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Abstract—Active surface haptic devices can guide users by
pushing and pulling their fingers. These devices generate active
forces directly on the fingertip using resonant traveling waves.
Modulating the amplitude of the wave and its direction allows
fine control over the force applied to the fingertip, which in turn
can be used to create compelling tactile sensations such as elastic
potential fields that attract or repel the finger and emulate the
feel of curved surfaces. However, existing designs are bulky, with
ring-shaped cavities unsuitable for thin consumer electronics. This
paper introduces flatLoop, a compact surface haptic device with
a height of just 5 mm. It uses a planar aluminum structure with
two straight and two curved beams along which flexural waves
travel. The thickness of the curved beams varies, steering the wave
propagation around corners. Experimental results demonstrate
that flatLoop generates uniform traveling waves and produces
lateral forces of up to 0.3 N on an 80 × 30 mm² flat surface. This
innovative design can deliver rich tactile effects in a compact
form, ideal for applications like rendering a flat keyboard where
users can feel the shape of keys. This design can facilitate the
integration of technology into consumer electronics.

Index Terms—Surface haptics, active force feedback, ultrasonic
vibration, traveling waves

I. INTRODUCTION

Since the adoption of touchpads and touchscreens in
consumer-electronics, there has been a drive to provide realistic
haptic feedback on flat surfaces. While vibrotactile devices
are the leading approach, surface haptics has been gaining
popularity because these devices let users feel rich tactile
feedback during bare finger interactions by modulating the
interaction force. The force modulation is typically achieved
by varying the friction force via ultrasonic bending waves [1],
[2] or electroadhesive attraction [3], [4], enabling the creation
of shape illusions [5] or frictional textures for guiding users
to specific targets [6], [7]. However, while changing friction
produces a salient sensation, it is only effective when the
finger is sliding on the surface and little tactile sensation can
be created on static fingers. Moreover, because the feedback
is passive, the modulated force is always collinear with the
direction of movement, and thus not able to effectively guide
the user to an arbitrary target. These limitations have been
overcome by a new class of surface haptic devices generating
active lateral forces on sliding or stationary fingers. With
active forces, users can be attracted or repelled from specific
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points. By modulating the force according to finger position
or velocity, active force feedback provides tactile guidance or
rendering, including navigation through directional cues [8],
contour following [9], simulation of button clicks [10]–[12],
or creating ”potential fields” on a surface [13]–[15].

Several techniques can generate active forces. The oldest uses
asymmetric friction, where the friction of a laterally oscillating
surface is changed synchronously to induce a high friction
state when the plate moves forward and a low friction state
when it moves back [9], [14], [16], [17]. While effective, these
systems are often noisy [9], [16] and complex to control [14],
[17]. A more recent approach uses ultrasonic flexural traveling
waves. When the beam is excited by flexural waves, the surface
of the beam follows an elliptical trajectory. This elliptical
motion is non-linearly interacting with any object in contact,
including skin, creating a net force. The active force is however
noticeable only if the wave has a large enough amplitude, on
the micrometer scale. To create traveling waves with sufficient
amplitude, one can use powerful actuators to vibrate the beam,
but the method achieves a small amplitude-to-input power
ratio, with energy efficiency often below 1% [18]. Instead,
it is possible to use resonance to produce traveling waves.
To achieve resonance, we can remember that every traveling
wave can be decomposed into two standing waves with a
quarter wavelength shift. If these standing waves can be made
resonant at the same frequency, they form frequency-degenerate
modes and produce a resonating traveling wave with a large
amplitude compared to the input; for example, circular-ring
traveling-wave ultrasonic motors can reach around 30% energy
conversion efficiency [19]. A circular ring used in traveling-
wave ultrasonic motors [20], has been used to produce strong
active forces on human fingertips [21] and deliver haptic effects
such as button clicks [22]. However, their hollow and non-flat
shapes are not suitable for touch applications. Another type of
structure involves an oblong ring-shaped cavity, as used in a
haptic device, the Ultraloop [10]. This structure consists of two
straight beams and two semicircular beams, allowing bending
waves to propagate along its centerline. The Ultraloop can
generate uniform lateral forces on a flat surface and produce
tactile effects such as button clicks [10], 3D shapes [15] and
viscous damping [23].

Despite its advantages, the Ultraloop is cumbersome. Its
height is twice the radius (2R), or 100 mm in its current
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Fig. 1. The flatLoop is a low-profile haptic display that uses flexural traveling
waves to provide active force feedback on a bare finger. The inset illustrates a
comparison of the dimensions between the Ultraloop and the flatLoop.

configuration. While reducing the radius R could lower the
height, the intrinsic 2R dimension remains significant, making
it ill-suited for integration into most touch-enabled devices,
such as touchpads, car dashboards, and display screens in
educational or museum settings, which are flat and thin.

In this work, we propose a low-profile design, the flatLoop
(Fig. 1), which can support degenerate modes on a flat
configuration, reducing the height of the device to that of
the thickness of the beam. The design uses the same modes
along the centerline as the Ultraloop. However, the planar
arrangement includes two curved parts, similar to a running
track. These curved parts introduce distortions in the bending
wave propagation since the inside of the curve is shorter
than its outside. Consequently, to have the same number of
wavelengths, the speed of the wave should be higher in the
outside. Failing to take the difference in length into account
causes the nodal lines in the straight part to be tilted and force
generation becomes non-uniform. To address this issue, we
employ a variable thickness profile at the curved parts where
the thickness follows a power-law function of the radius. This
design leads to collinear propagation of the traveling waves in
the straight part and uniform force generation. We show how
this device can be used by demonstrating a proof-of-concept
haptic keyboard, showcasing the potential of the flatLoop for
practical applications in touch-based interfaces.

II. LOW-PROFILE DESIGN OF A TRAVELING WAVE
STRUCTURE

A. Orthogonal Degenerate Modes

Previous devices used an oblong ring-type structure excited
by two orthogonal modes at the same frequency to create
a flexural traveling wave [10], [24]. This type of structure,
formed by two straight beams of length L connected by two
semicircular segments with a radius R, can be used as a
surface haptic device, such as the Ultraloop [10] , or as an
acoustic levitation transportation system [24]. To achieve a
sufficient amplitude with regular piezoelectric elements, this
structure leverages resonance of both modes having an identical
resonant frequency. Such distinct vibration modes that share an
identical resonant frequency are known as degenerate modes.

a b

symmetric mode
asymmetric mode
centerline
x

Fig. 2. (a) The oblong centerline of the Ultraloop has two orthogonal degenerate
modes of the 24th order. (b) The flatLoop uses the same centerline as the
Ultraloop but features transverse vibrations orthogonal to the centerline’s plane.

Fig. 3. FEM simulation of the 24th bending mode shape of the flatLoop with
a uniform thickness of 2.75 mm. The difference in the curve length results in
26 wavelengths along the outer circumference and 22 wavelengths along the
inner circumference.

This condition of degeneracy arises only for specific length-
to-radius (L/R) ratios. The geometrical criteria for achieving
such frequency degeneracy have been discussed in [10], [25],
[26]. The flatLoop design revolves around the same oblong
centerline loop as our original Ultraloop. Below, we briefly
review the analytical model for finding resonances and mode
shapes with a given oblong structure.

We define a Cartesian coordinate system and a polar
coordinate system for the straight and curved sections re-
spectively (Fig. 2a). The transverse displacements of the
straight and curved parts are denoted as νs and νc . We
assume that the form of displacements can be separated into
a spatial component (i.e. the mode shape), which depends on
coordinate x and θ, and a harmonic component of time t. Thus
displacements are expressed as νs(x, t) = Vs(x) sin(ωt) and
νc(θ, t) = Vc(θ) sin(ωt), where ω is the angular frequency.

We now consider bending modes with trigonometric forms,
i.e. ± sin and ± cos along the centerline, and are expressed as:

• Symmetric mode: {Vs, Vc} = {As cos ksx,Ac cos kcθ}
• Asymmetric mode: {Vs, Vc} = {As sin ksx,Ac sin kcθ}
where ks is the wave number (with unit in meters) for the

straight parts and kc is the wave number (with units in radians)
for the curved parts, and As and Ac are the amplitudes of
the transverse displacements in the straight and curved parts
respectively.

Using the Euler-Bernoulli beam assumption and Hamilton’s
principle, the dispersion relations coupling ks, kc , and ω are
derived as follows:

k4s − αsk
2
sω

2 − γsω
2 = 0 (1)

ω2(γck
4
c −2γck

2
c +αck

2
c +αc+γc)−k6c +2k4c −k2c = 0 (2)
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Fig. 4. (a) Top view of the curved segment. (b) Cross-section of the curved bend with variable thickness. (c) The flatLoop design includes two straight beams
as the touch surface, two curved bends with variable thicknesses, and four transition sections connecting the curved bends to the straight beams.

where αs = ρ/E, γs = (ρA)/(EI), αc = (ρAR4)/(EI)
and γc = (ρR2)/E. Here, ρ is the material density, E is the
Young’s modulus, A is the cross-sectional area, and I is the
second moment of area.

For the symmetric mode, the boundary conditions ensuring
continuity of displacement and rotation between the straight
and curved segments are:

As cos

(
ks

L

2

)
= Ac cos

(
−kc

π

2

)
(3)

−Asks sin

(
ks

L

2

)
= −Ackc

R
sin

(
−kc

π

2

)
(4)

Now Eq. 1, 2, 3, and 4 form a set of coupled equations with
four unknowns ks, kc, ω and the amplitude ratio Γ = As/Ac.
These unknowns, which fully define the symmetric mode shape,
can be solved numerically for any given geometry (defined by
L, R and h). Similarly, the asymmetric mode shape can be
solved using its boundary conditions.

Only at specific discrete L/R ratios, the natural frequencies
of symmetric and asymmetric modes coincide. By plotting the
ωsym. and ωasym. as functions of L/R, configurations with
degenerate modes can be identified at their intersection points.

B. Variable Thickness Design

The flatLoop adopts the same oblong centerline as the
Ultraloop, with the length L being 140 mm and the radius R
being 50 mm. Reusing the configuration of this L and R ensures
that all the degenerate modes found valid for the Ultraloop
are also present in the flatLoop. However, unlike the Ultraloop
(Fig. 2a), the flexural waves in flatLoop are orthogonal to the
plane of the centerline (Fig. 2b), creating a planar structure
excited by flexural waves. A crude solution to the design of the
flatLoop is expanding the oblong centerline in the x-y plane by
30 mm and then extruding the planar shape by 2.75 mm, which
matches the width and thickness of the Ultraloop, respectively.
However, this uniform-thickness design introduces disparities
in the lengths of the wave paths along the inner and outer
bends of the curved segments. As shown by finite element
method (FEM) simulations in an eigenfrequency study using
COMSOL Multiphysics (Fig. 3), the outer bend accommodates
more waves than the inner bend. This discrepancy results in
tilted nodal lines in straight sections, which challenges the
placement of piezoelectric actuators and the uniformity of
force generation.

To address this issue, we explored how a variable thickness
profile for the curved segments can modulate the wave speed
and ultimately achieve aligned nodal lines in the straight part.
The idea of the design is to make the flexural waves along the
inner and outer bends arrive simultaneously at the end of the
curved segment. As illustrated in Fig. 4a, for a point P (r, θ)
in polar coordinates on the curved segment, the wave equality
condition means the number of waves along different paths in
the curved bend should be constant, expressed as πrk = C1,
where k is the local wavenumber at the point P with a local
thickness h, and C1 is a constant. The local wavenumber k
is determined by the geometry and material properties, and
can be approximated using the dispersion equation from Euler-
Bernoulli beam theory:

k4 = ω2 ρA

EI
(5)

Considering a rectangular cross-section, I = bh3/12 and A =
bh, and substituting these expressions into the equation gives:

k4 = ω2 12ρ

Eh2
(6)

Assuming ω, E, and ρ are invariant, substituting Eq. 6 into
the condition for wave equality gives

h

r2
= C2 (7)

Assuming the thickness in the centerline of the curved segments
is h0, we have C2 = h0/R

2. This yields a quadratic thickness
profile for the curved segment (Fig. 4b)

h(r) = h0(
r

R
)2 (8)

To connect the variable thickness curved bend to the uniform
thickness straight part, we use a 30-mm long transition part to
linearly transfer the cross-sections (Fig. 4c). FEM simulations
were performed to evaluate this design. We observed that the
outer bend still had more waves than the inner bend (Fig. 5b),
indicating that the quadratic profile was insufficient to fully
equalize the wave numbers. This discrepancy is likely due to
approximations in the dispersion equation Eq. 5.

To address this, the quadratic thickness equation was
modified to include a variable power m:

h(r) = h0

( r

R

)m

(9)
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Fig. 5. (a) FEM simulation of the 24th bending mode shape of the flatLoop with a power-law thickness profile in the bends, h0(
r
R
)m, where m = 2, 2.4, and

2.8. For m = 2, the outer circumference exhibits more wavelengths than the inner circumference. Conversely, for m = 2.8, the outer circumference has fewer
wavelengths. For m = 2.4, waves are distributed evenly in the straight parts. (b) Uniformity of wave distribution in the straight parts as a function of the
power m.

We explored the effect of the power m using FEM to conduct
an eigen-frequency study in which the power m ranged from
2.0≤ m ≤2.8 with steps of 0.1. The uniformity in the mode
shape, defined as the ratio between the minimum amplitude
and the maximum amplitude along the antinodal lines in the
straight parts, was evaluated as a function of m, as shown
in Fig. 5a. The value of m = 2.4 was found to equalize the
number of waves across the curved segments and produce
parallel nodal lines on the straight segments (Fig. 5b). This
optimized thickness profile was subsequently selected for the
physical prototype.

C. Manufacturing and Validation of the Mode Shapes

The flatLoop was fabricated from aluminum 5052 (E =
69 GPa and ρ = 2680 kg/m3) using CNC machining. Six
piezoceramic plates (SMPL25W5T30311, Steiner & Martins
Inc.), measuring 25×5×0.3 mm, were glued to one of the
straight section of the flatLoop using epoxy adhesive (DP490,
3M). They were arranged in two sets of three: one set on the
top surface and the other on the bottom. The piezoceramic
elements were spaced one wavelength apart within each set,
with the two sets offset by one-quarter wavelength. Each set
was connected to an ultrasonic signal source, amplified by a
20× amplifier (PD200, PiezoDrive Inc.). The opposite side of
the loop is used as the touch surface, providing a flat interaction
area of 80×30 mm2.

To validate our design, we measured the vibration using a
laser Doppler vibrometer (OFV-503 and OFV-5000, Polytec)
with a custom scanning attachment. The frequency response
of the symmetric and asymmetric modes were obtained by
scanning the frequency around the resonance and measuring
vibrations at the antinodes of each mode. The frequency sweep
signal was generated by a data acquisition board (USB-6351,
National Instruments). The resonant frequencies of the two
degenerate modes were closely spaced at 38,601 Hz and
38,596 Hz, as shown in Fig. 6a. Because both modes are
close, we set the working frequency as the average which
was sufficient to excite traveling waves with a high vibration
amplitude.

The symmetric and asymmetric mode shapes were further
characterized by scanning the 80×30 mm2 touch surface with
an 1×1 mm2 grid. These mode shapes were orthogonal (Fig. 6b
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Fig. 6. (a) Experimental frequency response of the two frequency-degenerate
modes. (b) Normalized colormaps of the mode shapes of symmetric mode,
asymmetric mode, and the resulting traveling wave mode.

and c), although some modal lines appeared distorted. These
distortions may be attributed to manufacturing imperfections
or the influence of transition parts, which requires further
investigation.

A traveling wave pattern can be observed by superimposing
these two degenerate modes with a 90-degree temporal phase
shift, see Fig. 6d, although several nodal regions are still visible.

III. CHARACTERIZATION OF FORCE GENERATION

The main performance metric of these devices is how salient
the sensation is. To quantify the saliency, which is linked to the
strength of the stimulus, we measured the net lateral force on a
stationary human finger under varying normal forces and phase
shifts. Additional measurements were conducted on a sliding
finger to evaluate force behavior during dynamic interaction.

A. Force Measurement Setup and Force Generation

The flatLoop was supported by four 3D printed PLA fixtures
attached to its curved segments. These fixtures were mounted
on a 250 mm×70 mm PMMA plate, which was fastened to a
6-axis force/torque sensor (HEX32, ReSense). A 3D-printed
finger holder fixed to a grounded structure constrained the
finger movement in the lateral direction, similar to the one
used in [10]. This setup enabled the force sensor to measure
the net lateral force exerted on the stationary finger.

During the measurements, the experimenter placed his
index finger in the holder and maintained a normal force
of approximately 1 N with visual feedback from real-time
force value. The phase shift of the driving signal was then
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Fig. 7. (a) Net lateral force measured at x = 30 mm on a stationary finger
when the phase shift was abruptly switched from 0◦ to 90 ◦. The curves
are aligned to the moment of phase switching. The rise time tr = 0.12 s.
The shaded area represents the standard deviation. (b) Net lateral force as a
function of the normal force.

abruptly switched from 0◦ to 90◦, while the voltage sent to the
piezoelectric actuators remained constant at ±3 V × 20. This
driving voltage produced a vibration amplitude of ± 2.3 µm
for traveling waves when there is no finger in contact. The net
lateral force was calculated as the change in force when the
phase shift was switched to 90◦. The averaged lateral force
across 18 trials was measured as 0.31 N (Fig. 7a).

B. Lateral Force versus Normal Force

To study the effect of normal force on the lateral force
generation, we measured the lateral force under varying normal
forces of 0.2, 0.5, 0.9, 1.1, 1.6, and 2.2 N at x = 30 mm on
the touch surface. Each normal force condition was tested in
three trials, with each trial comprising eight times of phase
switches from 0◦ to 90◦. As shown in Fig. 7b, the lateral
force increased approximately linearly with normal force for
FN ≤ 1.1 N. However, at higher normal forces (FN = 1.6 N
and 2.2 N), the lateral force decreased, which is likely due to
damped vibrations by the finger. These results suggest that for
optimal tactile feedback on traveling wave devices, the applied
normal force should remain within an appropriate range, ideally
not exceeding 1 N, and these devices should also compensate
for the damped vibrations to provide a stable force generation.

C. Lateral Force versus Phase Shift

The lateral force at x = 30 mm was measured under varying
phase shifts between two standing waves, with the normal force
maintained at 1 N. Each phase shift in the range of 0◦ to 360◦

with an increment of 10◦ was measured nine times. As shown
in Fig. 8, the lateral force exhibits a sinusoidal relationship with
phase shift, reaching a maximum rightward force of 0.3 N at
90◦ and a maximum leftward force of 0.2 N at 270◦. The lateral
force was near zero at 0◦ and 180◦. This sinusoidal force-phase
trend is consistent with previous observations on the Ultraloop.
The observed asymmetry between force magnitudes at 90◦ and
270◦ may result from the non-uniform mode shape at these
phase shifts, as seen in Fig. 6b.

D. Lateral Force versus Sliding Direction

Lateral force generation is typically evaluated on a stationary
fingertip. However, sliding gestures are common in touchpad
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Fig. 8. Lateral force as a function of phase shift ∆ϕ with each condition
repeated nine times. Error bars represent the standard deviation.
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Fig. 9. Symmetric resistance was observed in (a) under a standing wave
condition. In contrast, in (b) and (c), higher resistance is observed when the
finger slides against the particle motion, compared to when the finger slides
in the direction of particle motions. The shaded areas represent the average
positive (blue) and negative (orange) forces.

or touchscreen interactions. In this experiment, we measured
the lateral force when a finger is sliding in and against the
traveling wave direction. After training, the experimenter could
slide the index finger back and forth at a relatively constant
speed while maintaining a normal force of ≈1 N. The sliding
was repeated eight times. The phase conditions in these trials
were 0◦, 90◦ or 270◦.

At a 0◦ phase shift, the flatLoop generates standing waves.
The lateral force was roughly symmetric between both sliding
directions, with the average positive force being 0.17 N, and
the average negative force being 0.15 N, see Fig. 9a. This
symmetry indicates that no net lateral force was produced
under these conditions. Instead, the fingertip experienced only
sliding friction opposing the motion.

At a 90◦ phase shift, where the traveling waves propagate
clockwise, the surface generates rightward lateral forces on
a stationary finger. However, when the finger is sliding, it
encounters resistance in both sliding directions, as shown in
Fig. 9b. Notably, when sliding against the net force direction,
a higher resistance force is observed, with an average force of
0.38 N compared to 0.165 N when sliding back. Similarly, at
a 270◦ phase shift, the observed asymmetry reversed (Fig. 9c).
These observations suggest that the active lateral forces might
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only generate a ”pushing” effect on a static or a slow-moving
finger. When a finger slides in the direction of the surface
particle motion but at a speed exceeding the particle velocity,
the global force is still resistive and not propulsive, contrary
to the behavior observed with a static finger.

IV. DEMONSTRATION: A HAPTIC KEYBOARD

Active haptic devices can effectively provide force feedback
on users and can be used to construct artificial potential fields
or guide users’ limb in virtual or remote environments [27],
[28]. However, the application of potential field rendering for
fingertip guidance remains limited in human-computer inter-
action applications [9]. Here, we designed a haptic keyboard
application using the flatLoop to demonstrate the practicality
of our device in real-world scenarios. The haptic keyboard
aims to restore the tangibility of physical keys by generating
attractive potential wells aligned with the keyboard layout.
Fig. 10a illustrates the interactive user interface displayed on a
screen, programmed by Python, which consists of three rows
of keys arranged in the standard ”QWERTY” configuration.
Each key is represented by an individual Gaussian potential
well, and the corresponding local force field is derived as
the negative gradient of the potential field (Fig. 10b). As a
user’s finger slides over the touch surface, a position sensor
(Neonode, NNAMC1580PCEV) located above the surface
tracks the finger’s x and y coordinates. The position data is
transmitted to a microcontroller (Teensy 3.6), which modulates
the amplitude and phase of the ultrasonic driving signals to
produce the desired lateral forces. These potential fields could
help users to navigate over the keys, enabling faster and easier
typing.

To evaluate the system, we recorded the lateral forces
generated as a finger slid across the center row of the keyboard
6 times. Fig. 10c shows the measured force as a function of
position. The integration of the averaged force curve reveals
distinct potential wells aligned with keys ”F,” ”G,” and ”H”
(Fig. 10c), aligning with the proposed tactile experience.

V. DISCUSSIONS AND CONCLUSIONS

We designed a low-profile active surface haptic device that
uses resonant traveling waves. The cross-section follows a
power-law with a power of 2.4, which was determined by
analytical model and FEM simulations, leading to even wave
distribution. Our design achieves comparable performance to
the original device, the Ultraloop, while significantly reducing
its height. The flatLoop generated 3.58 µm/100 V versus
3.73 µm /100 V in the Ultraloop, and a maximum force of
0.31 N vs. 0.3 N when the normal force is 1 N. The current
design reduces the height from 100 mm to 5 mm by using a
planar configuration, as seen by a side-by-side comparison of
dimensions in the inset in Fig. 1.

One limitation of the prototype is that the observed nodal
lines in the straight parts are not fully parallel compared to
FEM simulations, resulting in less uniform wave distribution
and uneven force production. This discrepancy may arise
from imprecision in the CNC machining process, mechanical
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Fig. 10. Demonstration of a haptic keyboard. (a) The user interface displayed
on an external screen. Users can interact with the interface by sliding on the
flatLoop. (b) Visualization of the desired force fields within the dashed circle.
(c) The lateral force measured on a slowly sliding finger across the centerline
in the dashed circle area. The graph below shows the calculated potential
values derived as the integral of the lateral force. The shaded area represents
the standard deviation.

interference introduced by the added piezoceramic plates, or the
potential suboptimal selection of m = 2.4 based on FEM results.
Refining the mode shape through further investigation of the
power parameter of m may improve uniformity. Additionally,
the effect of uneven force production can be mitigated in real
applications by tuning the actuation level to normalize local
vibration amplitudes.

Another limitation is the absence of an explicit force
production model that accounts for sliding velocity and the
geometry of the elliptical trajectory. Our experiments measured
the forces during sliding against and along the wave propagation
direction. The variation in force of these two cases supports
the model proposed by Ghenna et al., who measured the
lateral force in a surface haptic device with elliptical surface
motions [8]. Future studies should investigate force production
as a function of sliding velocity and the potential field rendering
can consider the velocity as an input, which currently depends
solely on position.

In conclusion, we introduced the flatLoop, a low-profile
active force feedback device with a height of 5 mm, designed
for potential field rendering. The flatLoop features a touch
surface of 80×30 mm2 and generates a maximum lateral force
of 0.31 N, comparable to the Ultraloop while offering improved
usability due to its compact size. This innovation makes
it suitable for integration into devices such as information
terminals and car dashboards. Future work should focus
on modeling and optimizing the transition region to further
increase the area of the touch surface and conducting user
studies to evaluate 2D potential field rendering.
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