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ABSTRACT

Scrolling interactions are an important aspect of the design of us-
able touchscreen interfaces, particularly for handheld devices that
can only display a limited amount of information at once. Using a
touchscreen capable of dynamically altering its surface friction, we
explore the design space of haptically-augmented scrolling inter-
actions and investigate programmable friction’s ability to provide
appropriate feedback in envisioned usage scenarios. We performed
five user experiments to evaluate respectively the identifiability of
a set of iconic detents, the countability of detents, the perception of
detent density, the synchronization of tactile feedback to on-screen
events, and the optimal friction pattern for a spring-like resistance.
The results of these experiments provide valuable information that
will inform the design of scrolling interactions that leverage pro-
grammable friction for an improved user experience.

Index Terms: H.5.2 [Information Interfaces and Presentation]:
User Interfaces—Haptic I/O, Interaction styles

1 INTRODUCTION

Touch interfaces have a long history [3] but have only recently
moved to prominence with successful products ranging from small
handheld devices (e.g., Apple’s iPhone) to large interactive tables
(e.g., Microsoft’s Surface). Users’ embrace of touch computing is
reminiscent of the enthusiasm expressed for direct manipulation in-
terfaces when first introduced decades ago [20]. This enthusiasm
stems not only from touch interfaces’ flexibility and efficient use of
space, but also from something more basic: a touch surface, when
used appropriately, can lead to the satisfying experience of a Nat-
ural User Interface (NUI), defined by Wigdor and Wixon as “an
interface that makes [the] user act and feel like a natural” [25].

Designing usable touch interfaces is nevertheless challenging, as
illustrated by their limited commercial success prior to Apple’s user
experience redesign with iOS. The fingerpad occludes the screen
and causes ambiguity in input point – the ’fat finger’ problem [24].
Loss of cursor feedback further exacerbates ambiguity, prompting
the addition of visual cues to show the touch location, correct device
operation and other missing information [24].

Touch interfaces also provide poor tactile feedback, producing
only the sensation of a flat glass surface and relying on audio-
visual feedback to display information and realistic interactive ef-
fects. The need for better tactile feedback was recognized early on
[3] and remains a preoccupation as consumers must choose between
the performance of physical keyboards and controls, and the flexi-
bility and practicality of touchscreens. The proliferation of imprac-
tical tangible add-ons for touchscreens such as attachable joysticks
and keypads (e.g. Fling Joystick for iPad, Ten One Design) and
continued success of devices with physical controls are evidence of
a desire for richer tactile feedback.
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The work presented here focuses on bringing rich tactile feed-
back to scrolling interactions, which we define loosely as sliding in-
put gestures leading to content or controller widget diplacement on
the screen. Scrolling occurs ubiquitously in touch interactions, and
is crucial for small handheld devices that can display limited infor-
mation at once. When performed with physical controls, scrolling
is often accompanied by haptic feedback – detents in a jog dial or
mouse scroll wheel, or resistance as a joystick is pushed.

Specifically, we investigate the design possibilities and outcomes
when scrolling interactions are enhanced with Programmable Sur-
face Friction (PSF). We used a Large Area Tactile Pattern Display
(LATPaD) [13], an experimental touchscreen that reduces the fric-
tion experienced by a sliding finger on its surface by creating a
‘squeeze film’ of air using imperceptible high-frequency vibration
(Figure 1). Vibrations are created by piezoelectric actuators bonded
along one side of a glass plate that rests atop an LCD screen, while
fingerpad position is measured with a laser-based optical system,
resulting in a 57× 76 mm haptic touchscreen. Tactile effects are
produced by altering the amplitude of vibrations, and hence the
amount of friction, as the fingerpad slides against the touchscreen.

(a) (b)

Figure 1: (a) Picture and (b) illustration of components of the Large
Area Tactile Pattern Display (LATPaD).

The ability to dynamically vary surface friction raises inter-
esting opportunities to improve the performance and user experi-
ence of touch interfaces. We have previously demonstrated that
programmable friction can improve the performance of low-level
pointing tasks and improve the enjoyment, engagement and sense of
realism experienced with a variety of touch interactions [9]. Here,
we use a similar approach but focus more narrowly on the design of
augmented scrolling interactions, a utility in which PSF was most
appreciated by users in our previous, broader exploration. In the
present work, we contribute:

1. An exploration of the design space for haptically-augmented
scrolling interactions, identifying key potential uses of PSF.

2. A five-study evaluation of PSF’s ability to deliver appropriate
tactile feedback in support of scrolling interactions.

We begin with a brief survey of scrolling interactions, touch-
screen haptics and programmable friction, then outline the design
space for haptically-augmented scrolling interactions. We describe
five user experiments, each addressing a key question in the design
of PSF feedback in envisioned scrolling scenarios; and end with a
discussion of design implications and a general conclusion.
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2 BACKGROUND

2.1 Scrolling Interactions

Interaction techniques have been proposed to facilitate scrolling
large information spaces on small mobile screens. Providing a
contextual document overview can for example improve position
awareness and reduce disorientation [6]. Circular or elliptical ges-
tures also support quick and accurate scrolling without clutch-
ing, and allow seamless control over multiple parameters such as
scrolling rate [12, 21]. Physical metaphors such as momentum-
based scrolling and pressure-based rate control can also improve
the user experience [1] and are available in commercial interfaces.

While these interactions typically occur without haptic feedback,
physical controllers such as wheels, knobs, joysticks and jog di-
als have long provided rich tactile feedback in the form of detents,
clicks, textures and resisting forces. Actuated knobs and sliders
can replicate these effects in digital interactions, for example al-
lowing the flow of frames to be felt while editing video, or loca-
tions to be marked within an audio stream [22]. In the context of
mobile devices, vibrotactile feedback has primarily been consid-
ered in support of tilt-based interactions that map device orientation
to scrolling velocity or absolute position. Applications for maps
and long lists have been investigated, and performance advantages
found for the latter [19, 14, 15]. Others have proposed improving
awareness of scrolling velocity with vibrotactile clicks [7].

Scrolling interactions such as list and document navigation have
also be investigated with the THMB, a mobile device that produces
travelling sensations through a slider-mounted tactile array [10, 17].
The distinguishability of tactile icons was investigated [10], as
well as appreciation for augmented web browsing [17]. Scrolling
through a long list was also found to require fewer glances at the
screen, hence less visual attention, with tactile feedback [16].

2.2 Touchscreen Haptics

Mobile haptics most commonly takes the form of vibrotactile feed-
back applied through an entire casing [5, 19], a touch sensitive
surface [18, 23], or an actuated pen [8]. These vibrations convey
alarms, transient events such as a button click [5], and rich but ab-
stract symbolic messages [23]. More recent developments have fo-
cused on using other tactile feedback modalities at the surface of
a touchpad or touchscreen. Electrovibration, for example, renders
textures at a touchscreen’s surface by producing time-varying os-
cillations in electrostatic friction with electric fields, and has been
used to augment interactive applications [2].

The work presented in this paper relies on Programmable Sur-
face Friction (PSF), a different approach to surface haptics that uses
high-frequency vibrations to alter the friction felt by a sliding fin-
ger at the surface of a touchscreen [26, 13, 4]. We use a revision
of Northwestern University’s LATPaD (Figure 1), a 57× 76 mm
touchscreen that reduces its friction coefficient from approximately
1 to 0.15 with 26 kHz piezo-actuated vibrations [13]. Still in early
development, the prototype is housed in a large enclosure, produces
audible noise, and reduces friction non-uniformly at some locations
(2 narrow strips parallel to longer screen axis). These limitations
were accommodated in this work and are expected to be resolved
in future hardware revisions.

A multi-dimensional scaling experiment with an early LATPaD
prototype found spatial frequency to be most salient for textures,
and intensity variations to be subtle [27]. Unpublished experiments
nevertheless estimate the just-noticeable-difference in friction at
30-40%, sufficient for several distinguishable levels. More recent
work has demonstrated that target acquisition is facilitated when
sliding to targets having higher friction, an effect that is robust to
the presence of friction-augmented distractors [9, 4]. The impact of
PSF on the subjective appreciation of touchscreen widgets has also
been investigated with an alarm clock, a game, a text editor, and

a file manager, with results suggesting improvements to the enjoy-
ment, engagement and sense of realism experienced by users.

PSF may be complementary to vibrotactile feedback, with the
former providing feedback on sliding interactions and the latter
mainly on tap or tap-and-hold interactions. PSF produces realistic
sensations with minimal latency but requires constant sliding con-
tact. Vibrotactile feedback, on the other hand, excels at producing
feedback on brief contacts, e.g. click confirmation, but often feels
artificial and can be slow to react, depending on the technology
used [2]. Examining the comparative benefits of each technology
more closely is beyond the scope of this paper.

3 DESIGN SPACE EXPLORATION

Our initial exploration of the design space of programmable fric-
tion, partially reported in [9], broadly covered friction patterns, tac-
tile effects and their uses in the design of touch interfaces. As part
of that work, we evaluated four exemplar widgets, sampling the
space, and identified scrolling interactions as a promising role for
PSF when participants reacted positively to the addition of tactile
detents on the hour and minute wheels of an alarm clock.

In the present work, we examine in depth the promise of PSF
scrolling. To capture the extent of this space, we first envision five
scrolling scenarios (Figure 2) that exemplify interaction styles and
applications of PSF in this context:

• Scenario 1 – Document navigation with vertical scrolling. A
document is scrolled by dragging its content along the length of
the screen. Feel: distinct detents and textures as elements of the
document (headers, images, markings) scroll through the screen.

• Scenario 2 – Video navigation with multi-rate scrubbing. A
stream is navigated by sliding against different horizontal slid-
ers, each controlling scrubbing at different rates. Feel: different
densities of detents on each slider, indicating the rate; distinctive
detents distinguish minor and major tick marks, display anno-
tated locations, and indicate transitions between sliders.

• Scenario 3 – List navigation with circular scrolling. A long
list is navigated with a continuous circular gesture. Feel: rate
of flow as a stream of detents; and distinct detents on transitions
between groups of items or on marked items.

• Scenario 4 – List navigation with rate control. A long list is
navigated by engaging a joystick-like controller, with scrolling
rate proportional to the pressure applied. Feel: resistance when
engaging the spring-like controller.

• Scenario 5 – Numeric entry with slider. A numerical value is
entered by sliding horizontally against a controller. Feel: dis-
tinct detents on minor and major tick marks.

These concrete scenarios illustrate the range of interaction styles
and tactile effects that PSF should ideally be able to support. The
tactile feedback primarily takes the form of brief detents, and oc-
casionally of larger textured areas. Several scenarios would benefit
from the availability of multiple distinguishable or identifiable de-
tents, i.e. “haptic icons” [11], for example to distinguish between

consectetur adipisicing elit

sed do eiusmod

tempor incididunt

ut labore et

LOREM IPSUM
Dolor sit amet 
consectetur adipisicing elit sed do 

eiusmod tempor incididunt ut 

labore et

dolore magna

aliqua.

(a) (b)

Alice

Rachel

Bob

Brad

FRIENDS

Stan

Vanessa

Patrick

(c)

Can’ t Get It Out of My Head

Your Mama Don’ t Dance


























The Things We Do For Love

I Wouldn’ t Want To Be Like You

Rikki Don’ t Lose That Number

Nights on Broadway

Take the Long Way Home

(d)

0

1

2

3

4

5

(e)

Figure 2: Five scrolling scenarios sampling the design space: (a)
document navigation with vertical scrolling, (b) video navigation with
multi-rate scrubbing, (c) list navigation with circular scrolling, (d) list
navigation with rate control, and (e) numeric entry with slider.
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tick marks and mode changes, or between different marked ele-
ments. The purpose of the detents varies from marking discrete
locations to indicating a continuous flow-rate or density. The inter-
action style takes the form of either a linear or circular gesture, or a
linear gesture against a rate controller. Circular gestures afford fast
scrolling, while linear scrolling is likely to be slower. Some scenar-
ios require some perception of scrolling rate, while others require
stopping precisely on a specific detent.

4 EXPERIMENTS

Based on the observations of the previous section, we designed a
set of experiments that provide basic information relevant to the im-
plementation of these scenarios with PSF feedback. Our aim was to
broadly sample the elements necessary for the design of haptically
augmented scrolling interactions. These five experiments were de-
signed to investigate, respectively: the identifiability of a set of six
tactile detents (E1); the factors affecting the counting of detent se-
quences (E2); the comparability of detent densities (E3); the syn-
chronization of tactile feedback to on-screen events (E4); and the
most realistic rendering for a spring-like resistance (E5).

Participants carried out all five experiments in a single 1.5 hour
session. Sound-blocking earphones playing white noise were worn
to block audible feedback from the touchscreen. Of 18 volunteers
(P1-18; 7 male, mean age 23.6, s.d. 4.1), one was ambidextrous,
and all others right-handed. Nine frequently used touchpads and
five frequently used smartphones; all were familiar with touch-
screens. Nine were familiar with haptic feedback on cell phones
and game controllers and six had participated in a previous experi-
ment with the LATPaD. Due to a variety of technical issues, some
participants did not complete all the experiments.

4.1 Experiment 1 – Detent Identification
4.1.1 E1 – Motivation and Tactile Feedback Design
Detents are a core element of scrolling, and many of our scenarios
could benefit from distinguishable or identifiable tactile detents. E1
therefore aims to determine whether multiple detents can be reli-
ably identified (hence distinguished), and the best friction patterns
to produce detent-like haptic icons.

PSF detent rendering has a number of key parameters. A detent
is generally produced by increasing friction when sliding over a
marked location. The sensation can be altered by changing the fric-
tion pattern’s width, amplitude, and shape (sinusoidal, triangular or
square), and through repetition. A detent can also be produced by
rapidly oscillating friction while within the marked location, irre-
spective of finger motion, for a sensation similar to vibration.

We designed a set of six detents (Figure 3a) to sample these pa-
rameters with what we hypothesized to be identifiable sensations.
The sine and square detents are 4-mm patterns with smooth and
sharp friction profiles. low is identical to square but reaches only
30% of its friction, while narrow reduces width to 1 mm. double is
a 4-mm pattern formed by two narrow peaks. vibration is a 4-mm
time-varying pattern with friction oscillating at 75 Hz.

sine square low

narrow double vibration
(a) (b)

Figure 3: E1 design – (a) detent friction profiles, (b) visual interface.
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Figure 4: E1 results – (a) detent identification rate and (b) mean
trial durations (s.d. across detents); (c) distribution of liked/disliked
detents and (d) strength rankings with median (1 is highest).

4.1.2 E1 – Experiment Design
In a trial, participants matched a test detent to one of six samples,
shown visually as abstract spatial icons (Figure 3b), with spatial ar-
rangement fixed within the session but randomized by participant,
facilitating rapid (learned) task execution. Participants selected the
matching sample by touching it on-screen and tapping on a key-
board with their other hand.

Participants were briefly trained by feeling the six samples, and
instructed to try fast and slow sliding to find the most appropriate
speed. They then performed 36 trials, in random order: 6 test de-
tents {sine, square, low, narrow, double, vibration}× 6 iterations.
Finally, participants were asked to describe or draw the six detents,
rank them by strength, and indicate liked and disliked detents.

4.1.3 E1 – Results
E1 was completed by 15 participants (P1-15; 5 male, mean age
23.5, s.d. 4.2). P16-18 did not complete the experiment due to
technical issues. Trial conditions were slightly unbalanced for five
participants, accounted for in analysis.

The identification rate varied from 22.2% (P5) to 77.8%, (P7),
with a mean of 54.6% (s.d. 16.1%; Figure 4a). All participants
did better than chance (20%) on average. The mean trial duration
similarly varied from 5.2 s (P4) to 54.3 s (P14), with a mean of
17.2 s (s.d. 13.0 s; Figure 4b); seven trials with null duration were
assumed to be mismeasurements and discarded.

Table 1 shows the confusion matrix for detent selection, with
confusion rates above 10% marked with a star. The identifica-
tion rate varied across detents from 34.4% with sine to 70.0%

Table 1: E1 results – confusion matrix showing percentage of selec-
tions (rows) for each test detent (columns), with confusions above
10% marked with a star (*); last column shows mean trial duration.

sine square low narrow double vibration duration
sine 34.4 26.7* 10.0* 23.3* 3.3 2.2 18.9 s

square 7.5 54.9 5.1 3.0 15.6* 4.0 18.2 s
low 5.6 8.0 59.1 2.4 4.9 0.0 15.7 s

narrow 12.9* 4.9 6.7 46.7 6.7 2.2 18.5 s
double 1.1 5.6 4.4 6.7 62.2 10.0* 17.6 s

vibration 0.0 6.9 1.1 3.6 18.4* 70.0 14.0 s
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with vibration. A repeated-measures ANOVA shows a signifi-
cant effect, F(5,70) = 4.21, p < .01, attributable to differences
between sine and vibration (p < .05). Trial duration also varied
across detents, with shorter durations for vibration (14.0 s) and low
(15.7 s), but a repeated-measures ANOVA found no significant ef-
fect, F(2.39,33.42) = 1.53, p = .23.

Participants slightly preferred low and double, consistently dis-
liked none, and often did not dislike any (7/15, Figure 4c). By me-
dian, vibration was highest rated on strength, followed by double,
square, sine, narrow and low (Figure 4d). Participants’ illustrated
or written descriptions of the detents referred to terms such as: fric-
tion, resistance, roughness/smoothness, hardness/softness, gap size,
thickness, bounciness, stickiness, lightness and strength/weakness.
Individual detents generated their own terms: buzzing/vibrating,
rough/dirty (vibration); “2 clicks” or bumps (double), noted as
similar (sometimes weaker) than vibration; stronger, stickier and
thicker (square); fine, mild, weak, thin or smooth (low, narrow and
sine). Several participants noted that some pairs of detents were
difficult to distinguish, e.g. low/square and narrow/square.

These results suggest that identifying detents within this set of
six is error-prone and slow (mean 17.2 s), but provide guidance for
the design of a smaller set of identifiable detents. sine fared poorly.
vibration and double did best but were sometimes confused; since
double was also confused with square, vibration is preferred. low
and narrow both introduced errors but narrow was more often con-
fused with square. We therefore recommend a set of three detents
for further investigation: a strong detent (square), a weak detent
(low), and a rough detent (vibration).

4.2 Experiment 2 – Detent Counting
4.2.1 E2 – Motivation and Tactile Feedback Design

Precision is an important aspect of some of our scenarios, in partic-
ular Scenario 5 – Numeric entry with slider. E2 investigates param-
eters that affect counting sequences of detents, and hence ability to
select a specific item in a list.

Assuming a goal of maximizing detent density with sufficient
strength and separation for counting, we investigated 1- and 4-mm
square detents (E1’s square and narrow) with 1- or 4-mm spacings
(Figure 5a). The largest configuration allowed eight detents to be
shown.

(a) (b)

Figure 5: E2 design – (a) detents for counts of 3, 5, 6 and 8, and
patterns of 1-1, 1-4, 4-1 and 4-4 mm, and (b) visual interface.

4.2.2 E2 – Experimental Design

Participants counted tactile detents displayed within a black rectan-
gle shown on-screen (Figure 5b). Detents were rendered by varying
configuration (two widths and two spacings) and six counts for a to-
tal of 24 variants (Figure 5a). Participants were first trained to count
3-detent sequences displayed with each of the four configurations,
then performed a total of 48 randomized counting trials: 4 config-
urations {1-1, 1-4, 4-1, 4-4 mm} × 6 counts {3, 4, 5, 6, 7, 8} ×
2 iterations. They were instructed to inform the experimenter of
their answer after lifting their finger off the screen, which stopped a

timer. They were asked to explain their strategy and what they felt
helped or hindered counting.

4.2.3 E2 – Results

E2 was completed by 16 participants (P1-6, P9-18; 6 male, mean
age 23.7, s.d. 4.4). P7-8 did not complete it due to technical issues.

Detents were correctly counted in 0.0% (P9) to 72.9% (P12) of
trials, with a mean of 32.9% (s.d. 23.3%, Figure 6a). A repeated-
measures 2-way ANOVA found significant main effects for detent
configuration, F(3,45) = 11.70, p < .001, and count, F(5,75) =
10.93, p < .001, as well as a significant interaction, F(15,225) =
2.41, p < .05. Figure 6a suggests worse performance of the dense
1-1 mm configuration, which an analysis of simple main effects
confirmed for half of the differences.
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Figure 6: E2 results – (a) percentage of correct counts, (b) mean
error and (c) mean trial duration across participants (left; s.d. across
conditions) and conditions (right; s.d. across participants).

Mean counting errors ranged from 0.29 (P12) to 3.42 (P9), with
a mean of 1.65 (s.d. 1.03, Figure 6b). Significant main effects
were found for detent configuration, F(3,45) = 29.59, p < .001,
and count, F(1.57,23.47)= 28.62, p< .001, as well as a significant
interaction, F(6.3,94.5) = 5.18, p < .001. Figure 6b suggests once
again a worse performance of the 1-1 mm configuration, which an
analysis of simple main effects confirmed for 17 of 18 differences.

Mean trial durations varied from 3.9 s (P3) to 29.5 s (P15), with
a mean of 12.2 s (s.d. 8.1 s, Figure 6c). A single trial of null dura-
tion was discarded. There was a significant main effect for count,
F(2.13,31.99) = 7.57, p < .05, but not for detent configuration,
F(1.71,25.59) = 1.30, p = .29.

Most participants felt that tightly spaced detents were more dif-
ficult to count (12/16). Some expressed a preference for thicker
detents or greater resistance (3/16), while others preferred to re-
duce “finger catching” with lower friction or thinner detents (2/16).
Several participants mentioned reducing or controlling their speed
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or applied pressure (8/16), some adapting their strategy to detent
density (2/16). Other strategies included closing their eyes (2/16),
switching fingers (2/16), pausing after detents (1/16), making mul-
tiple passes (2/16), and visually observing grease deposits on the
screen (2/16).

These results suggest that counting is easier with widely spaced
detents, and increases in difficulty with the number of detents to be
counted. The denser 1-1 mm detent configuration, in particular, was
found to be significantly more difficult to count than others. Count-
ing was also found to be inaccurate for most participants, even at
slow speed. Interfaces should be designed to minimize the need for
precise counting when used without multi-modal feedback.

4.3 Experiment 3 – Detent Density Perception
4.3.1 E3 – Motivation and Tactile Feedback Design
Perception of a detent sequence’s density is important for some of
our envisioned scenarios, and in particular for the identification
of the different scrolling rates in Scenario 2 – Video navigation
with multi-rate scrubbing. E3 investigates the precision with which
users are able to judge the relative density of detent sequences.

We use 1-mm square detents, corresponding to E1’s narrow, to
extend the range of scrolling rates. A minimal spacing of approxi-
mately 0.5 mm was found necessary to produce a sensation of flow.
We therefore investigate the relative scale judgment between ref-
erence densities of one detent per 1.5, 2.0, 3.0 and 5.0 mm, and
densities 1, 2, 3 and 4 times greater (Figure 7a).

(a) (b)

Figure 7: E3 design – (a) four scales (1x, 2x, 3x, 4x) for 1.5 and 5.0
mm reference wavelengths, and (b) visual interface.

4.3.2 E3 – Experimental Design
Participants compared the density of two sets of detents shown on-
screen as black rectangles (Figure 7b). The reference density was
either one detent per 1.5, 2.0, 3.0 or 5.0 mm, and the comparison
density was either 1, 2, 3 or 4 times larger (Figure 7a). The posi-
tion of the reference density was randomized and participants were
asked to specify which of the two densities was the greatest (if any)
and the scaling factor (positive integer). Participants were briefly
trained to perform the task with an example showing supporting
visuals, and then performed a total of 48 randomly ordered com-
parison trials: 4 reference wavelengths {1.5, 2.0, 3.0, 5.0 mm} ×
4 comparison scales {1, 2, 3, 4} × 3 iterations.

4.3.3 E3 – Results
This experiment was completed by 5 participants (P1-5; 2 male,
mean age 24.6, s.d. 5.8). P15 and P18 could not complete the ex-
periment due to lack of time, others due to technical issues. Due to
the low participant number, statistical significance is not reported.

Mean trial duration varied from 4.3 s (P4) to 8.8 s (P1), with a
mean of 7.3 s (s.d. 1.8 s), and was similar across reference densities
and scales. Participants correctly identified the greater density, or
lack thereof for 1x scale, between 87.5% and 97.9% of the time,
with a mean of 94.2% (s.d. 4.0%; Figure 8a). The greater density
was perfectly guessed at 3x and 4x. It was also guessed perfectly at
2x for references of 3.0 and 5.0 mm, but incorrectly on 20.0% and
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Figure 8: E3 results – (a) identification rate of greater density and (b)
comparative scale, and (c) mean absolute error in scale judgment
(for correctly identified greater density) across participants (left; s.d.
across conditions) and conditions (right; s.d. across participants).

33.3% of trials at at 2.0 and 1.5 mm. A difference was incorrectly
found at 1x for 10% of trials. We tentatively conclude that the di-
rection of density differences can be perceived when the relative
scale or the wavelength are large (3-4x, 3-5 mm).

Scale of the density difference (how much, as well as which way)
was judged correctly in 22.9% (P1) to 56.3% (P4) of trials, with a
mean of 44.6% (s.d. 13.6%; Figure 8b). Scale was identified sim-
ilarly across reference wavelengths and scales, but a lack of dif-
ference (1x) was perceived more accurately (80.0%). The mean
absolute error on scale judgment, computed only when the greater
density was identified correctly, varied from 0.38 (P4) to 2.17 (P1),
with a mean of 0.82 (s.d. 0.76; Figure 8c). The mean error was once
again similar across reference wavelengths and scales, although
slightly lower in the absence of a scale difference (1x). Partici-
pants tended to overestimate scale, with mean perceived scales of
1.4 (1x), 2.8 (2x), 3.3 (3x) and 4.1 (4x). We tentatively conclude
that the relative density of two detent sequences can be assessed
with rough accuracy; perfect assessment is difficult.

4.4 Experiment 4 — Feedback Localization

4.4.1 E4 – Motivation and Tactile Feedback Design

Many of our scrolling scenarios produce haptic feedback as specific
content scrolls through the screen. The specific event that should
trigger friction feedback for moving (as opposed to fixed) content
is however unclear. The marked headers and images of Scenario 1
– Document navigation with vertical scrolling, for example, could
produce haptic effects as they pass the center of the screen or move
past its edges. E4 investigates the most intuitive location for a hap-
tic trigger in a scrolling window, or more generally how to synchro-
nize tactile feedback with on-screen scrolling events.
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We implemented six variations on the haptic trigger location
(Figure 9). Augmented objects are drawn as 4-mm disks and pro-
duce an increase in friction on the whole surface as they pass over
the trigger location, generating a 4-mm detent equivalent to E1’s
square. Additional visual feedback optionally indicates the loca-
tion of the haptic trigger by drawing it as a dark gray pattern and by
enlarging the disks as they activate the trigger.

The haptic trigger can be placed either at the center of the screen
(center), at the left or right edges (left, right) or at both edges of
the screen (edges). Alternatively, the trigger can shift to the left
or right edge of the screen as a function of the scrolling direction,
either ahead (leading) or behind (trailing) of the moving content.
To prevent abrupt or confusing transitions, the trigger only shifts
when a minimal distance is reached in the reverse direction, and
triggers cross-fade over a short period of time (200 ms).

center

left

right

edges

leading

trailing

Figure 9: E4 design – illustration of haptic trigger locations.

4.4.2 E4 – Experimental Design
Participants interacted with the six variations of haptic trigger loca-
tion and commented on the experience. The trigger locations were
shown as two sets of numbered scrolled wheels. Scrolling was first
experienced without visual feedback on the location of the triggers
(Figure 10a) and participants asked to pick the wheels they most
liked and disliked, as well as the ones they felt were most and least
intuitive. The procedure was repeated a second time with visual
feedback for the location of the triggers (Figure 10b).

(a) (b)

Figure 10: E4 design – visual interface for (a) first and (b) second
iterations, without and with visualization of the haptic triggers.

4.4.3 E4 – Results
E4 was completed by all 18 participants (P1-18; 7 male, mean age
23.6, s.d. 4.1). Results with visual feedback, which represent out-
comes once the trigger mechanism is understood and presumably
long-term preferences, indicate a lack of consensus (Figure 11).
The edges and trailing triggers were both liked and disliked equally,
with 6 and 5 selections respectively. The center trigger scored sim-
ilarly with 4 likes and 5 dislikes, as did the leading trigger with
3 likes and 2 dislikes. The left and right triggers were neither

liked nor disliked. Comments suggest explanations for the dislike
of some triggers. The edges trigger was said to provide too much
feedback, while the center trigger was “weird” and often occluded.
The trailing trigger provides feedback for element not yet visible.
Personalization may therefore be required to select between center,
edges, and trailing triggers according to individual preferences.
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Figure 11: E4 results – distribution of trigger ratings, without and with
visual feedback for trigger location; ties were permitted.

Results for intuitiveness are similar (Figure 11). The center trig-
ger was judged most intuitive with 8 selections, but was also se-
lected as least intuitive 5 times. The edges and trailing triggers
were judged least intuitive 4 and 7 times and most intuitive only
twice each. The center trigger may therefore be a more intuitive
default when personalization is not possible.

A comparison of these results with initial judgments made with-
out visual feedback on trigger locations shows that several partic-
ipants changed their ratings once exposed to the triggering mech-
anism. This suggests that the source of the tactile events was not
obvious in itself, as confirmed by some user comments, and that ei-
ther training or visual reinforcement may be necessary to build the
necessary mental model of the tactile interaction.

4.5 Experiment 5 — Resistance Perception

4.5.1 E5 – Motivation and Tactile Feedback Design

As exemplified by Scenario 4 – List navigation with rate control,
scrolling can also be triggered by pushing against a spring-like con-
troller. In E5, we investigate the most appropriate friction patterns
for the rendering of a spring-like resistance.

hard+edge

hard

maxnull

soft

soft+edge
(a) (b)

Figure 12: E5 design – (a) friction profiles showing variations in the
friction level (black) as each of the six springs is compressed from
right to left; (b) visual interface with fifth spring at 25% compression.

A realistic illusion of a stiff spring cannot be produced with our
PSF touch screen, perhaps due to an insufficient range of friction,
but the sensation can be approached by modulating friction and vi-
suals together. We empirically designed six springs that produce
slightly different feedback intended to be felt as a resistance (Fig-
ure 12a): spring null has no feedback while max has maximal fric-
tion whenever engaged. Springs soft and hard linearly increase the
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friction over distances of 15 and 5 mm respectively before main-
taining maximum friction. Springs soft+edge and hard+edge simi-
larly increase friction linearly, but impulsively increase then release
friction when first engaged to create a sensation of impact. The
spring names reflect the tactile effect that each friction profile was
hypothesized to produce. All springs were represented visually as
rectangles that bulged identically when compressed (Figure 12b).

4.5.2 E5 – Experimental Design
Participants interacted with six numbered and randomly positioned
springs, shown as black rectangles (Figure 12), and commented on
the experience. They were asked to select the springs with tactile
feedback that most and least matched the visuals, and those stiffest
and softest.

4.5.3 E5 – Results
E5 was completed by 16 participants (P1-14, P16-17; 5 male, mean
age 23.1, s.d. 4.1); P15 and P18 did not have time. The null spring
was judged the softest (14/16; Figure 13). Judgments varied on the
stiffest spring. Springs with a rapid increase in friction were more
often judged to be stiffer (hard, hard+edge; n = 5,7) than those
with slower transition (soft, soft+edge; n = 0,3). The max spring
was rated stiffest twice and softest once. These results suggest that
the presence of friction can be associated with a sensation of stiff-
ness, and that the stiffness is greater with a rapid increase in friction
(initial impulse) rather than a slow or very abrupt increase.
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0

0
2

5
3

7

softest stiffest
5

1
2

4
3

1

7

3
4

1
1
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Figure 13: E5 results – distribution of spring selections for softness
or stiffness and worst or best match to visuals; ties were permitted.

The best match to visuals is less consistent (Figure 13). Surpris-
ingly, null was judged both the best (n = 7) and worst (n = 5) match
despite having no haptic feedback. Comments suggest that visual
feedback may have caused a pseudo-haptic effect, with null de-
scribed as “soft and chewy”, “flexible, liquid, soft” or a “soft feel”.
The max and soft springs were otherwise ranked best (n = 4,3)
while hard and soft+edge were judged worst (n = 4,3). Comments
suggest that different criteria may have been used to judge the qual-
ity of a match, with one participant preferring the bouncy feel of
soft springs, another associating springs with a stiffer feel, and an-
other ranking the springs based on comfort and naturalness. These
differences may explain the lack of consensus between participants.

5 DISCUSSION

Experiment 1 investigated the identifiability of a set of six tactile
detents, and found that these detents can be distinguished above
chance, but with some difficulty and error in identification. The
number of distinct detents used in a single interface should there-
fore be minimized when precise identification is required, such as
when using a device in-pocket with haptic feedback alone. E1’s
confusion matrix suggests a potentially-optimal reduced set of three
detents: a strong (square), a weak (low) and a rough detent (vibra-
tion). A larger set may be feasible when identification is beneficial
but not required, or when distinguishability is sufficient. Feeling
differences between marked items may for example be useful but
not essential when scrolling a document with visual feedback. Iden-
tification was also performed slowly, which suggests that perfor-
mance would deteriorate with more natural sliding gestures. Subtle
differences in detents should for example be expected to be missed
during the fast, ballistic phase of a scrolling task but may be more

salient as slow, precise adjustments are made near the target. It may
also be possible to extend the variety of tactile markings with tex-
tured areas larger than the 1- and 4-mm detents used here, as well
as other feedback modalities such as vibrotactile feedback.

E2 investigated the countability of detent sequences. We found
that counting is imprecise even when performed with care, and that
difficulty increases with tightly spaced detents and large counts.
Scrolling interactions that require counting without additional feed-
back should therefore be designed to accommodate imprecision,
or should maximize precision with low counts and widely-spaced
detents. E.g., parameter entry (Scenario 5 – Numeric entry with
slider) may be difficult to perform accurately without visual feed-
back but possible when coarse adjustments are sufficient, like vol-
ume control. These results also suggest that fine adjustments of a
few items may be possible in other scrolling interactions, such as
Scenario 3 – List navigation with circular scrolling, when detents
are appropriately spaced. E1 also suggests that rendering minor
and major tick marks may be possible, potentially increasing the
counting range by allowing chunking of minor detents.

E3 investigated the comparability of detent densities. Density
differences can be detected and their direction felt accurately, and
scaling factors can be judged with some accuracy. Scrolling in-
teractions can therefore be designed to leverage the perception of
detent densities to represent information such as scrolling rates or
content flow. An interface as envisioned in Scenario 2 – Video nav-
igation with multi-rate scrubbing could for example communicate
the scrolling rate of control sliders with distinct detent densities.
Other scrolling interactions, such as Scenario 3 – List navigation
with circular scrolling, could similarly provide a better feel for in-
stantaneous scrolling velocity through the flow of detents.

E4 investigated the optimal synchronization of haptic feedback
to on-screen events. Producing feedback as an element scrolls
through the center of the screen (center) may be slightly more in-
tuitive, but producing feedback at both (edges) or at a trailing edge
(trailing) may be preferred by some, suggesting value in person-
alization. Training or visual feedback may be needed to support a
correct mental model of the tactile interactions. These results have
implications for the design of scrolling scenarios that involve syn-
chronizing friction feedback with sliding visual content.

Finally, E5 investigated the rendering of a spring-like resistance.
A sensation of resistance can be produced with friction feedback,
and perceived hardness can be controlled with alterations to the fric-
tion profile. Activating scrolling with a spring-like rate controller,
as envisioned in Scenario 4 – List navigation with rate control,
could therefore be possible. Our observations suggest, however,
that feedback may be limited to activation and release of the spring,
with only subtle feedback to communicate the extent of the com-
pression and hence current scrolling rate or acceleration.

The results of these five experiments provide extensive informa-
tion that will guide the design of usable scrolling interactions in
future work. As described above, some of the scrolling scenarios
envisioned in our design space exploration may have to be adjusted
or simplified to account for the perceptual capabilities of users and
limitations of current PSF technologies. The experiments never-
theless confirm the feasibility of many of the envisioned scrolling
interactions and provide guidance for their implementation. The
following guidelines summarize our conclusions:

• Use few distinct detents for precise or fast identification, and
more when identification is beneficial but not required, distin-
guishability is sufficient, or slow movement is acceptable.

• Expect counting to be imprecise unless number is low and de-
tents are well spaced.

• Leverage detent density perception to display scroll rate and
content flow.

• Trigger friction feedback at the screen’s center, or both edges /
trailing edge if personalized; reinforce with visual feedback.
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• Indicate activation and release of a rate controller with spring-
like resistance.

6 CONCLUSION

We first explored the design space of scrolling interactions and pro-
posed five concrete scenarios that illustrate the range of interaction
styles and tactile effects that programmable friction could support
in this context. This exploration informed the design of five user
experiments, each investigating a specific aspect of friction feed-
back of direct relevance to the envisioned usage scenarios. Their
results provide extensive information about the use of distinct de-
tents, countable detent sequences, comparable detent densities, fric-
tion feedback synchronization to on-screen events, and resistance in
rate controllers. We have synthesized this information into guide-
lines that will be used to design usable scrolling interactions that
leverage programmable friction for an improved user experience.

We believe that haptic feedback can improve the user experience
of touch interactions by bringing back the tactile richness found
in physical interfaces, from musical instruments to computer key-
boards. In this work, we explored the potential of programmable
surface friction, a promising tactile feedback modality that has yet
to be deployed in commercial devices but may prove advantageous
or complementary to more common vibrotactile feedback. We fo-
cused our attention on enabling functionality for scrolling inter-
actions, an aspect of touch interfaces of particular importance on
small devices with limited screen space. We intend to demonstrate
in future work that programmable friction can improve the experi-
ence of scrolling interactions in various usage scenarios.
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