplementary document for more details).

At this point, our goal is to find a way of switching Cyody between a low and high value. By definition, Cpoqy is
the capacitance between our body (i.e., the finger) and the ground. Here a subtle yet important detail is the notion of
“ground”. It refers to the effective ground of the mobile device, which is not necessarily the physical ground (earth). In
fact, when we use a plastic phone case (just like most of us do), the phone’s ground is already insulated from our body.
Because of this insulation, Cpogy is so small that the BoD trackpad is deactivated. To enable the trackpad, we simply
need to connect the user’s body with the phone’s ground through a conductor, such as a piece of copper foil, so that
Chody becomes large.

When implementing this switch, we leave a small hole on the side edge of the phone case, near where the thumb is
usually positioned. Behind that hole, we place a piece of copper foil connecting to the phone’s shell (which is covered
by the phone case). When the user wishes to use BackTrack, they just place their thumb over the hole to activate the
trackpad. This simple design is battery-free and consumes almost no space. It can also be easily extended by using a
momentary mechanical switch to provide haptic feedback or turning it into a toggle switch. To do so, one can apply
conductive coatings where the user’s hand touches the phone case while holding the phone, and connect the coated

part to the phone’s ground through a toggle switch. Then, only when the switch is toggled on, Backtrack is enabled.

3.4 Prototype Details

We prototype BackTrack on Google Pixel 2, on which we perform all the experiments including the robotic tests
(Sec. 3.2) and user evaluation (Sec. 4). The working principle is also tested on other phone models, including LG Nexus
5, Samsung Galaxy S8, and iPhone 11 Pro Max. To work with Google Pixel 2, we manufacture four parts: a phone
case, a frontal glass (1.1mm) coated with ITO electrodes on one side, the side flex PCB, and the back PCB with the
trackpad electrodes (see Fig. 7). The frontal glass carries 14 ITO electrodes connected to the flex PCB using conductive
epoxies. The other end of the flex PCB is connected to the back PCB. All the components are then encapsulated in a
custom-designed phone case, which appears very much like a conventional phone case. The cost of the phone case!,
the frontal glass with ITO coating, the side flex PCB, and the back PCB are $4, $10, $3, and $2, respectively.

Our BackTrack prototype has a trackpad size of 28mmx28mm. It is positioned slightly toward the top-right side on
the back of the phone case (Fig. 1); its margins to the top and right sides are 13.5mm and 8.3mm, respectively. This
position is at where the index finger is typically placed to host its motion on the trackpad [19]. The trackpad has 7 x 7
electrodes (N = 7), a resolution lower than the front screen. This choice is not a limitation in our design—one can use a
higher resolution of electrodes. Rather, this choice is justified by the limited range of finger motions when the finger is
positioned on the back holding the device [11, 20]. After all, BackTrack is not meant to replace the front screen, but to

enrich it with an additional space for user interaction. Thus, 7 X 7 electrodes on a small trackpad area suffice.

!Here we take into account the material cost for 3D printing the phone case.

Manuscript submitted to ACM
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Fig. 7. BackTrack assembly. (a) ITO electrodes are coated on the side of a thin glass. The ITO pattern will become fully invisible
when attached to the phone’s screen. (b) A flex PCB is used for connecting the front ITO and BoD trackpad. (c) BoD trackpad is
printed on a PCB. (d) The BoD trackpad is first placed in a custom-designed phone case. We also attach to the BoD PCB a piece
of copper foil, which will connect the BoD PCB with the phone’s ground after the phone is inserted into the case. This copper foil
is also used as a capacitive switch (Sec. 3.3) to enable/disable BackTrack. (e) The ITO-coated glass is connected to the flex PCB by
conductive epoxies. We then place the phone together with the glass into the phone case. (f) Lastly, we connect the flex PCB with the
BoD PCB. (g) The final fully assembled BackTrack.

_
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Fig. 8. Finger motions in user study I. (a-d) We ask the subjects to perform four tasks. For example, the first task (a) is to tap one
of the 2 X 2 regions on the trackpad, and the fourth task (d) is to swipe along one of the eight directions. (e-f) We display on the front
screen what finger motion to perform. The target finger motion is randomly selected each time.

4 USER EVALUATIONS

We conducted user studies that use the proposed trackpads. In particular, we aim to understand what type of finger
motions the user can reliably perform on BackTrack. To this end, 12 subjects (6 male, 6 female, aged 22 to 38, 2
left-handed) participated in these studies. None of them had any experience using BackTrack prior to the studies.

Our prototype is designed for the ergonomics of right-handed users—for example, the activation switch is placed on
the right edge of the phone to allow the use of the right-hand thumb. We therefore ask the left-handed participants to
use their right hand to interact with our BackTrack prototype, although this layout can be easily flipped to adapt to
left-handed users.

Methods. Unlike front-screen interaction, finger motions on the back of the device lack visual feedback; the user has
little sense of where their finger touches. Further, the user’s finger, while positioned on the back holding the device, has
a limited range of motion. Thus, only a small area of BoD trackpad is needed and positioned where the index finger is.
Our user study seeks to understand to what extent the user can perform finger actions on BackTrack.

We consider two types of commonly used finger motions on a trackpad, tapping and swiping. Our study consists
of four tasks, including i) tapping a point on a 2 X 2 grid, ii) tapping on a 3 X 3 grid, iii) swiping along horizontal and
vertical directions, and iv) swiping along horizontal, vertical, and diagonal directions (see Fig. 8-a,b,c,d).

As none of the subjects had ever used BackTrack, when the user study begins, we inform the subjects that “there
is a trackpad on the back of the phone” and ask them to use only their right hands and adjust their grip until they
feel comfortable to operate with their index fingers. In each of the four tasks described above, we use the front screen
to display what finger motion to perform (see Fig. 8-e,f). The subject then performs the required motion on the BoD
trackpad. Each task repeats 50 times; a target finger motion is randomly chosen and displayed each time. Meanwhile,
the front screen displays text that tells the subject if their last finger motion has been successfully received by the
system. This is not a realtime feedback, but feedback as an afterthought: it mimics the type of feedback that the user
receives when using BoD interactions in a real-world app.
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Fig. 9. User study results. (a) For each of the four tasks in the first study, we report the finger motion accuracy measured as the
ratio of successfully recognized finger motions to the total number of motions. The blue bars indicate human subject performance for
the first time they use BackTrack, and the red bars show their performance after three minutes of practice. (b) The System Usability
Scale (SUS) results reported by individual subjects.

After finishing all four tasks, we ask the subjects to practice those tasks freely for 3 minutes, and then re-evaluate all

the tasks. This is to understand how quickly the user can become familiar with our BackTrack interface.

Results. We report the results in Fig. 9-a, where the accuracy (y-axis) is measured as the ratio of successfully
recognized finger motions to the total number of motions. We found that with only three minutes of practice, the
accuracies of all four tasks are improved significantly. This suggests that BackTrack is indeed easy to learn. Moreover,
the accuracies of 4-way tapping and 4-way swiping are considerably higher than 9-way tapping and 8-way swiping
(i-e., 99.16% vs. 88.54% for tapping, and 100% vs.92.17% for swiping in the second trial). This suggests that the mobile
app should use 4-way tapping and 4-way swiping as primary ways for the user interacting with BackTrack.

In addition, we are concerned with the ITO electrodes on the front screen affecting the user interaction on the
touchscreen, due to the conductive property of ITO that could change the measured capacitance. Therefore, we asked
the participants to use the touchscreen as they normally do to see if they experience any abnormality. None of the
participants found any noticeable interruption when interacting with the touchscreen, even at regions where the ITO

electrodes are placed. Even for tasks requiring high precision such as typing, the participants can still operate smoothly.

5 DISCUSSION

BackTrack enables a wide array of BoD applications, as has been studied in previous works [8, 21]. Inspired by those
applications, we built a web browser, a camera app, a game, and a file manager app, to demonstrate BackTrack’s
robustness and usefulness. We refer the reader to the supplementary video for those demonstrations.

While our goal is to use BackTrack as an add-on device to stock phone models, our method may also be used as a
prototyping tool, for studying BoD trackpad design (e.g., with respects to its layout, position, and size), evaluating BoD
usability, and for developing BoD applications.

BackTrack shares the same limitations sd other capacitive sensing techniques have. For example, it may not work
properly when the user’s fingers are wet or wear an insulator, such as a latex glove. It also lacks haptic feedback and
does not yet support multitouch. In addition, although our BackTrack design (such as the choices of electrode sizes and
shapes) are guided by a circuit model, the guidance remains qualitative rather than quantitative. This is because our
goal is to apply BackTrack to stock phone models, and it is hard, if not impossible, to precisely measure the electric
attributes (such as the Ctr; and Ctgz) in the phone’s circuits. In the future, we hope to model the BackTrack design

in a quantitative way, and develop a systematic design framework for building BackTrack on customized capacitive
Manuscript submitted to ACM
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sensors. It is also interesting to quantitatively analyze how the user conditions, such as the skin moisture and finger

size affect the signal-to-noise ratio, under different environments and grounding conditions.
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