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Fig. 1. Active PinScreen is a tactile feedback grid that can be mounted on the back of a mobile device to give spatio-temporal direction
information over multiple fingers, synchronised with the digital content on the phone’s touchscreen. The main image shows a close-up
view of the device’s 1 mm diameter pins. The small nature of the Active PinScreen (as seen in the schematic inset to the right; blue
highlighted area corresponding to main photo) affords the ability to fit comfortably on the back of a standard touchscreen device to
provide high-precision feedback to multiple fingers at once.
Multiple fingers are often used for efficient interaction with handheld computing devices. Currently, any tactile feedback provided is
felt on the finger pad or the palm with coarse granularity. In contrast, we present a new tactile feedback technique, Active PinScreen,
that applies localised stimuli on multiple fingers with fine spatial and temporal resolution. The tactile screen uses an array of
solenoid-actuated magnetic pins with millimetre scale form-factor which could be deployed for back-of-device handheld use without
instrumenting the user. As well as presenting a detailed description of the prototype, we provide the potential design configurations
and the applications of the Active PinScreen and evaluate the human factors of tactile interaction with multiple fingers in a controlled
user evaluation. The results of our study show a high recognition rate for directional and patterned stimulation across different
grip orientations as well as within- and between- fingers. We end the paper with a discussion of our main findings, limitations in
the current design and directions for future work.
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1

INTRODUCTION

Reading the reviews of almost any recent mobile phone launch, it is clear there is a widespread sense that these devices
have reached something of a peak in terms of their physical design. Recently dismissed in the media at launch as
“more black rectangles”,1 today’s cutting-edge devices are no-longer met with anything close to the level of excitement
or anticipation that accompanied their earlier iterations. Consequently, there is an increasing focus on new form
factors and novel interaction styles from both device manufacturers and engineering and HCI researchers. In particular,
interaction modalities that are not focused solely around a touchscreen are experiencing a resurgence. Consider, for
example, the renewed interest in haptic feedback, both on [13, 23] and around2 a mobile device.
Current on-device haptics are relatively coarse in their output, often producing only a single point of feedback.
That is, an interaction on-screen will lead to a tactile pulse to confirm an action, or a vibration will be generated to
give a simple alert in cases when the user is not actively using the device. Even when feedback is more advanced,
the sensation is typically either on a global scale (for example, a whole device vibrating to produce patterns linked to
particular meanings [6]); or, nuanced and precise output, but directed to a single finger [13].
In this work, we turn to explore the potential for multiple areas and patterns of tactile output that are produced
concurrently yet felt independently. Our design—Active PinScreen—is a micro-grid of 64 (8 × 8) actively-actuated metal
pins. Each millimetre-sized actuator can be individually addressed and energised. The prototype, as illustrated in Fig. 1,
is incorporated into the back of a mobile casing, and is able to create tactile, patterned outputs on the middle and
distal phalanges of multiple of its holder’s fingers at the same time (typically ring, middle and index). The prototype
can feasibly fit within the casing of a standard smartphone, and is able to apply localised stimuli with fine spatial and
temporal resolution. In addition, while we focus on the use of Active PinScreen on a smartphone, we also consider it
suitable for use on other handheld or mobile devices, such as game controllers or smartwatches.
There is a rich history of research in this space, with many avenues of tactile feedback widely explored, as detailed in
the related work section below. Our research goes beyond previous work with two key contributions. Firstly, we deploy
the new richness in micro output that our novel hardware can generate in order to provide haptic information to multiple
fingers simultaneously. Secondly, we miniaturise the haptic actuator apparatus so that it could potentially be deployed
on the back of a smartphone-sized device. As shown later in Fig. 5, the pin array, controller circuitry and power supply
all currently fit within a casing that could be attached to the back of a mobile device. We have released our hardware
and circuit designs (with accompanying microcontroller code) as an open-source toolkit 3 to enable others to build upon
this work and integrate it into actual mobile devices, which would further reduce the physical size of the hardware.
In the rest of this paper, we begin by situating our research amongst previous work in mobile haptic surfaces, mobile
tactile interaction, pin-array display, tactile actuation methods and stimulation patterns, using this as inspiration to
1 https://economist.com/business/2017/03/02/conformity-nostalgia-and-5g-at-the-mobile-world-congress; 2 https://ultrahaptics.com
3 https://github.com/FITLab-Swansea/ActivePinScreen

generate a series of potential design configurations for a multi-finger haptic feedback device. We then describe the
technical design and implementation of our novel hardware prototype, and report on an evaluation designed to test the
extent to which the Active PinScreen is able to provide rich and recognisable feedback. We conclude by discussing
the potential and future developments of the work.
2

RELATED WORK

Modern mobile devices typically utilise touchscreens or controllers to facilitate multi-touch interaction. This interaction
modality has the effect that the majority of the device—and, indeed, most of the user’s fingers—remain idle, particularly
those fingers responsible for holding the device itself. Unsurprisingly, then, haptic feedback has long been considered
a popular modality for mobile device interaction. Tactile feedback can be felt by all unused fingers, and benefits
from utilising the vacant part of the device to provide potentially rich dimensions which can be configured for a
variety of expressions.
Current types of tactile feedback available to users are normally limited to vibration pulses given by the entire device
using actuators or motors mounted under (or on) the surface of the device. Even though the length and repetitions
of these stimuli can normally be programmed to create customised temporal tactile sequences that can be felt over
multiple fingers, they are still low in spatial resolution, and struggle to provide detailed tactile feedback such as texture
or small-scale patterns. Our approach, the Active PinScreen, has been created to address these issues. The following
sections describe its novelty via a review of the current literature.
2.1

Mobile haptic surfaces

Mobile touchscreen surfaces with haptic feedback have opened up a new modality to enrich human-computer interaction [21]. Providing tactile feedback on touchscreen mobiles can support eyes-free information interaction, such
as, for example, in MagTics [34], which provided both static and dynamic haptic eyes-free feedback on the surface
of a wearable interface (e.g., the strap of a smartwatch). Other examples, such as haptic output on the surface of a
handheld controller, allow a user to feel the 3D surfaces, textures and the output force of virtual objects [3]. However,
different from these mobile surfaces, we focus on providing haptic interaction on the back of smartphones, making
use of currently underused surface areas (i.e., the back of the device) and extremities (the fingers holding the device).
While previous work has already made use of vibration motors, 3D-printed overlays and deformable prototypes, our
work has miniaturised the hardware for the first time to afford its integration into a portable phone case and allowing
it to sit comfortably in a user’s hand.
2.1.1 Vibration. SemFeel [54], Omnivib [1], and T-mobile [50] provided spatiotemporal tactile patterns by vibrating a
series of motors attached on different areas of handheld devices. Activating these motors in sequence can provide users
with feedback for a variety of scenarios – for example, left-then-right vibration to indicate a “next page” action. Some
use-cases of this type of technology include SpaceSense [53] which used vibration to present geographical information,
and Activibe [6] which used vibration pulses to present primary activity feedback. However, due to the relatively large
size of the motors used in these examples, they were tested only on body areas far larger than the phalanges of fingers,
such as the palm, arms, thigh and waist. The high resolution and miniaturisation of our approach allows us to target
the sensitive areas of fingertips with a fine level of granularity.
2.1.2 Touch overlays. Attaching a 3D-printed overlay on the surface of a display can make everyday interfaces accessible
for eyes-off interactions [14]. TacTILE [16], for example, proposed a novel tool for creating these overlays for arbitrary

graphics (e.g., graphs, pictures, maps). Touchplates [26] proposed a method of designing cutout overlays based on
the UI beneath. These overlays guide the user when they touch the physical layout on the screen. Similar kinds of
“tactile guides” on top of touch screens have been used for controller apps [29], digital reading [11] and navigation [44].
However, once this kind of layout is created it is permanently fixed. This approach also always requires the user to
move their finger to explore the layout, which may be inconvenient for situations when the user is on the move.
2.1.3 Deformable buttons. Deformable buttons combine the benefits of digital and physical to provide low attention
and vision-free interactions through their changeable tactile clues. They have been used, for example, when providing
haptic feedback for controlling a visual display [15], or to explore haptic and more expressive notifications [17, 18].
However, the hardware required to implement deformable buttons can limit portability, and can be challenging or
impractical to minimise.
2.2

Mobile tactile interaction

Considering the smartphone surface, other researchers have proposed ways of providing haptic feedback on the front,
edge and the back of the device.
Braille-based designs have been constructed for communication [33] and a window system [37]. Each braille key
has a set of tactile dots on it to represent a character or word, and allows a user to read by touching the braille keys
of the display panel sequentially. However, these tactile surfaces blocked the screens which were originally used to
display visual information.
Haptic Edge Display [23] used a single edge of a mobile device to provide haptic feedback. An array of small
piezoelectric actuators in a line on the side of the display was able to give force feedback to multiple fingers. Similarly,
Luk et al. used an array of piezoelectric actuators to give different temporal stimuli on a finger pad with lateral skin
stretch [32]. ShiftIO [42] used small magnets (actuated by an array of solenoids) to equip the edges around a smartphone
as configurable tactile elements. The elements can sense touch input and give haptic notifications as a “bump” to the
user’s hand as they grip the device. However, these haptic edge surfaces either required the user’s visual attention
or were limited by the holding pose that was necessary.
Back-of-device interaction is one way that these issues have been overcome. RearType [39], for example, explored
the ability of the fingers, maximising the use of the front display for visual output and adding split and rotated keyboard
layouts on the back of a smartphone. HaptiCase [8] helped users to know the location of their fingers on a rear case
by feeling tactile landmarks on the back of the smartphone. Like these works, by taking advantage of back-of-device
interaction, the Active PinScreen focuses on implementing reliable sensation output on the back of a smartphone.
Unlike these systems, however, our design provides dynamic feedback that is controlled by the mobile device itself.
2.3

Pin-array displays

Our work was inspired by pin-array displays. For example, Summers et al. [43] used 100 piezoelectric actuators to
drive 100 contactor pins arranged in a 1 × 1 cm square matrix which covered a fingertip. Participants were asked to
identify the direction of motion: up, down, left or right. In all cases the pins moved from one side of the array to the
other in one second (i.e., at a speed of 1 cm s−1 ). The experiment tested the recognition rate at frequencies of 40 Hz and
320 Hz. It showed that the position of moving stimuli on the skin is more accurately perceived at 320 Hz than at 40 Hz.
However, the hardware required was relatively large, and not mobile. A similar work [27], integrated 61 electrodes with
1.2 mm diameter on the back of a smartphone, investigating how well the user can recognise four linear directions and

four shape patterns (square, circle, triangle and cross). The research found when the presentation finger and operating
finger were both on the same hand, there was an accuracy and speed advantage.
Tactons [5] proposed tactile displays for structured, abstract message communication, exploring the parameters
which may cause different perceptions of a tactile display. The parameters included the frequency, amplitude, waveform,
duration, rhythm and body location. However, the authors did not evaluate which frequency, amplitude or other
parameters can be better perceived in detail. BrailleDis [47] consisted of a matrix of 60 × 120 pins. The proposed
touchpad was actuated via piezoelectric actuators and the pins were sited in a concave tactile surface. Both the
engineering and HCI design challenges were discussed, but no evaluation was conducted.
PinPad [24] consisted of a 40 × 25 array of tactile pins. Each pin of the PinPad was separated 2.5 mm away from others,
based on the tactile spatial threshold of the fingertip. The PinPad’s scan rate was about 11 Hz. However, parameters
such as the stimulation frequency, pin movement, speed and output force were not reported. A key difference between
these previous works and our Active PinScreen is that the previous designs require the user to move their finger across
the pin array to feel feedback, which is unsuitable in our scenarios. Active PinScreen is intended to provide feedback
with the user’s fingers stably positioned on the rear of the device.
2.4

Actuation methods

Instead of vibration of the entire device [36, 46], tactile displays using a wide variety of actuation methods have been
used for providing different localised sensations. For example, HamsaTouch [25] converts a visual image to a tactile
image using an electro-tactile display of 512 electrodes. A linear grouping of actuators is used to form a slider on one side
of a mobile for list selection, scrolling, direction signalling and background status notification [32]. Strasnick et al. [41]
present a method of using switchable permanent magnetic actuators for these kinds of displays. To enrich the user
experience rather than convey specific interface or content information, Tactile Brush [22] enables two-dimensional
tactile movement sensations via a sparse array of actuators.
Instead of relying on electro-mechanical transmission, alternative forms of actuation have been proposed. For
example, Sadeghi et al. present a micro-hydraulic actuator which consists of 3 × 3 and 4 × 4 arrays of fluid-driven
actuator cells offering high displacement and force [38]. However, usage of these displays may be hindered by the
power available. Soft actuators [30] provide stimulation on the human skin via a polymer allowing the device to have
qualities of softness to touch, adding flexibility and enabling size minimisation. We take a different approach to these
works, using micro solenoid-actuated magnetic pins with millimetre scale form-factor.
2.5

Tactile simulation patterns

Khurelbaatar et al. created an electrotactile display at the back of a phone to give direction and spatial patterns on a
fingertip using an array of small electrodes [27]. Another more recent tactile display [40] used 3 × 3 poke and vibrotactile
arrays which can be worn around the wrist to give four different direction patterns. HaptiVec [7] used an array of 3 × 5
tactile pins (with an average pin spacing of 25 mm) actuated by commercial linear solenoid actuators in the handles
of two custom VR type controllers to give haptic feedback with direction information. However, these patterns are
more coarse compared with our Active PinScreen.
Beside directional patterns, previous work explored tactile simulation patterns of different force, frequency and
three-dimensional shapes. HapCube used three voice-coil actuators to give tangential and normal pseudo-force feedback
at the fingertip [28]. WAVES used voice coil actuators on the fingers to give three-dimensional translation and rotation
cues with asymmetric vibration on multiple fingers [10]. Pin array displays such as [51], with a 6 × 5 array, and

Tiny-Feel [52], with a 3 × 3 arrays actuated by piezoelectric bimorphs, provide tactile patterns of different frequency.
TextureTouch [3] provided haptic renderings of three-dimensional shapes and structures onto the user’s finger.
3

DESIGN CONFIGURATIONS

After reviewing previous research, we developed the concept of a mobile, multi-finger haptic feedback device based
on an actuated micro-pin array. However, this core design could be tailored to provide a range of options from both
fabrication and use-case perspectives. In order to guide the construction of the prototype that we describe in the rest of
this paper, we needed to carefully consider the parameters available, and their impact on or use within the device itself.
Here we outline the factors we considered in our own design, and the further configurations possible in each case.
3.1

Form Factor

The size and shape of the pins and their enclosing array, and the spatial resolution (i.e., the separation between the
pins in the array) and stimulation are the key form factor parameters that can be varied to provide effective haptic
feedback on multiple fingers.
Size: The size (i.e., length and width) of an Active PinScreen device could be tailored according to the size of the
enclosing device that encloses it (such as a smartphone or a game controller). The pin array could be designed to cover
the entire area of the user’s grip; or, just the location of the targeted fingers if the typical grip position is relatively fixed.
Shape: Adapting the shape of an Active PinScreen device to the enclosing device could also lead to better integration
and precise feedback. Again, the user’s grip needs to be considered on handheld devices in order to position the tactile
pins at the correct target locations or fingers. For example, users often grip a game controller in a consistent manner,
whereas grip may change significantly on a smartphone. Further, although our realised design is a square, there is
no underlying requirement for this to be the case. More unique or imaginative designs (e.g., star, circle, emoticon
etc.) are entirely plausible.
Spatial Resolution: The optimal physical separation between actuated pins is primarily driven by the expected
use cases of the device. Providing a 2.5D or 3D profile on a smartphone (e.g., like the table-top system of [12]) would
require an Active PinScreen with a relatively higher resolution. Providing discrete sensations such as mimicking
raindrops falling on the hand, could be achieved using an Active PinScreen with a lower resolution. Further, in addition
to the flexibility of shape described above, the distribution of pins could also be non-uniform (i.e., concentrated in
some areas more than others).
Stimulation: The Active PinScreen is capable of providing tactile stimulation both within a single finger and across
multiple fingers. However, the stimulation it provides can be customised to meet users’ needs. For example, to provide
feedback that is robust to grip changes, inter-finger (i.e., across multiple fingers) stimuli could be designed. The stimuli
are not reliant on the position and orientation of the individual fingers; rather, users explore a spatio-temporal pattern
with multiple fingers using their preferred position and grip orientation. Our Active PinScreen design distributes
pins in such a way that multiple fingers are covered by a set of pins about 4 mm apart (from each centre) for many
possible grip orientations.
4

ACTIVE PINSCREEN PROTOTYPE

We built a prototype Active PinScreen as shown in Fig. 1 and Fig. 5 to determine the effectiveness of pin-arrays for
multi-finger tactile stimulation on the back of mobile devices. The 8×8 array of pins on the prototype are uniformly
distributed over an area of 28 × 28 mm. The prototype is about 67.5g and the whole device is 225g (including the battery

Fig. 2. A diagrammatic illustration of an individual pin unit in our Active PinScreen. The device contains 64 of these units in a
28 × 28 mm 8 × 8 matrix configuration, each directly addressable by row and column number.

and the case). A schematic of an individual pin unit with its linear solenoid actuator and plunger is shown in Fig. 2.
The plungers—the moving pins of the Active PinScreen—are magnetic, and consist of two permanent neodymium
magnets. The base magnets have a diameter and thickness of 1.5 mm, and slide through the air-core of the solenoid,
trapped inside by the unit’s top-cover. The top magnets are adhered to the base magnets, and have a diameter and
thickness of 1 mm. When activated, these magnets emerge through the unit’s cover and produce the tactile stimulation
effect on the user’s fingers.
The base is made of 8 mm acrylic, and the top cover of the device is a 2 mm aluminium plate. The inner tube and
the air core for the solenoid in the base plate, and the 1.35 mm holes in the top plate are precisely cut using a CNC
machine. A 32 gauge copper wire is wound approximately 25 turns to make each solenoid in the array. The coil ends of
each solenoid are connected in rows and columns with a diode and two transistors (N- and P-type MOSFET) used to
switch an active-matrix configuration as shown in Fig. 2. The solenoids are actuated one-at-a-time using a Microchip
18F47J53 8-bit microcontroller, with active matrix layouts transferred via Bluetooth from a smartphone.
Although the prototype’s solenoids are in practice activated one-by-one, their fast response time (see Fig. 3), combined
with pulse-width modulation means that this is imperceptible to the user. As a result, users are able to feel multiple
pins simultaneously, affording us a larger surface area of activated pins at any one time. In order to achieve this
sensation, however, it was important to consider the energy being injected into the system, as the coils are wound onto
sub-millimetre thin hollow pillars of acrylic, within which the magnets oscillate. It is difficult for any heat generated
within the coils (and also within the magnets themselves through inductive heating/eddies etc.) to dissipate to the
environment. By experimentation, we settled on a maximum coil ‘on-time’ of 1 ms, with a maximum (long-term) of
30 Hz per coil. In this way, coils are less likely to overheat. The response time of the pin measured using a vibration
sensor is shown in Fig. 3. The pin pokes the finger for 1 ms. The oscillation is the natural response of the vibration
sensor due to the pulsed input. The behaviour of the pin in contact with the finger’s skin will depend on the mechanical
characteristics of the skin itself.

Fig. 3. The mechanical response of the Active PinScreen’s pins to a 1 ms pulse measured using a vibration sensor. The pin contacts
the user’s skin for 1 ms.

4.1

Usage

The main goal in creating the Active PinScreen was to provide users with both directional and patterned stimuli to
facilitate a variety of uses on the back of a device (see Section 2.2). In order to create these types of stimuli, we needed
to generate a sequence of activated pins in the following way:
(1) Define a block pattern, which is known as a frame. Each pin in a frame will be activated simultaneously (or
seemingly so from the user’s perspective, but actually by careful design of the pulse widths and duty cycles of
each pin as described below);
(2) Define the actuation time of each frame, known as 𝑡𝑖𝑚𝑒𝑎𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 , which is the time each frame continues to be
active for;
(3) Define the frame-to-frame delay, known as 𝑡𝑖𝑚𝑒𝑑𝑒𝑙𝑎𝑦 , which refers to the pause between each frame being
actuated;
(4) Create a directional pattern by ‘drawing’ each frame on the pin array;
(5) Using the frame and parameters 𝑡𝑖𝑚𝑒𝑎𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 and 𝑡𝑖𝑚𝑒𝑑𝑒𝑙𝑎𝑦 , run the stimuli in sequence (i.e., frame by frame)
until the pattern is complete.
This technique is used in the three studies included in the user evaluation that we describe hereafter (see Section 5),
where we use a frame size of 1 × 3 pins (study 1), 2 × 3 (study 2) and 3 × 3 (study 3). Figure 4 illustrates an example
of a left-to-right directional pattern using a series of four 2 × 3 frames.
4.2

Prototype configuration

The Active PinScreen has several other configurable parameters that required careful consideration to provide optimal
tactile stimulation for users. As part of a small technical evaluation to discover the appropriate set of parameters for
our prototype, we conducted several pilot studies with participants and research team members of the following:
Frequency We experimented with different pulse widths and duty cycles of the solenoid actuation signal and
found the optimal to be 40 Hz actuation signal with 4 % duty-cycle.
Output Force We also experimented with the effect of the force applied by the pins; that is, the strength the stimuli
on tactile feedback using different pulse widths and duty-cycles of the solenoid actuation signal. The average
force of the device’s effective tactile stimuli could be increased in three-ways. That is, either by increasing the
duty-cycle or the peak of the current passing through the solenoid actuator, to vibrate the pins at a higher
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Fig. 4. An example of the sequence of a left-to-right directional pattern. The stimulation consists of four frames, each consisting of 2
× 3 (width × height) pins.

frequency or by using multiple pins within the two-point discrimination threshold [48] of the user (i.e., a frame
as described above). We found during our trials that using small frames (i.e., of, 1 × 3 – 3 × 3 arrays) and the
pulse width and duty cycles described above provided the optimal output force.
Space Multiplexing We found that movement of the frames could be sensed better along the length of the
phalanges than across their width. This could be due to the elliptic contact area of the finger phalanges and the
sensitivity gradient along their major and minor axes. Sensing of all frames was low on the distal and proximal
interphalangeal creases. This could be due to the low sensitivity of that region. The 2 × 3 (width × height) frames
gave sharper sensation to recognise the movements along the fingers, whereas the 3 × 3 blocks of pins gave
wider sensation to recognise the movements for different orientations of the fingers.
5

LAB STUDY

As we have described, the Active PinScreen allows a range of tactile stimulation patterns both within and between users’
fingers. In order to determine the recognition rates of the tactile stimuli over the index and middle fingers, therefore, we
conducted three user evaluations with 12 participants (6 females) aged between 20 and 52 (mean = 30.6, s.d. = 8.1), all
right-handed. These studies were conducted to investigate within-finger recognition (study 1), inter-finger recognition
(study 2) and the possible effect of grip orientation and pattern recognition (study 3). Each study lasted around 15
minutes (1 hour for the full experiment), and each participant was compensated for their time with a £10 gift voucher.
5.1

Procedure

We began each experiment with a two point touch test on both the index and middle finger of the participant’s dominant
hand as laid out by Won et al. [49]. Tactile spatial perception varies vastly from person to person [9, 35, 45], so the
two point test was conducted to ensure all participants could perceive the same level of tactile sensation within

Fig. 5. During the experiment, participants were asked to rest their arm on the table while they held the Active PinScreen.

our experiment. A clinically healthy person should be able to recognise two points separated by 2 to 8 mm on their
fingertips [4, 49]. We conducted the test, therefore, to ensure that any failure to properly identify the correct stimuli
would be caused by the tactile stimulations themselves rather than simply being an issue with the participant’s perception
ability. Failure to successfully pass this test would exclude participants from continuing with the full experiment.
Upon passing the two point touch test, we then continued with a pre-study questionnaire to gather basic demographics
before proceeding to carry out each study in turn (described below) in the same order for each participant.
During the study, the participants were asked to sit at a table and hold the prototype like a mobile phone with their
dominant hand so they could easily feel the pin movements at the back of the device as shown in Fig. 5. The participants
were asked to keep the position of their fingers fixed horizontally along the top three and bottom three rows of pins.
After each stimuli was completed, participants were asked to verbally report what pattern they felt (via a printed
set of options), which we recorded in an anonymized spreadsheet. At the end of each study, we asked participants
to fill in a questionnaire to elicit feedback about the strength and comfort of stimuli on a 5-point Likert scale. We
also conducted a short interview to gather feedback about present performance and potential future features and
applications of Active PinScreen devices.
5.2

Experimental Design

5.2.1 Within-finger recognition. In this experiment, we studied the effectiveness of recognising within-finger stimulation.
Specifically, we were interested in whether the users could recognise multiple directional movements on individual
fingers simultaneously. With this in mind, we asked participants to keep the position of their fingers fixed horizontally
along the top three and bottom three rows of pins (as shown in Fig. 6 (left)), then provided them with two distinct
directional movements at a time; either both in the same direction (as shown in Fig. 6 (a) and (b)) or in opposite
directions (as shown in Fig. 6 (c) and (d)).
We used a frame size of 1 × 3 (width × height) to create each directional movement (in a total of 8 frames). The total
pins activated in each trial are shown in blue in Fig. 6 (right). The speed was set at 15 mm s−1 .
We began the study with a five minute training session which introduced each of the four sets of stimuli twice –
once in the order shown in Fig. 6 (a–d) and once in a random order. The participants were then offered for any of the

(a)

(b)

(c)

(d)

Fig. 6. Study 1: Within-finger recognition. The overview (left) shows the finger placement used in Study 1, and the sub-diagrams (a, b,
c and d) show the stimuli provided to each individual finger. Blue dots indicate the active pins used in each trial, and the arrows show
the direction of movement. Each movement was created by sequentially activating 1 × 3 blocks of pins (width × height) along each
arrow.

stimuli to be repeated; most felt confident to begin after a single repetition. We then ran the study where each of the
four stimuli were given to the participants 14 times in random order (56 times total).
Participants were told that each of the trial stimuli would match one of the four combinations shown in Fig. 6.
They were provided with this information on a printed sheet and after each stimulation were asked to state which
combination best matched what they felt (note: there was no way to answer “I don’t know.”). Any trial where the
participant matched the correct direction (a, b, c or d) exactly, was classed as successful. The overall recognition rate
for each direction-pair was calculated as the proportion of successful recognition trials.
5.2.2 Inter-finger recognition. In this study, we evaluated the effectiveness of recognising inter-finger stimulation.
We were interested in whether participants could recognise different directional information across multiple fingers.
To this end, we opted to again keep the participant’s fingers fixed in a horizontal position along the top three and
bottom three rows of pins (as shown in Fig. 7, left) but this time provide them with a single directional stimulation
that spans two fingers (as shown in Fig. 7 a–h, right).
We kept the speed of stimuli consistent as in the within-finger recognition trial, but slightly altered the frame size
to 2 × 3 4 pins to create each directional movement (in a total of 4 frames). The total pins activated in each trial are
shown in blue in Fig. 7 right. Note here, as mentioned previously, the speed of the stimuli is adjusted to 15mm/ms
via the frame repeat time and frame-to-frame delay.
As with the previous experiment, we began with a five minute training session of each of the eight stimuli. In this
case, all participants said that they felt confident after trying the stimuli for at most five times. The participants were
then given each of the eight stimuli 12 times in random order (96 stimuli in total).
Again, participants were provided with printed sheets outlining the eight possible directional movements (Fig. 7
a–h) and were asked after each trial to select which one best matched what they felt. The overall recognition rate was
then calculated based on the proportion of successfully matched trials.
4 This

was because our technical evaluation concluded that 2 × 3 produced sharper stimuli at the corners compared to the 3×3 group.

(a)

(b)

(c)

(d)

(e)

(f )

(g)

(h)

Fig. 7. Study 2: Inter-finger recognition. Left shows the finger placement used in Study 2, and right (a–h) shows the stimuli provided
across each pair of fingers. Blue dots indicate the active pins used in each trial and the arrows show the direction of movement. Each
movement was created by sequentially activating 2 × 3 blocks of pins along the direction of each arrow.

(a)

(b)

(c)

Fig. 8. Study 3: Grip orientation and pattern recognition. Left shows the finger placements used in Study 3, and Right (a–c) shows the
stimuli provided. Blue dots indicate the active pins used in each trial and the shape shows the pattern. Each pattern was created by
sequentially activating 3 × 3 blocks of pins along each shape.

5.2.3 Grip Orientation and Pattern Recognition. In this study, we were concerned with two factors: the effect of finger
orientation and users’ ability to detect patterns across fingers. The patterns are presented using (3 × 3) frames. They
always start at the the finger tip of the index finger. This is to avoid the user guessing the patterns from the stimulus’
starting point. For the square pattern and one of the triangle patterns (see Fig. 8 a and b), the block of pins were moving
in a clockwise direction. In contrast, for the second triangle pattern (Fig. 8 c), the pin block moves anticlockwise.
To determine the effect of finger orientation, we conducted trials where the participant’s hand was placed in three
different positions (as shown in Fig. 8 left); horizontally (far left), vertically (far right) and at a 45 degree angle to
the pin grid (middle). In this study we also evaluated the recognition rate of inter-finger shapes by ‘drawing’ simple
shapes with the pins (Fig. 8 a, b and c).
In this study we opted for 3 × 3 groups of pins to create each shape (in a total of 4 frames)5 . The speed was kept
consistent at 15 mm/s as in Studies 1 and 2, and we again gave participants a choice of three potential printed images
to choose from after each trial.
5 This

was chosen from our trials of the prototype to give a better chance to feel the patterns when the grip (orientation of the fingers) was changed.

Fig. 9. Mean Direction recognition error rates for four directions (two in same and two in different directions). The error bars stand
for one standard error about the mean.

After training with the different shapes and finger orientations, we proceeded to the study where each of the
three patterned stimuli were activated a total of 30 times each (10 for each finger orientation) in a random order. The
experiment was a 3 × 3 within-subjects design, where the independent variables were the pattern (which has three
levels; see Fig. 7) and the finger orientation (which also has three levels; see Fig. 8). As with studies 1 and 2, we were
interested in determining the recognition rate of the pattern.
5.3

Results

Of the 16 participants we originally recruited to take part in the experiment, 12 successfully passed the two point touch
test. The results described below are of these 12 participants only. The remaining four had diminished sensitivity across
all or part of their index and middle fingers, so did not partake in the remainder of the study.
5.3.1 Within-finger recognition. Figure 9 summarizes the recognition error rates of the different directional pairs
of movements (as illustrated in Fig. 6 (a-d)). The overall recognition rate across the four pairs wa 95 %, with four
participants achieving a 100 % recognition rate, and a further five making two or fewer mistakes.
To determine if the order of direction of the pairs of movements had an effect (i.e., if there is a difference in recognition
between pairs going in the same direction, as in Fig. 6 (a) and (b), and pairs going in different directions, as in Fig. 6
(c) and (d)), we conducted an paired-samples t-test on the data. The results indicate a significant difference in the
recognition rates for the same (M = .98, SD = .05) and different directions (M = .92, SD = .11 ); t (23) = 2.90, p < 0.05. That
is, participants achieved a higher rate of recognition if both pairs of movements ran in the same direction.
A one-way repeated measures ANOVA was conducted to compare the effect of four types of direction combinations
along both fingers (Fig. 6 (a), (b), (c) and (d)) on participants’ recognition rates. There was no significant effect of
direction types, F (3, 33) = 3.09, p = .06. This shows that among the four given stimuli (see Fig. 6) the participants’
direction recognition rate within the finger remains at a reliably high rate.
The detailed breakdown of how participants made recognition mistakes is shown in Table 1, and indicates that
participants were more likely to confuse one of the two different directional stimuli to the other (i.e., recognised (c)
as (d) or vice versa).

Table 1. Confusion matrix for four directions.

Recognised
direction

Presented direction
⇔

⇒

⇄

⇆

⇔

93 %

1%

2%

4%

⇒

1%

98 %

1%

1%

⇄

0%

1%

96 %

3%

⇆

2%

1%

5%

92 %

Fig. 10. Mean Inter-finger recognition rates for eight conditions. The Error bars stand for one standard error about the mean.

5.3.2 Inter-finger recognition. Figure 10 shows the recognition rates in each of the eight inter-finger conditions. The
overall successful recognition rate was 91 %. A one-way repeated measures ANOVA found a main effect of the eight
conditions (see Fig. 7), p < .001 (F (7, 77) = 4.67). Post-hoc tests showed that participants achieved a significantly higher
recognition rate on conditions (b) (M = .97, SD = .13 ), (c) (M = .96, SD = .08), (f) (M = .95, SD = .07) and (g) (M = .97, SD
= .05) compared to the remaining four conditions (a, d, e and h), all 𝑝 ≤.012. This shows that the stimuli which crosses
the middle and proximal phalanx of the middle finger caused more recognition confusion.
A detailed breakdown of how participants made mistakes is shown in Table 2. It indicates that most recognition
confusions happen due to mistakenly recognising directional stimuli as being 45 degrees in a direction either side of
itself (e.g., interpreting b (North Easterly direction) as a (North direction) or as c (Easterly direction), etc.). We can
deduce from this that the main confusion is coming from directional stimuli that are closest together. However, we
could potentially achieve a higher recognition accuracy if we considered the two similar directions as one.
5.3.3 Grip Orientation and Pattern Recognition. The recognition error rate of the three different patterns in each
finger orientation are are shown in Fig. 11. A two-way repeated-measures ANOVA found no significant main effect
of finger orientation, F (2, 22) = 2.56, p = .10 and pattern, F (2, 22) = 1.06, p = .36. They were also not qualified by
a two-way interaction, F ( 4, 44) = .61, p = .06. We can deduce from this that the recognition rate on each pattern
was reliable at 98% recognition across all three finger orientations, no matter how participant’s position their fingers
on the Active PinScreen.

Table 2. Confusion matrix for eight orientations.

Recognised direction

Presented direction
↑

↗

→

↘

↓

↙

←

↖

↑

83 %

3%

1%

0%

0%

0%

1%

6%

↗

9%

97 %

0%

0%

0%

0%

0%

1%

→

0%

1%

96 %

7%

1%

0%

0%

0%

↘

0%

0%

3%

85 %

3%

0%

0%

0%

↓

1%

0%

0%

7%

88 %

3%

0%

0%

↙

0%

0%

0%

1%

7%

95 %

1%

1%

←

1%

0%

0%

0%

1%

1%

97 %

6%

↖

6%

0%

0%

0%

0%

0%

1%

86 %

Fig. 11. Mean Pattern recognition error rates for three different pattern with three different position of the grip. The error bars stand
for one standard error about the mean.
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SUMMARY OF FINDINGS

The results of our lab evaluation show that participants who do not have diminished finger sensitivity are accurately
able to detect a range of directional patterns using our Active PinScreen. The mean pattern recognition rates achieved
were 95 % for within-finger, 91 % for inter-finger and 98 % for the three grip orientations. We also found that participants’
perceptions were better for the movement of the same directions on two fingers (i.e., patterns (a) and (b) in Fig. 6)
than different directions (i.e., patterns (c) and (d) in Fig. 6). Furthermore, participants demonstrated high recognition
rates for patterns across finger tips (i.e., patterns (b), (c), (f) and (g) in Fig. 7). The three shapes that combined the
within-finger and inter-finger patterns achieved relatively high recognition rates, and this was reliable even when
changing grip orientation.
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APPLICATIONS

Our work has focused on the difficult engineering task of miniaturising a haptic surface and evaluating user’s ability
to differentiate a range of patterns. However, the outcome of the studies suggests a number of potential applications
for the device, if embedded on the back of a mobile device.
We envision that Active PinScreen devices could be useful in many mobile use-case scenarios. Some of these might
be eyes-free: for example, providing directional cues in navigation via the sorts of patterns presented in Study 2;
and, enriching haptic message notification by using different patterns—such as those seen in Study 3—for different
message types.
Alternatively, we can imagine the use of the array as a means of enhancing eyes-on interfaces. To this end we built
two game apps that used the device: Pacman and Running Car. The left/right and up/down swipes on the front screen
of the Pacman game are reflected in within- and inter-finger stimuli at the back of the device. The car of the Running
Car game can jump to avoid crashing into the other car by tapping on the front screen. The inter-finger stimuli at
the back of the device mimic this jump action. Fig. 8 (a) and (e) show the pins’ movements in this game (i.e., (a) when
jumping up and (e) when down). Separately, we carried out an informal test of the game with six participants, and
they were excited by the new technology and liked playing with realtime dynamic tactile feedback.
In the post-study interview, the participants commented that the Active PinScreen-based tactile feedback could be
useful in playing video games and using apps that have a directional element such as shooting, racing, running, or
walking. Customising these spatio-temporal patterns for personal notifications, gesture typing with tactile feedback,
touch input confirmation, multi-modal digital content discovery, compass/sound-equaliser apps, and using the pins
for relaxation/massage were also imagined by the participants.
In order to facilitate further research on the dynamic pin array and to enable application developers to include
the output as part of their interfaces, a open-source toolkit is provided for others to implement and adapt our hardware/software approach 6 .
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IMPROVING THE PROTOTYPE’S OPERATION

Tailoring stimuli: In the post user study interview, the participants’ average user experience rating of the stimuli
using the 5-point scale on the strength was 3.42 and on the comfort was 3.75. Most users agreed that the stimuli of
the Active PinScreen felt comfortable and the strength was medium. A few users commented that the strength of
the stimuli was stronger near the index fingertip and reduced towards the base of the finger. However, we actuated
the pins to apply a constant force. The strength of the stimuli perceived by the participants was a reflection of their
sensitivity variations over the fingers. To provide a uniform sensation, the strength of the stimuli could be varied
to match with the user’s sensitivity variation, and the user could tune the stimuli themselves once per device with
their preferred force, grip position and orientation.
Providing static sensations: We used a “push-type” linear solenoid actuator to provide sensation to the fingers.
The base of each pin is physically trapped by the top-cover and typically retreats into its hollow casing due to gravity,
recoil force from the top-cover, or by a finger press. The stroke length of the pins is ≈1 mm, and the stimuli were
sufficiently felt at different orientations of the device. Users receive tactile feedback from the pins when they are pulsed,
but they do not exert a static force, which would require wider pulses. This would lead to higher energy consumption,
resulting in higher thermal dissipation and therefore a risk of burning the coils. The energy consumption could be
6 https://github.com/FITLab-Swansea/ActivePinScreen

reduced using the bistable electromagnetic latching method [34], giving a push-pull type actuator with which the pins
would be able to reliably provide more force to the finger. However, it would require a more complicated H-bridge
based driving circuits for each solenoid [42].
Adapting to the user’s grip: An Active PinScreen device could integrate a sensor to facilitate user input and
estimate the grip. Many technologies exist for input at the back of a mobile device [2, 20]. The touchscreen of a
smartphone could be used to estimate the user’s grip [19, 31], which could be integrated with the Active PinScreen
without additional hardware to provide tailored tactile feedback at the back of a mobile device.
Dealing with a user’s ability to sense stimuli: The sensitivity of fingers varies significantly from person to person.
We performed the two-point discrimination test on all of the participants we invited to the study, and determined that
a large proportion (25 %) had diminished sensitivity and were discounted from the study as a result. Specifically, we
encountered two female participants who had diminished sensitivity on the intermediate and proximal phalanges despite
having good sensitivity on the distal phalanx; they could not perceive the movement of the pins of study-1 along the
length their index and middle fingers. We also encountered two male participants who had diminished sensitivity on their
entire finger including the distal phalanx; they could only sense the pins moving along their finger with stimuli that we
had evaluated as very strong. One way to address the limitation is to develop a calibration process for Active PinScreen
devices to specifically tune it to particular users (as mentioned above) to provide stronger feedback where required.
Accommodating finger size differences: As with sensitivity, a person’s finger size is also a variant which will
affect how our prototype is used. For smaller or slimmer individuals, there would be some pins which can not be
covered by two fingers, for example. One way to address this is to allow the user to customise/choose how many
rows of pin which they prefer for the stimulation.
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CONCLUSIONS AND FUTURE WORK

In this paper, we have presented the Active PinScreen – a novel method of providing high-resolution tactile feedback to
fingers on the back of a mobile device. Using an array of individually addressable, miniature, magnetic pins, we are able
to provide spatio-temporal stimuli to provide directional and patterned feedback for users. Via technical and lab-based
user evaluations, we discovered that with dynamic stimuli at 15 mm/s, users who do not have reduced finger sensitivity
can recognise both within- and inter-finger directional and patterned simulations with up to a 98 % success-rate. As
well as describing a detailed description of the technical components of the prototype, we also provided a discussion on
alternative designs, application scenarios and areas for future research in the area.
The next step in our work in this area is to test the Active PinScreen in longitudinal deployments to assess its viability
in real-world scenarios. This would require the further development of apps as well as refinement to the casing of
the prototype (i.e., to make it smaller and custom fit to specific devices). We envisage that this technology could be
integrated into cases that can be easily clipped onto any smartphone to add an extra layer of tactile feedback for users.
While we have considered mobile phone devices, larger arrays of Active PinScreens could also be developed to
allow sensations on more than two fingers or even full palms. Different configurations could also be developed to suit
different scenarios or devices (e.g., game controllers). The two-point discrimination test showed that some participants
had low-sensitivity fingers. A study to assess whether the population possessing fingers with low-sensitivity shown
in our test can be replicated, and what patterns are especially problematic among the low-sensitivity participants,
will be conducted in the future.

ACKNOWLEDGMENTS
We would like to thank participants for their time in the lab studies and reviewers for their comments on earlier
drafts. This work was supported by the UK’s Engineering and Physical Sciences Research Council grant EP/N013948/1:
https://www.breaking-the-glass.com/.
REFERENCES
[1] Jessalyn Alvina, Shengdong Zhao, Simon T Perrault, Maryam Azh, Thijs Roumen, and Morten Fjeld. 2015. OmniVib: Towards cross-body
spatiotemporal vibrotactile notifications for mobile phones. In Proceedings of the 33rd Annual ACM Conference on Human Factors in Computing
Systems. ACM, 2487–2496.
[2] Patrick Baudisch and Gerry Chu. 2009. Back-of-device interaction allows creating very small touch devices. In Proceedings of the SIGCHI Conference
on Human Factors in Computing Systems. 1923–1932. https://doi.org/10.1145/1518701.1518995
[3] Hrvoje Benko, Christian Holz, Mike Sinclair, and Eyal Ofek. 2016. NormalTouch and TextureTouch: High-fidelity 3D Haptic Shape Rendering on
Handheld Virtual Reality Controllers (UIST ’16). ACM, New York, NY, USA, 717–728. https://doi.org/10.1145/2984511.2984526
[4] Lynn S Bickley, Peter G Szilagyi, and Barbara Bates. 2009. Bates’ guide to physical examination and history taking. Lippincott Williams & Wilkins.
[5] Stephen Brewster and Lorna M. Brown. 2004. Tactons: Structured Tactile Messages for Non-visual Information Display (AUIC ’04). Australian
Computer Society, Inc., Darlinghurst, Australia, Australia, 15–23. http://dl.acm.org/citation.cfm?id=976310.976313
[6] Jessica R. Cauchard, Janette L. Cheng, Thomas Pietrzak, and James A. Landay. 2016. ActiVibe: Design and Evaluation of Vibrations for Progress
Monitoring (CHI ’16). ACM, New York, NY, USA, 3261–3271. https://doi.org/10.1145/2858036.2858046
[7] Daniel K.Y. Chen, Jean-Baptiste Chossat, and Peter B. Shull. 2019. HaptiVec: Presenting Haptic Feedback Vectors in Handheld Controllers Using
Embedded Tactile Pin Arrays (CHI ’19). ACM, New York, NY, USA, Article 171, 11 pages. https://doi.org/10.1145/3290605.3300401
[8] Christian Corsten, Christian Cherek, Thorsten Karrer, and Jan Borchers. 2015. HaptiCase: Back-of-Device Tactile Landmarks for Eyes-Free Absolute
Indirect Touch (CHI ’15). ACM, New York, NY, USA, 2171–2180. https://doi.org/10.1145/2702123.2702277
[9] James C Craig and Keith B Lyle. 2001. A comparison of tactile spatial sensitivity on the palm and fingerpad. Perception & psychophysics 63, 2 (2001),
337–347. https://doi.org/10.3758/BF03194474
[10] Heather Culbertson, Julie M Walker, Michael Raitor, and Allison M Okamura. 2017. WAVES: a wearable asymmetric vibration excitation system for
presenting three-dimensional translation and rotation cues. In Proceedings of the 2017 CHI Conference on Human Factors in Computing Systems. ACM,
4972–4982. https://doi.org/10.1145/3025453.3025741
[11] Yasmine N El-Glaly, Francis Quek, Tonya Smith-Jackson, and Gurjot Dhillon. 2013. Touch-screens are not tangible: Fusing tangible interaction
with touch glass in readers for the blind. In Proceedings of the 7th International Conference on Tangible, Embedded and Embodied Interaction. ACM,
245–253. https://doi.org/10.1145/2460625.2460665
[12] Sean Follmer, Daniel Leithinger, Alex Olwal, Akimitsu Hogge, and Hiroshi Ishii. 2013. inFORM: Dynamic Physical Affordances and Constraints
Through Shape and Object Actuation (UIST ’13). ACM, New York, NY, USA, 417–426. https://doi.org/10.1145/2501988.2502032
[13] Alix Goguey, Deepak Ranjan Sahoo, Simon Robinson, Jennifer Pearson, and Matt Jones. 2019. Pulp Friction: Exploring the Finger Pad Periphery for
Subtle Haptic Feedback (CHI ’19). ACM, New York, NY, USA, Article 641, 13 pages. https://doi.org/10.1145/3290605.3300871
[14] Anhong Guo and Jeffrey P Bigham. 2018. Making Everyday Interfaces Accessible: Tactile Overlays by and for Blind People. IEEE Pervasive Computing
17, 2 (2018), 66–70. https://ieeexplore.ieee.org/document/8383663
[15] Chris Harrison and Scott E. Hudson. 2009. Providing Dynamically Changeable Physical Buttons on a Visual Display (CHI ’09). ACM, New York, NY,
USA, 299–308. https://doi.org/10.1145/1518701.1518749
[16] Liang He, Zijian Wan, Leah Findlater, and Jon E Froehlich. 2017. TacTILE: a preliminary toolchain for creating accessible graphics with 3D-printed
overlays and auditory annotations. In Proceedings of the 19th International ACM SIGACCESS Conference on Computers and Accessibility. ACM,
397–398. https://doi.org/10.1145/3132525.3134818
[17] Fabian Hemmert, Susann Hamann, Matthias Löwe, Anne Wohlauf, and Gesche Joost. 2010. Shape-changing Mobiles: Tapering in One-dimensional
Deformational Displays in Mobile Phones (TEI ’10). ACM, New York, NY, USA, 249–252. https://doi.org/10.1145/1709886.1709936
[18] Fabian Hemmert, Gesche Joost, André Knörig, and Reto Wettach. 2008. Dynamic Knobs: Shape Change As a Means of Interaction on a Mobile
Phone (CHI EA ’08). ACM, New York, NY, USA, 2309–2314. https://doi.org/10.1145/1358628.1358675
[19] Ken Hinckley, Seongkook Heo, Michel Pahud, Christian Holz, Hrvoje Benko, Abigail Sellen, Richard Banks, Kenton O’Hara, Gavin Smyth, and William
Buxton. 2016. Pre-Touch Sensing for Mobile Interaction (CHI ’16). ACM, New York, NY, USA, 2869–2881. https://doi.org/10.1145/2858036.2858095
[20] Shigeo Hiraoka, Isshin Miyamoto, and Kiyoshi Tomimatsu. 2003. Behind touch, a text input method for mobile phones by the back and tactile sense
interface. Information Processing Society of Japan, Interaction 2003 (2003), 131–138.
[21] Eve Hoggan, Stephen A. Brewster, and Jody Johnston. 2008. Investigating the Effectiveness of Tactile Feedback for Mobile Touchscreens (CHI ’08).
ACM, New York, NY, USA, 1573–1582. https://doi.org/10.1145/1357054.1357300
[22] Ali Israr and Ivan Poupyrev. 2011. Tactile Brush: Drawing on Skin with a Tactile Grid Display (CHI ’11). ACM, New York, NY, USA, 2019–2028.
https://doi.org/10.1145/1978942.1979235

[23] Sungjune Jang, Lawrence H. Kim, Kesler Tanner, Hiroshi Ishii, and Sean Follmer. 2016. Haptic Edge Display for Mobile Tactile Interaction (CHI ’16).
ACM, New York, NY, USA, 3706–3716. https://doi.org/10.1145/2858036.2858264
[24] Jingun Jung, Eunhye Youn, and Geehyuk Lee. 2017. PinPad: touchpad interaction with fast and high-resolution tactile output. In Proceedings of the
2017 CHI Conference on Human Factors in Computing Systems. ACM, 2416–2425. https://doi.org/10.1145/3025453.3025971
[25] Hiroyuki Kajimoto, Masaki Suzuki, and Yonezo Kanno. 2014. HamsaTouch: Tactile Vision Substitution with Smartphone and Electro-tactile Display
(CHI EA ’14). ACM, New York, NY, USA, 1273–1278. https://doi.org/10.1145/2559206.2581164
[26] Shaun K Kane, Meredith Ringel Morris, and Jacob O Wobbrock. 2013. Touchplates: low-cost tactile overlays for visually impaired touch screen users.
In Proceedings of the 15th International ACM SIGACCESS Conference on Computers and Accessibility. ACM, 22. https://doi.org/10.1145/2513383.2513442
[27] Sugarragchaa Khurelbaatar, Yuriko Nakai, Ryuta Okazaki, Vibol Yem, and Hiroyuki Kajimoto. 2016. Tactile presentation to the back of a smartphone
with simultaneous screen operation. In Proceedings of the 2016 CHI Conference on Human Factors in Computing Systems. ACM, 3717–3721. https:
//doi.org/10.1145/2851581.2889459
[28] Hwan Kim, HyeonBeom Yi, Hyein Lee, and Woohun Lee. 2018. Hapcube: A wearable tactile device to provide tangential and normal pseudo-force
feedback on a fingertip. In Proceedings of the 2018 CHI Conference on Human Factors in Computing Systems. ACM, 501. https://doi.org/10.1145/
3173574.3174075
[29] Robert Kincaid. 2012. Tactile guides for touch screen controls. In Proceedings of the 26th Annual BCS Interaction Specialist Group Conference on People
and Computers. British Computer Society, 339–344. https://dl.acm.org/doi/10.5555/2377916.2377963
[30] I. M. Koo, K. Jung, J. C. Koo, J. Nam, Y. K. Lee, and H. R. Choi. 2008. Development of Soft-Actuator-Based Wearable Tactile Display. IEEE Transactions
on Robotics 24, 3 (June 2008), 549–558. https://doi.org/10.1109/TRO.2008.921561
[31] Huy Viet Le, Sven Mayer, and Niels Henze. 2019. Investigating the feasibility of finger identification on capacitive touchscreens using deep learning.
In Proceedings of the 24th International Conference on Intelligent User Interfaces. 637–649. https://doi.org/10.1145/3301275.3302295
[32] Joseph Luk, Jerome Pasquero, Shannon Little, Karon MacLean, Vincent Levesque, and Vincent Hayward. 2006. A Role for Haptics in Mobile Interaction:
Initial Design Using a Handheld Tactile Display Prototype (CHI ’06). ACM, New York, NY, USA, 171–180. https://doi.org/10.1145/1124772.1124800
[33] BBC News. 2014. Braille phone goes on sale in ’world first’. http://www.bbc.co.uk/news/technology-27437770
[34] Fabrizio Pece, Juan Jose Zarate, Velko Vechev, Nadine Besse, Olexandr Gudozhnik, Herbert Shea, and Otmar Hilliges. 2017. Magtics: Flexible and
thin form factor magnetic actuators for dynamic and wearable haptic feedback. In Proceedings of the 30th annual ACM symposium on User interface
software and technology. ACM, 143–154.
[35] Ryan M Peters, Erik Hackeman, and Daniel Goldreich. 2009. Diminutive digits discern delicate details: fingertip size and the sex difference in tactile
spatial acuity. Journal of Neuroscience 29, 50 (2009), 15756–15761.
[36] Ivan Poupyrev, Tatsushi Nashida, and Makoto Okabe. 2007. Actuation and Tangible User Interfaces: The Vaucanson Duck, Robots, and Shape
Displays (TEI ’07). ACM, New York, NY, USA, 205–212. https://doi.org/10.1145/1226969.1227012
[37] Denise Prescher, Gerhard Weber, and Martin Spindler. 2010. A Tactile Windowing System for Blind Users (ASSETS ’10). ACM, New York, NY, USA,
91–98. https://doi.org/10.1145/1878803.1878821
[38] M. Sadeghi, H. Kim, and K. Najafi. 2010. Electrostatically driven micro-hydraulic actuator arrays. In 2010 IEEE 23rd International Conference on Micro
Electro Mechanical Systems (MEMS). 15–18. https://doi.org/10.1109/MEMSYS.2010.5442576
[39] James Scott, Shahram Izadi, Leila Sadat Rezai, Dominika Ruszkowski, Xiaojun Bi, and Ravin Balakrishnan. 2010. RearType: Text Entry Using Keys
on the Back of a Device (MobileHCI ’10). ACM, New York, NY, USA, 171–180. https://doi.org/10.1145/1851600.1851630
[40] Youngbo Aram Shim, Keunwoo Park, and Geehyuk Lee. 2019. Using Poke Stimuli to Improve a 3x3 Watch-back Tactile Display. In Proceedings of the
21st International Conference on Human-Computer Interaction with Mobile Devices and Services. 1–8. https://doi.org/10.1145/3338286.3340134
[41] Evan Strasnick and Sean Follmer. 2016. Applications of Switchable Permanent Magnetic Actuators in Shape Change and Tactile Display (UIST ’16
Adjunct). ACM, New York, NY, USA, 123–125. https://doi.org/10.1145/2984751.2985728
[42] Evan Strasnick, Jackie Yang, Kesler Tanner, Alex Olwal, and Sean Follmer. 2017. shiftIO: Reconfigurable Tactile Elements for Dynamic Affordances
and Mobile Interaction (CHI ’17). ACM, New York, NY, USA, 5075–5086. https://doi.org/10.1145/3025453.3025988
[43] Ian R Summers, Craig M Chanter, Anna L Southall, and Alan C Brady. 2001. Results from a Tactile Array on the Fingertip. In Proceedings of
Eurohaptics, Vol. 2001.
[44] Brandon Taylor, Anind Dey, Dan Siewiorek, and Asim Smailagic. 2016. Customizable 3D printed tactile maps as interactive overlays. In Proceedings
of the 18th International ACM SIGACCESS Conference on Computers and Accessibility. ACM, 71–79. https://doi.org/10.1145/2982142.2982167
[45] Jonathan Tong, Oliver Mao, and Daniel Goldreich. 2013. Two-point orientation discrimination versus the traditional two-point test for tactile spatial
acuity assessment. Frontiers in human neuroscience 7 (2013), 579. https://www.frontiersin.org/articles/10.3389/fnhum.2013.00579/full
[46] F. Vidal-Verdu and M. Hafez. 2007. Graphical Tactile Displays for Visually-Impaired People. IEEE Transactions on Neural Systems and Rehabilitation
Engineering 15, 1 (March 2007), 119–130. https://doi.org/10.1109/TNSRE.2007.891375
[47] Thorsten Völkel, Gerhard Weber, and Ulrich Baumann. 2008. Tactile graphics revised: the novel brailledis 9000 pin-matrix device with multitouch
input. In International Conference on Computers for Handicapped Persons. Springer, 835–842. https://doi.org/10.1007/978-3-540-70540-6_124
[48] EH Weber. 1835. Uber den tastsinn. Archiv fr Anatomie, Physiologie und Wissenschaftliche Medicin (1835), 152–160.
[49] Sang-Yeun Won, Hye-Kyoung Kim, Mee-Eun Kim, and Ki-Suk Kim. 2017. Two-point discrimination values vary depending on test site, sex and test
modality in the orofacial region: a preliminary study. Journal of Applied Oral Science 25, 4 (2017), 427–435. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC5595116/

[50] Gi-Hun Yang, Moon-sub Jin, Yeonsub Jin, and Sungchul Kang. 2010. T-mobile: Vibrotactile display pad with spatial and directional information
for hand-held device. In 2010 IEEE/RSJ International Conference on Intelligent Robots and Systems. IEEE, 5245–5250. https://ieeexplore.ieee.org/
document/5651759
[51] Gi-Hun Yang, Ki-Uk Kyung, Mandayam A Srinivasan, and Dong-Soo Kwon. 2006. Quantitative tactile display device with pin-array type tactile
feedback and thermal feedback. In Proceedings 2006 IEEE International Conference on Robotics and Automation, 2006. ICRA 2006. IEEE, 3917–3922.
[52] Tae-Heon Yang, Sang-Youn Kim, Wayne J Book, and Dong-Soo Kwon. 2010. Tiny feel: a new miniature tactile module using elastic and electromagnetic
force for mobile devices. IEICE transactions on information and systems 93, 8 (2010), 2233–2242.
[53] Koji Yatani, Nikola Banovic, and Khai Truong. 2012. SpaceSense: representing geographical information to visually impaired people using spatial
tactile feedback. In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems. ACM, 415–424.
[54] Koji Yatani and Khai Nhut Truong. 2009. SemFeel: A User Interface with Semantic Tactile Feedback for Mobile Touch-screen Devices (UIST ’09).
ACM, New York, NY, USA, 111–120. https://doi.org/10.1145/1622176.1622198

