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Figure 1: We implemented potential field rendering on a touchpad by tuning the traveling wave ratio to vary active forces.
These forces are modulated based on the user’s movements. By building attractive and repulsive fields (left), the surface is not
perceived as a flat but a wavy surface with bumps and holes (middle). These bumps and holes can be used to create numerous
haptic effects, such as a slingshot (right), basins of attraction, icons, keyboards, toggle switches, and paths for haptic guidance.
In user studies, we found positive impacts of rendered potential fields during touch interactions in both users’ performance

and experience.

Abstract

Touchscreens and touchpads offer intuitive interfaces but provide
limited tactile feedback, usually just mechanical vibrations. These
devices lack continuous feedback to guide users’ fingers toward
specific directions. Recent innovations in surface haptic devices,
however, leverage ultrasonic traveling waves to create active lateral
forces on a bare fingertip. This paper investigates the effects and
design possibilities of active forces feedback in touch interactions
by rendering artificial potential fields on a touchpad. Three user
studies revealed that: (1) users perceived attractive and repulsive
fields as bumps and holes with similar detection thresholds; (2)
step-wise force fields improved targeting by 22.9% compared to
friction-only methods; and (3) active force fields effectively com-
municated directional cues to the users. Several applications were
tested, with user feedback favoring this approach for its enhanced
tactile experience, added enjoyment, realism, and ease of use.
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1 Introduction

Touchscreens and touchpads are increasingly replacing traditional
mechanical buttons, dials, and sliders in human-machine interfaces.
Their programmability offers a wide range of intuitive interac-
tions with visual elements, such as tapping to select, pinching to
zoom, and swiping to scroll. However, their operations can be ar-
duous because they lack the haptic feedback of their mechanical
counterparts. Without mechanical feedback, users cannot engage
their reflexive sensorimotor loops for automatic manipulation that
tactile and proprioceptive inputs offer. As a consequence, these
interactions rely heavily on visual attention, which is impractical
for visually impaired individuals and can be dangerous in situations
that require continuous situational awareness, such as driving or
flying.

Haptic feedback on touch panels can effectively reduce visual
demand and enhance interactions. The common way to implement
haptic feedback in consumer devices is to use vibrotactile actua-
tors. The distinct vibration patterns they create inform users of a
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message or confirm users’ operation, such as tapping or reaching
a target [19]. However, the transient stimuli has limited expres-
siveness. A new class of devices broadly called surface haptics can
provide continuous quasi-static feedback by modulating the friction
between a surface and a fingertip through ultrasonic levitation [21]
or electroadhesion[4]. By making the friction high on virtual tar-
gets and low everywhere else, studies have shown that users can
reach targets 10% faster [9, 21, 42]. More complex patterns, such
as sine waves, have shown to be useful. For example, by gradu-
ally changing the spatial wavelength of friction-modulated texture,
these devices can assist users in setting a value for temperature
control [5]. A similar method was used to render shapes, such as
bumps or holes, on flat surfaces by mapping the local gradients of
the 3D features to the friction level [18]. Despite these clear bene-
fits, a major limitation still exists. Friction modulation only reacts
against the movement of a finger due to its passivity. Thus it is only
effective when the user is moving along the path of guidance. The
technology fails to guide the finger in a direction other than the
ongoing one. To guide users toward an arbitrary-located target, we
must provide users’ fingers with continuous directional forces.

Recent developments in surface haptics have demonstrated that
active lateral forces could be directly applied to a user’s finger-
tip [8, 12, 40, 41]. Contrary to friction modulation, these techniques
can modify the magnitude and direction of the force acting on a
fingertip, so that they can both resist and push their movements.
For now, the literature has been focused on characterizing the force
generation with only a few studies validating its effectiveness on
users, which are edge following [11] and event-based feedback,
i.e. button clicks simulation [7, 14, 17, 38] . Since the 90s, "virtual
fixtures" and artificial potential fields have had successful imple-
mentations in enhancing users’ operation and yielded some haptic
guidance principles [29, 32]. These principles could potentially be
adapted to fingertip guidance using active surface haptics. While
several works showcased the potential field rendering with active
forces feedback, they are limited to simple demonstrations of force-
position functions [11, 12, 40]. To date, these guidance principles
on touch surfaces remain untested in users, and their design possi-
bilities are unexplored.

Here, to investigate the effects of artificial potential fields on
users, we implement an impedance control scheme on a traveling
wave-based active force feedback touchpad, the Ultraloop [8]. We
create elastic potential fields that can attract and repulse the fin-
gertip by actively modulating these lateral forces based on finger
position. These lateral forces are controlled by tuning the phase
shift and amplitude of the traveling waves. We compute the poten-
tial fields as the local negative gradients of the topography that
should be felt. We ran three human-factor experiments implement-
ing seperate potential fields to evaluate the effectiveness of the
method. First, we investigated whether participants could perceive
the magnitude and type of macroscale shapes like bumps and holes,
rendered by Gaussian-shaped potential fields. Results showed that
participants can detect bumps and holes with a sensory threshold of
30 mN. Second, we evaluated user’s performance in a Fitts’ pointing
task. When the target was presented with a step-change attraction
force field around a high friction zone, users improved their speed
by 22.9% to varying friction alone. In addition, we demonstrated
that potential fields could convey a sense of direction to a static
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user. Lastly, we designed three applications exploiting the results of
the aforementioned quantitative studies to evaluate user subjective
experience. These applications include (1) a haptic keyboard, which
is the combination of potential wells and bumps, (2) an Angry Birds
game in which users can feel the intensity and direction of the
pulling sensation from a slingshot, and (3) a three-digit lock game
where users can quickly locate the password under the guidance
of active force field. Users’ responses to a subjective questionnaire
show that all these applications provide a high level of enjoyment,
reduced visual engagement, and increased realism.

In summary, we implemented programmable elastic potential
field rendering for fingertip guidance by controlling ultrasonic trav-
eling waves. We validated that the rendering has positive impacts
on users in three-fold:

(1) Differentiable shape rendering, including bumps and holes,
which can be applied to virtual keyboards.

(2) Improved performance in pointing tasks, which are funda-
mental for navigating icons.

(3) Simulation of physical interactions, such as the pulling sen-
sation of an elastic slingshot.

For the first time, our results demonstrate the various benefits of ac-
tive force feedback, making it a promising approach to revolutionize
touch interactions toward effortless control of complex machines
using fingertips and support eyes-free interaction.

2 Related Work

2.1 Haptic guidance in classical force feedback

Salisbury et al. introduced the idea of artificial potential pields in
haptic rendering [32]. In this approach, a scalar field is constructed
with artificial “hills” representing obstacles and “valleys” represent-
ing attractors. These potential fields are used to guide or constrain
users to move along desired paths or avoid obstacles. These early
studies suggested that imposing force as the negative gradients of
potential fields could provide passive contact surfaces for three-
dimensional virtual bodies. However, the design of these fields, in
general, was left as an open question.

Ren et al. later proposed a potential function based on a general-
ized sigmoid function, which offers an intuitive way to adjust the
affected area and abruptness of the potential field near the edges of
protected zones [27]. In a catheter insertion task, for example, this
model created a protective potential field with lower values at the
vessel center and higher values near the vessel walls. Experimental
results showed that the generated potential fields were sufficient to
ensure obstacle avoidance while maintaining the responsiveness
necessary for realistic feedback in haptic rendering. Additionally,
the sigmoid function model was applied to render a simulated gear
selector lever for automotive applications [15].

2.2 Surface haptics rendering

When touchscreens and touchpads have taken over the market,
the haptic landscape has evolved, moving beyond traditional force
feedback devices to new rendering methods, such as vibrotactile
and surface haptics. The latter, surface haptics devices (SHDs), can
provide continuous force feedback on a user’s finger by modulating



Attracting Fingers with Waves: Potential Fields Using Active Lateral Forces Enhance Touch Interactions

CHI ’25, April 26-May 01, 2025, Yokohama, Japan

a potential function force profile phase model driving signal
F
mex usetr_’s sym
osition :
4>‘: '—» F(.r) ’ | mode /\/\/\/A
- Ry
gradient force -F asym. ‘
: factor max mode
position T position
b potential field U (2, Y) high force field F'(x,y) c force field F'(z, i)

& low

Figure 2: Visualization of potential field rendering for a bare finger in a one- (a) and two-dimensional case (b, c).

friction, either via ultrasonic lubrication, which reduces friction [36—
38], or via electroadhesion, which increases friction [2, 4, 34].

Both technologies are effective in changing lateral force on a bare
finger in motion across the screen. By rendering high friction on
a target and low friction elsewhere, these techniques can enhance
targeting performance by 7-9% compared to visual feedback alone
[9, 21, 42]. Additionally, surface haptics can simulate the perception
of macro shapes, such as bumps or dips, by mapping frictional
forces to the gradient of height maps [3, 10, 18, 25, 31].

Despite their effectiveness, they are passive and cannot act on
a static finger or push in a direction misaligned with the user’s
motion. Active force feedback is therefore essential to produce
forces in arbitrary directions or to act on a resting finger.

2.3 Active lateral force on surfaces

A new family of SHDs that can generate net shear forces has re-
cently emerged. One approach uses a moving overlay on top of a
touchscreen to drag the finger to move [30]. The finger actually
contacts the film and moves with it as a whole, thereby being used
for conveying gesture messages to users through proprioception
rather than for tactile rendering. Instead of moving the entire touch
surface, net tangential forces can be generated directly on a static
touch surface via oscillation, enabling users to interact with bare
fingertips. Two principles have been explored.

The first principle relies on creating an asymmetry of friction by
synchronizing a high or low frictional state with periodic in-plane
oscillations. The frictional can be modulated through ultrasonic
standing waves [11, 23, 40, 41] or electroadhesion [1, 24]. In-plane
oscillations are preferably produced using ultrasonic compressive
modes [40] to avoid audible noise; however, this results in nodal
lines where tactile sensation is absent. The SwitchPad overcomes
this limitation by dynamically switching resonant modes based on
user position, achieving a uniform force profile of up to 250 mN [41],
though with more complex control.

The second principle produces net lateral forces through periodic
surface elliptical motions. Devices such as the LateralPad [12] and
2MoTac [14] create elliptical movements by exciting standing waves

in both longitudinal and transverse directions. Alternatively, flexu-
ral traveling waves can also produce elliptical surface motions [33],
as seen in rotary traveling motors, which generate strong pushing
sensations on the fingertip [6]. However, the shape of motors is
not suitable for a rectangular touchpad format. In a straight beam,
traveling waves can be generated by superimposing two adjacent
bending modes, resulting in modest forces of 100 mN on a finger
[16]. The Ultraloop, used in this work, superimposes two degener-
ate bending modes with identical resonant frequencies, achieving
uniform forces of 300 mN with + 3 ym vibrations on a touchpad
format [8].

3 Building potential fields

We first briefly review the principle for rendering potential fields
in one- and two-dimensional (1D and 2D) cases. We then propose
the implementation of this principle by controlling the traveling
wave ratio on a ultrasonic active force interface.

3.1 Potential field rendering principle

The rendering principle is based on creating force fields within
surfaces as negative gradients of potential fields. This principle has
been widely used in force feedback devices [27] and active SHDs [11,
12, 40] to create haptic illusions or guide users. Figure 2a illustrates
the principle for fingertip interaction in the 1D case. The input is
the current finger position x(t). The force is determined by first
calculating the derivative of the potential function g(x) = V U(x),
and then scaling it by a factor such that the range of the derivative
linealy maps to the range of force production. Lastly, the desired
force F(t) is mapped to the force generation model to produce the
driving signal. As the finger moves across the surface, the driving
signal is continuously updated, typically above a rate of 1000 Hz.

For 2D rendering, the force F(x,y) is obtained by taking the
gradient G(x,y) = VU (x, y) and scaling it, which is then translated
into control signals. This method allows for creating diverse vector
fields to support a wide range of interactive experiences, such as
rendering bumps(Fig. 2b, holes, basins of attractions, path sinks
(Fig. 2c), or saddle points.
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Figure 3: Control traveling waves to render programmable potential fields. (a) An ultrasonic traveling waves-based haptic
touchpad used in this study. Users interact with the surface to experience haptic guidance or rendered objects. (b) System
architecture for real-time programmable impedance rendering. Dual output channels to the haptic touchpad are updated based
on finger position in real time, allowing for application-specific rendering of features (such as bumps), position-dependent

friction, and impedance profiles.

3.2 Traveling wave-based device: Ultraloop

One necessity for the implementation of the potential field ren-
dering is reliable and large active force generation on a relatively
large flat surface. In this paper, we chose a resonant traveling wave-
based device, the Ultraloop [8] , and developed it for our study.
The disclosed Ultraloop has a ring-shaped aluminum cavity, with a
140% 30 mm? flat upper surface for touch interaction. The length-to-
radius ratio of the ring is designed as 2.8 to satisfy the requirement
for degenerate modes. These two degenerate standing wave modes,
corresponding to the 24" order, have orthogonal spatial forms, be-
ing cos(kx) and sin(kx), but share the same resonance. Their super-
position with a +£90° temporal phase shift forms a traveling wave,
described mathematically as cos(kx)cos(wt) + sin(kx)sin(wt) =
cos(kx ¥ wt). The high-amplitude traveling waves induce surface
elliptical motions to push fingers, with rightward force at 90° and
leftward force at —90°. As reported in [8], when the phase is not at
+90°, partial traveling waves are generated, and the lateral force
varies sinusoidally with the phase shift or traveling wave ratio, fitted
by data points measured by manually tuning a function generator.
This capability of uniform and large force production, combined
with the feature of force varying with phase, makes the Ultraloop
a strong candidate for the implementation of potential field render-
ing.

We replicated the aluminum cavity of the Ultraloop for force
generation, using the same acoustic design as [8], and used a 100 X
30mm? area for touch interaction. The ring-shaped touchpad and
its control circuit are housed in a 3D-printed case, as shown in Fig.
3a.

3.3 Implementation of control

To control active forces in response to user movements, we employ
two Direct Digital Synthesis (DDS) components (AD9834, Analog
Devices, Inc.) to generate two channels of ultrasonic sine waves.
These channels are synchronized with a tunable phase shift using
a Teensy 3.6 microcontroller. Users movements are tracked by a
position sensor (NNAMC1580PC01, Neonode) with a resolution

of 10 pixels/mm, mounted above the touch surface. The sensor
communicates finger positions in x and y to the microcontroller
via I2C protocol. The microcontroller, programmed using Arduino,
runs an internal loop at 2000 Hz that reads the user’s position, looks
up the stored force profile, and generates the phase and amplitude
commands for the DDS chips using the sinusoidal force-phase
model. The force profiles, which are task-specific, are precomputed
from the desired potential field based on the rendering principle. A
graphical user interface (GUI), programmed in Python, displays the
visuals of the interaction task or applications and communicates
the computed force profile to the microcontroller via USB. This
process allows for dynamic updates of the displayed potential fields
when switching to different interaction tasks.

To identify the resonant frequency, we monitor the vibration
amplitude using a piezoelectric sensor attached to the lower plate,
which has been calibrated with a Laser Doppler vibrometer. An
initial frequency sweep is conducted around 39425 Hz to fine-tune
the resonant frequency by identifying the peak output from the
piezoelectric sensor. The frequency tracking ensures a consistent
vibration intensity over time. The frequency, amplitude, and phase
shift data are encoded and sent to the DDSs via the SPI bus to gener-
ate corresponding sine waves. The signals (max. +3.3 V) are ampli-
fied 20-fold (PD400, PiezoDrive) to actuate piezoelectric elements
bonded to the aluminum plate. The tailored touchpad produces +
2.1 pym vibration with +3.3 V X 20 input voltages at a resonance of
39425 Hz. A diagram of this implementation is shown in Fig. 3b.

4 Study 1: Shape detection thresholds

In this experiment, we examine whether users could discriminate
the type and amplitude of virtual bumps and holes created by re-
pulsive and attractive potential fields.

4.1 Study design

To simulate the sensations of bumps and holes, we implemented
repulsive and attractive potential fields from Gaussian functions.
These Gaussian potential functions had an identical width § of 24



Attracting Fingers with Waves: Potential Fields Using Active Lateral Forces Enhance Touch Interactions

a b “bump”

=
o

JND = 26.8 mN

0.75

o
3

0.25

propotion of “higher”

. reference

o

*hole”
10 IND =319 mN

= R

o

) S — 3

0.25

propotion of “deeper”

reference

0.06 0.13 0.2

lateral force (N)

Figure 4: (a, c) Top: graphical user interface; Bottom: force
field. (b, d) Response proportion for detecting "bump" (b)
or "hole" (d) as a function of active lateral force, with error
bars showing standard deviations. The 75% just-noticeable
difference thresholds are indicated.

pixels and different amplitudes (A = 1, 0.88, 0.77, 0.65, 0.52, 0.42, and
0.30 for the experimental group; A=0.71 for thereference) as shown
in Fig. 4 a and c. The gradients of these Gaussian functions were
linearly translated into lateral forces, such that the Gaussian with
A =1 corresponded to the maximum force output (Fp4x) and the
Gaussian with A = 0.71 corresponded to 0.71Fp,4x. These forces
were then mapped to phase shifts using the data-driven force-phase
model presented in Fig. 2a.

The experiment followed a two-alternative forced choice pro-
tocol. During each trial, participants were presented with two po-
tential fields and asked to select the one perceived with higher
amplitude. Each comparison consisted of the reference shape (A =
0.71) (the mean of the experimental fields A = 0.77 and 0.65) and
one of the seven experimental fields. The order of the two stim-
uli was randomized, and participants were unaware of which was
the reference. Stimuli were presented at the same location on the
touchpad to ensure consistant force generation. Participants used
the "Ctrl" key to switch between the two stimuli.

Each participant completed two experimental blocks: one con-
taining repulsive potentials and the other containing attractive
potentials. Each block included 56 comparison pairs ( 7 amplitudes
X 8 repeats). The order of the blocks and the pairs within each block
were shuffled.

Participants. Twelve participants (6 females and 6 males, aged
22-30, all right-handed) were recruited. All reported no sensory
impairments or skin conditions. All the user studies in this paper
were approved by the Ethical Committee Board.

Experimental procedure. Participants were seated in a chair
with the haptic interface in front of them. Their arms rested com-
fortably on an armrest and they interacted using the index finger
of their dominant hand. Participants wore headphones playing
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pink noise to mask any device-related sounds. A GUI displayed
the visuals of the potential fields and recorded participants’ selec-
tions. Before starting the experiments, the touchpad was cleaned,
and participants sanitized their fingers using alcohol wipes. These
procedures were also applied to other studies in this paper.
During each trial, participants used a keyboard to make their
selections: pressing "A" to choose the first and "S" to choose the
second stimulus in a trial, and "Ctrl" to toggle between the two
stimuli. There were no restrictions on the number of toggles, but
participants were encouraged to make selections promptly.
Before the amplitude discrimination task, we conducted a pi-
lot study to examine participants’ perception of the type of the
shapes. In this study, participants were presented with seven ran-
domly selected experimental stimuli and asked to classify each as
a "bump" or a "hole." Results showed that all repulsive potentials
were identified as "bumps" and all the attractive ones as "holes."

4.2 Results

Figure 4b and d illustrate the response rate of participants for per-
ceiving experimental stimuli as more intense than the reference (i.e.
a higher bumps or a deeper hole). Both the detection for "bump" and
"hole" follows a typical sigmoidal shape of a psychometric curve.
Stimuli with amplitudes significantly different from the reference
(A =1.0,0.88, 0.42, and 0.30) were detected with high accuracy (>
78.3%), while stimuli closer to the reference (A = 0.65 or 0.52) were
detected with lower accuracy (60.3 %), which is close to a 50 % rate
expected by chance. A fitted profit function in the psychometric
model reveals points of equivalence at A = 0.704 for bump detection
and A = 0.721 for hole detection. The 75% just-noticeable difference
(JND) is 26.8 mN for bump and 31.9 mN for holes.

Participants also provided subjective feedback after completing
the experiment. Most of them founded that the sensations of touch-
ing a "bump"” or a "hole" were trivial to differentiate. Two described
the perception of bump as "first climbing up a hill and then down
a slope", with the reverse sensation for "holes". Another partici-
pant noted that he/she identified a "bump” by "feeling my finger
decelerating before accelerating”. Additionally, two participants
mentioned that detecting "holes" was slightly more challenging,
and required more time to make a decision, aligning with the higher
JND observed for holes.

The well-fitted sigmoidal curves in the psychometric model,
combined with subjective comments, confirm that the Gaussian
potential fields rendered by active force can be effectively perceived
as "bumps" and "holes" by users. This discrimination ability suggests
this approach could be applied to the design of tangible interfaces,
such as tactile icons or keys of a keyboard.

5 Study 2: Fitts’ Pointing task

Sliding on a touchpad to move the cursor to an icon, dragging and
dropping or scrolling an alarm clock can be considered a pointing
task to a desired location, which is elemental in human-computer
interactions. Here, we investigate whether adding active force feed-
back during sliding can improve users performance in Fitts’ point-
ing task.
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5.1 Study design

A one-dimensional pointing task was designed, requiring partici-
pants to slide against the touchpad to locate a target using sensory
cues. We used a repeated within-subjects design with three indepen-
dent factors: feedback condition, target distance, and target width.
A GUI displayed the task.

We evaluated user performance across four feedback modalities:
active force, friction modulation, vision-only, and vision combined
with active force, see Fig. 5. In the first two haptic-only conditions,
targets were invisible, requiring participants to recognize them
solely through touch. The last two conditions had visible targets,
allowing us to assess whether adding active force feedback improves
pointing performance.

For friction modulation, we employed a step-wise friction profile,
with high friction in the target and low friction elsewhere, similar
to prior studies [9, 21, 42]. Friction modulation was actuated with
two standing-wave modes that are in phase. In active force and
vision + active force conditions, a step-wise force profile was applied:
outside the target, a uniform lateral force was used to direct the
finger toward the target; while inside the target, the touchpad was
deactivated to produce a high friction area as in friction modulation.
In the vision condition, friction was uniformly low to eliminate
any friction-induced feedback. The amplitude of driving voltages
remained constant at + 66 V across all conditions.

We tested three target distances (200, 400, and 600 pixels) and
three target widths (16, 32, and 48 pixels). The control-to-display
ratio was set to 10 pixels/mm, meaning the smallest and farthest
target was 1.6 mm wide and 60 mm far on the touchpad. The ratio
is comparable to standard laptop touchpads. The target sizes were
chosen to reflect typical pointing tasks on touchpads. For example,
16-pixel targets represent small icons, such as a volume control in
the corner of a laptop screen, while 48-pixel targets represent large
icons, such as browser shortcuts on the taskbar. These combinations
of distances and widths created nine movement conditions, yielding
seven distinct indices of difficulty (ID) from 2.369 to 5.267, defined
as logz(% + 1), where D is the target distance and W is the width.

Task. Participants received the task sounds indicating the start
and selecting actions through headphones. During each trial, they
slid their index finger across the surface to locate the target as
quickly and accurately as possible. The trial includes the following
steps, adapted from [21]:

(1) Initial state. The blue start area appears on either the left
or right side of the interface randomly to prevent potential
orientation bias. In vision or vision + active force conditions,
the red target is also displayed.

(2) Trigger start. Participants move the white cursor that repre-
sents the finger position to the start area, and hold for 0.6
s. An audible sound is heard, and the start area turns green.
The clock starts.

(3) Slide to find. Participants slide their finger to locate the target
using haptic or visual cues. They are allowed to move back
and forth over the target to confirm the target location in all
conditions.

(4) Lift-off to select. Participants lift their finger at the perceived
target location. A sound is played to confirm the action of
selection.
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Figure 5: Implementation of designs for force and friction
profiles, evaluated as four feedback conditions in a pointing
task. (a) active force and (d) vision + active force conditions
share an identical force profile, where forces consistently
push the finger toward the target. In (b) friction modulation
condition, friction is high inside and low outside the target
area. In (c) vision condition, friction remains consistently
low. Targets are visible only in conditions (c) and (d).

Participants began with a training session with the same tasks as
the experimental one to familiarize themselves with the sensation
and task requirements. They were encouraged to adjust the normal
force applied to optimize their perception of the feedback. Training
continued until participants felt familiar with the haptic sensations
and task procedures but was limited to a maximum of 15 minutes
per participant. After training, participants completed two experi-
mental sessions, totaling 216 trials, including 4 feedback conditions
x 3 distances x 3 widths x 6 repeats. Each session included 108
trials, with a three-minute break provided between sessions. To
minimize anticipation or adaptation effects, the order of feedback
and movement conditions was randomized.

Participants. Twelve participants (5 females and 7 males, aged
23-29, all right-handed) were recruited for this study. All reported
no sensory impairments or skin ailments. None participated in S1.

5.2 Results

We conducted a repeated measures analysis of variance (RM-ANOVA)
on four dependent variables: completion time, approach time, selec-
tion time, and entry count. The independent variables are feedback
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Figure 6: (a) Mean completion time in a pointing task across nine movement conditions. (b) Linear regression for mean

completion time based on Fitts’ indices of difficulty (ID).

conditions, target distances, and target widths. Additionally, we
examined Fitts’ law parameters and collected subjective responses
from participants.

Overall observations. We observed that the maximum devi-
ation between the selected and desired target position across all
participants and conditions was 35 pixels (~ 3.5 mm on the touch-
pad). Given that this deviation is relatively small compared to the
full selection range of 1000 pixels, it suggests thatparticipants re-
lied on sensory cues to select rather than guessing. This observa-
tion implies that both friction modulation and active force feedback
provided effective cues on the presence of the target. The other
observation is that the majority of extra-long trials (duration > 3
s), which accounts for 3.5% of total (91 trials), occurs in friction
modulation (82 trials), with far fewer in active force (8 trials) and
vision (1 trial).

Completion time and Fitts’ law. RM-ANOVA shows signifi-
cant effects on completion time from target widths (Fz,22 = 138.57, p <
0.001), target distances (Fa,22 = 47.545, p < 0.001) and feedback
modality (F3 33 = 187.63, p < 0.001). Figure 6a presents the average
completion times across nine movement conditions and four feed-
back conditions. For haptic-only conditions, active force required
shorter completion time than friction modulation for all the nine
movement conditions. When averaging all these movement con-
ditions, active force reduced the targeting duration by 22.9 % from
2.165 s to 1.669 s, compared to friction modulation, with Post-hoc
Tukey-Kramer tests also confirming the significant differences be-
tween them with p < 0.01 across all widths and distances. These
results highlight the clear advantage of active force feedback in
eyes-free targeting tasks. Additionally, when combined with visual
feedback, active force further reduced completion time by 15.5%,
from 1.433 to 1.211 s, with post-hoc comparisons showing a signifi-
cant difference between vision and vision+active force (p < 0.05) for
all movement conditions.

The Fitts’ law analysis reveals a strong linear relationship be-
tween the averaged completion time and the index of difficulty
across all feedback conditions (Fig. 6b; r? > 0.91). The reciprocal of
the slope, which represents the index of performance, highlights the
notable differences between feedback modalities. For haptic-only

conditions, active force has a higher index than friction modulation
(3.92 bits/s vs. 2.23 bits/s ), while for visual-present conditions, vi-
sion+ active force outperforms vision (4.13 bits/s vs. 3.14 bits/s.), as
summarized in (Tab. 1). These comparisons demonstrate the advan-
tages of active force feedback in both vision-present and eyes-free
modalities.

index of
condition a b r2 performance
active force 0.7152 | 0.2551 | 0.939 3.92
friction modulation 0.4751 | 0.4489 | 0915 2.23
vision 0.2337 0.3180 | 0.978 3.14
vision + active force | 0.3188 | 0.2419 | 0.970 4.13

Table 1: Fitts’ law parameters for four feedback conditions.
In Fitts’ law, movement time is modeled as a + b X ID. The
index of performance is defined as the reciprocal of the
slope, i.e., 1/b.

Source for faster pointing. We investigate the source of re-
duced completion times in active force-assisted conditions. Specifi-
cally, these improvements could be due to faster movements toward
target under the attractive force field, or due to quicker selection
enhanced by sensory feedback from the active force. We performed
Post-hoc Tukey-Kramer tests to compare feedback conditions based
on approach time (the duration from initial moving to the first entry
into the target area), selection time (the remaining component of
completion time) and entry count (the number of times the partici-
pant crosses the target boundaries).

Results show that all feedback conditions differ significantly
in terms of overall completion time (p < 0.001). However, the
most pronounced differences are observed in selection time, where
all pairwise comparisons yield a high significant difference level
p < 0.001, as illustrated in Fig. 7a. In contrast, the differences in
approach time are less significant (p < 0.05) or not significant (e.g.
vision vs active force) (except vision vs vision + active force where
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Figure 7: (a) The completion time of a pointing task comprises
two components: approach time (dark-colored bar at the
bottom) and selection time (light-colored bar at the top). (b)
Box plot of entry count for each feedback condition. Stars
indicate the significance level: * p < 0.05, ** p < 0.01 and ***
p <0.001

p < 0.01). The variation in selection time is partially supported by
participants’ sliding behavior. Figure 7b reveals significant differ-
ences between haptic conditions: active force (mean = 2.17, SD =
0.8069) and friction modulation (mean = 2.41, SD = 1.03); between
vision-present conditions: vision (mean = 1.47, SD = 0.60) and vi-
sion + active feedback (mean = 1.54, SD = 0.69), and no significant
difference between vision and vision + active force. On average, the
active force condition requires 0.237 fewer entry counts than friction
modulation. This observation suggests that active force rendered
target enhances user confidence by providing more compelling cues
for target location.

Subjective response. Ten out of twelve participants provided
feedback on their preferences and perceptions of the sensations.
All ten participants expressed a clear preference for active force
feedback over friction modulation for efficiently locating a target.
They also described targets rendered with active force as having a
"clear edge", whereas those by friction modulation felt like a "sticky
region". Additionally, six participants noted a learning effect during
both the training and experimental sessions. They commented that
they initially moved cautiously to detect and identify the presence
of a target but were able to move faster and more confidently after
several minutes. This observation suggests that users’ performance
may improve with extended training.

6 Study 3: directional navigation

In this study, we investigate if suddenly activating a potential field
under a stationary finger communicate a directional cue to users
and help them navigate toward the target.

6.1 Study design

We deployed a pointing task using the GUI where the start area
was located at the center, as shown in Fig. 8. We used a repeated
within-subjects design with three independent variables: feedback
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Figure 8: Top: GUI of a pointing task with directional naviga-
tion. The invisible target can locate to the right or left of the
start area. Bottom: force or friction field in active force (a) or
friction modulation (b) condition, respectively.
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conditions, target widths, and target distances. Feedback conditions
were active force are friction modulation. The force and friction
profiles are presented in Fig. 8. Target distance to the start area
were + 250 pixels and + 350 pixels, and target widths were 16 pixels
and 32 pixels.

During the experiments, participants first placed their index fin-
ger on the start area, where no tactile feedback was provided. Once
the active force or friction modulation profile issued, they started
the pointing task. They were encouraged to use the directional cues
to facilitate target searching.

Participants. Ten participants (5 females and 5 males, aged 21—
28, all right-handed) were recruited for this study. All reported no
sensory impairments or skin ailments. None participated in S1-2.

6.2 Results

RM-ANOVA on completion time reveals a statistically significant
effect of feedback conditions (Fi,9 = 92, p = 5.1 X 10_6), and target
widths (Fi,9 = 9.4, p = 0.014), but no significant effect of target
distances (Fy,9 = 0.055, p = 0.82). Post-hoc comparisons show a
significant difference between active force and friction modulation
in all the four movement conditions (p < 0.001), as shown in the
box plots of completion times in Figure 9a. On average, active force
leads to a considerably shorter completion time compared to friction
modulation (1.82 s vs. 3.10 s), reflecting a 41.26% reduction. This
improvement is even more significant than the 22.9% reduction
observed in S2.

To identify the source of this reduction, we analyzed the error
rates in participants’ initial moving direction. The friction modu-
lation condition exhibited a considerably higher error rate of 51%,
close to random choice. By contrast, the error rate in active force
condition was only 12%, demonstrating that active force feedback
provides salient directional cues.

Movement trajectories further highlight the difference in par-
ticipants’ selection behavior in these two feedback conditions. For
a condition where the target width is 16 pixels and the distance
is 350 pixels, trajectories in active force show a clear bias towards
the target side. Conversely, trajectories under friction modulation
were more evenly distributed between both directions (Fig. 10).
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Figure 9: (a) Mean completion time in a pointing task with
directional navigation. (b) The error rate in terms of correctly
moving to the target side upon the onset of active force or
friction modulation activation.
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Figure 10: Trajectories in a pointing task with directional
navigation where the target width is 16 pixels and the target
distance is 350 pixels. Red: active force condition; blue: fric-
tion modulation condition.

These biased trajectories and the lower error rate indicate that the
directional force field effectively directed the users toward lower
potential, resulting in shorter completion times.

7 User experience with applications

Here, we showcase three applications to demonstrate the role of
potential fields in enhancing touch interaction tasks. The designed
potential fields in these applications correspond to those in S1-3.
For each application, we outline the motivation behind its design,
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Figure 11: Design of a virtual keyboard rendered by Gaussian
potential wells. From top to bottom is the graphical user
interface, potential function regarding x and the force field.

detail its implementation, and evaluate user experience based on
subjective responses.

7.1 Application design

Haptic Keyboard. Typing on a featureless touchpad or touch-
screen requires users to visually search for keys and avoid clicking
on incorrect locations (e.g. between keys). This process is signifi-
cantly slower and more visually demanding compared to typing on
a physical keyboard, where muscle memory enables effortless key
localization. The potential field approach can be suitable to help
users navigate to the desired keys on a virtual keyboard.

Here, we create attractive potential fields centered in the middle
of each key, similar to those evaluated in the psycho-physical study
in S1. The overall potential field on the surface is the sum of these
individual potentials, as shown in Fig. 11. The exemplar displays the
text "Hello World" to showcase how haptic feedback guide users in
locating and sliding to keys. In practical applications, this approach
can be customized to support various layouts, such as the standard
"QWERTY" configuration. Additionally, it can be integrated with
key-click sensation, as described in [8], to restore both the key
localization and key press functions. We will examine whether
these potential fields can improve users’ ability to locate keys and
avoid clicking on wrong keys.

Three-Digit Lock. The Three-Digit Lock game was created to
assess whether users can locate a "password", using only tactile
feedback, as illustrated in Fig. 12. In this game, users discover a ran-
domly generated three-digit password by sliding on the touchpad
to rotate the dials in each row. The design incorporates a direc-
tional step-wise force field, similar to that in S3. The "valley" of the
attractive potential field corresponds to the location of the pass-
word on the dial. The step-change force around a sticky region is
implemented to assist users in locating the correct digit effectively.

Angry Birds Game. An attractive potential field was designed
to replicate the pulling sensation of a slingshot. Within the maxi-
mum stretchable length of the slingshot, the force vector linearly in-
creases with the length. Beyond this limit, the lateral force plateaus.



CHI 25, April 26-May 01, 2025, Yokohama, Japan

X

P AT

£ |--- p\; gggggggg

jopo———-°1 - —— ===
0 iX.

Unlocked! -  (pix.)

Figure 12: A three-digit lock game that facilitates password
finding using step-wise attractive force fields.
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Figure 13: Angry Birds Game in which the slingshot creates
an attraction field. The lateral force is proportional to the
distance to the slingshot.

Once the user catches the slingshot, they can perceive both the
intensity and direction of the dragging forces, even when stationary.

7.2 User study and results

Experimental Procedures. Participants interacted with each of the
three applications for three minutes, then completed a comparison
questionnaire and answered three open-ended questions. During
the interaction, they were encouraged to toggle the haptic feedback
on and off to compare the potential fields with the plain aluminum
surface. The presentation order of the applications followed a Latin
Square design to minimize ordering effects.
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Figure 14: Mean and standard deviation of ratings from the
comparison questionnaire (C1 to C7) for Haptic Keyboard,
Three-Digit Lock, and Angry Birds.

The comparison questionnaire, adapted from Levesque et al. [21],
assessed the effects of potential fields in seven dimensions: con-
centration, preference, ease of use, reduced visual load, realism,
confidence, and enjoyment. Participants rated each aspect on a
7-point Likert scale (from "strongly disagree” to "strongly agree").
The statements were:

e C1. Concentration: Compared to no feedback, tactile feed-
back made me more focused and absorbed in the interaction
task.

o C2. Preference: I prefer tactile feedback over no feedback.

e C3. Ease: Tactile feedback made the task easier to perform.

e C4. Reduced visual attention: Tactile feedback reduced my
need for visual attention.

e (5. Realism: The interaction felt more realistic with tactile
feedback.

o C6. Confidence: With tactile feedback, I felt more confident
in my movements and actions.

e C7.Enjoyment: Tactile feedback made the application more
enjoyable.

The three open-ended questions for each application were:

e Q1: How would you describe the sensations of tactile feed-
back in this application?

e Q2: Is there anything you liked or disliked about tactile
feedback?

e Q3: Do you have any suggestions on how the sensations
could be improved?

Participants. We recruited ten participants (five females), aged
22 to 43. One was left-handed, and nine were right-handed. None
participated in previous sessions (S1-3).

Results. Figure 14 presents the average ratings and standard
deviations for each question (C1 to C7) across three applications.
All averaged ratings across participants of each question and ap-
plication are positive (above 4, or "Neutral"), indicating favorable
feedback from participants.

The Haptic Keyboard received the highest score in C4 (reduced
visual attention), with an average of 6.4. Participants noted that
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the tactile feedback helped them locate their fingers on the keys
without the need of visual confirmation. For example, P5 remarked,
"It made it easier to feel the location of my fingers on the keyboard
without looking at it" and "The distance between keys is similar to
my keyboard, so I could move my finger fast"P1 commented, "It
confirmed I was in the right spot on the keys, not between them."
Some participants described the sensation as "like playing with
magnets" (P7) or "like surfing on the surface, but not like a mechanical
keyboard" (P6).

The Three-Digit Lock ranked highest in C1, C2, C3, and C6 (con-
centration, preference, ease, and confidence). Participants reported
that they could find the correct password within seconds after start-
ing searching. They frequently mentioned that the feedback made
it easy to locate the correct password, with P2-P9 describing the
sensation of reaching to the password as "very clear"

The Angry Birds Game scored highest in C5 (realism) and C7
(enjoyment). Participants frequently mentioned a strong sense of
realism and fun in Q1 and Q2. Comments included "I felt like I was
dragging a rubber band" (P6) and "a slingshot" (P10). P10 also stated,
"I could clearly feel that the more I dragged, the more force was pulling
my finger."

Negative feedback and suggestions for improvement were col-
lected in Q2 and Q3. For the Angry Birds Game, P10 noted, "Some-
times I couldn’t feel the change in force when I pulled the slingshot
further. " For the haptic keyboard, P2 mentioned, "The force feedback
was disappointing when I wasn’t in the middle of a key", while P5
suggested, "It would be great if the keyboard worked in two dimen-
sions". P10 proposed integrating "a key-click sensation"” for enhanced
realism.”

8 Discussion

Advances in active force-based surface haptics have shown the
potential to add a new dimension to tactile feedback. However,
prior research has primarily focused on hardware development.
In this study, we implemented programmable impedance control
by real-time modulating traveling wave parameters and designed
several user studies to evaluate its effectiveness. For the first time,
we demonstrate the positive impact of active force feedback in
users during sliding interaction, supported by both measurable
performance gains and positive user experience.

Three HCI applications received positive feedback from par-
ticipants, further confirming the transferability of these benefits
observed in S1-3 to practical use cases. These findings could inspire
more applications and tactile interface design. Next, we discuss
some implications of these results, assess their values, and address
the limitations and recommendations for future research.

8.1 Haptic guidance with potential fields

The artificial Potential Field method is widely used in classical
haptics and robotic applications, such as haptic rendering for train-

ing [28] and teleoperation [20] and path planning for mobile robots [35].

This method generates repulsive fields for obstacle avoidance and
attractive fields for path guidance. To display potential fields on
a flat surface, the necessity is to have active forces that can build
up potential. We successfully implemented programmable surface
potential field rendering by controlling traveling waves in real time.
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Importantly, we have three key observations in users: they have a
clear awareness of the scale and polarity of these potentials, they
show behavior change by being attracted to lower potential, and
experience positive emotional effects.

It is valuable to compare friction modulation and active force
feedback in haptic rendering. One can render 3D features by map-
ping the height of the feature directly to the friction [13], or by
mapping the dot product of the sliding velocity and gradient of
the feature to the local friction [18]. The resulting frictional field
is a pseudo-potential field, due to the non-conservative nature of
friction, thus only providing tactile cues on the sliding paths with-
out indicating proximal features. As a result, this approach is often
used to augment visually represented features [18], where the fin-
ger exploration is consciously guided by visual input. When visual
feedback is absent or when the finger stops moving, the haptic
guidance severely deteriorates. For example, in the case of guiding
along a curved path in Fig. 2c, users have to slide back and forth
around the path to identify it, and path following becomes inaccu-
rate and time-consuming. In contrast, active forces can create both
repulsive and attractive fields that can push the finger to the path
effectively and robustly, even without a need for visual input.

Unlike other haptic devices that provide directional guidance
through handheld tools, such as tactile compasses [22] or pseudo-
forces [26], our approach enables bare-finger interaction by instru-
menting a surface with traveling waves. Users can freely use their
fingers for other tasks and engage with the guidance only when
desired. This feature might be well-suited for integration into haptic
touchpads, screen readers for visually impaired users, large touch-
screens in vending machines or museum exhibits, and educational
displays. These applications can facilitate touch interactions and
simulate physics like flowing fluids, or elastic springs.

8.2 Pointing facilitation using active force vs
friction modulation

In the pointing task in S2, augmenting the high-friction target with
active forces led to a significant permanence gain of 22.9%, com-
pared to the friction modulation approach using the same level of
actuation. This improvement does not appear to arise from faster
approach but rather from enhanced target awareness, as evidenced
by the observations of variation in selection duration, sliding be-
havior, and participants’ descriptions of their target perception.

Indeed, when we look at target rendering from the perspective
of a fingertip, it undergoes a temporal evolution of tactile stimuli
during reaching. In the active force scheme, the finger experiences a
sudden change in impedance, that is from a negative impedance (i.e.
pushing forces) to positive impedance (high friction and resisting
force). In contrast, friction modulation scheme only involves a
sudden increase in friction. This additional reversal of the active
lateral force enhances the “braking” effect upon reaching the target,
making it easier for the finger to stop near the target.

This advantage is particularly evident for rendering small targets.
Due to inertia, the finger may continue sliding upon entering the
target area. The friction modulation approach only generates a
short duration that users can feel a high friction. This short-lived
feeling of high impedance may well be insufficient to trap the finger
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or even aware users. Consequently, users may miss the target and
need to slide back and forth to identify it. This limitation leads
to a marked performance degradation. For instance, reaching a
small target (width = 1.6 mm) with friction modulation requires
30.94% more time compared to larger targets. In contrast, active
forces still possess an abrupt change of lateral force, no matter how
small the target is, resulting in reduced degradation due to small
target of 18.51%. This feature offers higher rendering resolution,
making active force feedback especially suitable for rendering small
elements, such as text.

8.3 Possibility to restore procedural memory

While we did not statistically investigate learning effects in this
paper, we did observe variable learning among participants during
the training and experimental sessions. In S2, some participants
reported noticeable performance improvements in the training, as
indicated in their verbal feedback. This improvement is also re-
flected in their adapted targeting behavior. In some trials, they first
performed a fast-reaching movement to quickly estimate the target
location and then used more controlled movements to finely locate
the target. This strategy resulted in larger overshoots but shorter
completion times. These observations indicate the development of
procedural memory in users through leveraging tangible potential
fields.

We anticipate that further improvements in performance could
be achieved with continued learning. In our experimental design,
feedback conditions were randomized across trials, and participants
were unaware of the specific conditions they would encounter prior
to each trial. Consequently, they were unable to fully exploit the
procedural memory that could have been developed. In practical
applications where haptic feedback conditions are predetermined,
users could build procedural memory more effectively. This would
enable them to employ their learned muscle memory with greater
confidence, potentially leading to even faster and more efficient
target selections. Moreover, when integrating this haptic-assisted
pointing with keyclick sensations [7, 8, 17, 39], it is promising to
achieve eyes-free control over virtual widgets, benefiting sighted
users in visually demanding situations and allowing visually im-
paired users to access them.

8.4 Limitations and future work

We acknowledge several limitations in this work. First, we did
not address the variability in the perceived intensity of stimuli.
The apparatus operates in feed-forward. Different pressing forces
and fingertip stiffness can cause variable force output between
individuals and trials. Second, the force generation model did not
consider sliding velocity. We used a data-driven force-phase model,
measured with a static finger. Fast and slow-moving fingers may
result in different actual force output. These limitations could be
addressed by incorporating closed-loop control to monitor and
adjust force output.

Furthermore, future work could be extended to the following
directions:
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Expanding interaction modalities. Future work could explore
more interaction modalities using potential fields, such as improv-
ing Steering Law tasks or guiding users along curved paths without
visual feedback.

Broader application design. More potential fields could be
tailored to specific applications, such as rendering racetrack lanes in
racing games, creating tactile chessboard grids, or adding periodic
potential wells that fit bookmark bars of a computer or fit contents
to be scrolled on touchscreens.

Two-dimensional active force feedback SHD. To date, only
one-dimensional active force feedback SHDs are documented in the
literature. This work reveals the pressing need for two-dimensional
active force SHDs that generates lateral forces in any direction
on a surface. The demonstrated benefits of the potential field ap-
proach in this paper could be directly extended to two-dimensional
applications.

9 Conclusion

We created artificial potential fields on the fingertip by dynamically
adjusting the traveling wave ratio in an active force SHD. These
potentials significantly enhanced touch interaction in three tasks:
(1) perception of bumps and holes, (2) Fitts’ pointing tasks, and (3)
directional navigation. User studies qualitatively demonstrated that
the generated potential fields effectively convey both the height
and depth of the fields and guide the finger toward targets.

We designed three applications to showcase the versatility of
potential field design. These applications leverage the strengths of
the aforementioned qualitative studies. User feedback confirmed
that these applications are well-suited for incorporating these haptic
renderings. Our findings highlight that rendering potential fields by
controling traveling waves is an effective way to guide bare finger
interactions with touch alone. This capability is only possible with
active force feedback and cannot be replicated with vibrotactile
or friction modulation techniques. This research underscores the
promise of artificial potential field rendering to enhance touch
interactions and provide diverse and immersive tactile experiences.
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