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Abstract— In this paper we introduce a novel contact-free
volumetric haptic feedback device. A symmetric electromagnet
is used in combination with a dipole magnet model and a
simple control law to deliver dynamically adjustable forces
onto a hand-held tool. The tool only requires an embedded
permanent magnet and thus can be entirely untethered. The
force, however, while contact-free, remains grounded via the
spherical electromagnet and relatively large forces (1N at
contact) can be felt by the user. The device is capable of
rendering both attracting and repulsive forces in a thin shell
around the electromagnet. We report findings from a user
experiment with 6 participants, characterizing force delivery
aspects and perceived precision of our system. We found that
users can discern at least 25 locations for repulsive forces.

I. INTRODUCTION

Many emerging computing paradigms such as virtual
and augmented reality (VR/AR) rely on haptic feedback
as an additional information channel to improve the user
experience. For example, in VR, haptic feedback increases
the sense of presence and immersion by rendering collisions,
shapes, and forces between the user and virtual objects.

Existing approaches either rely on vibro-tactile actuators
that are embedded into handheld controllers, displays or
worn on the body. Such actuators can only render coarse,
non-localized haptic sensations. More complex setups such
as articulated arms and exoskeletons can render both large-
force haptic feedback and can operate in three-dimensional
space, but typically require force anchoring in the environ-
ment and require complex, and often bulky mechanisms,
which prevents walk-up-and-use scenarios, thus hindering
user uptake.

To address this challenge, we propose an approach to
deliver contact-free, volumetric haptic feedback via an omni-
directional electromagnet. The device consists of a single 60
mm diameter spherical electromagnet and can render attrac-
tive and repulsive forces onto permanent magnets embedded
in pointing tools such as a stylus or magnets directly worn
on the user’s fingertip. Leveraging a dipole-dipole approxi-
mation of the electromagnet-magnet interaction, our system
is capable of calculating and controlling the forces exerted
onto the permanent magnet in real-time while dynamically
adjusting the force that is perceived by the user. The system
can deliver perceptible forces up to 1N in a thin volume
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Fig. 1. We introduce a novel contact-free mechanism to render haptic
feedback onto a tracked stylus via a hemispherical electromagnet. An
approximate model of the magnet interaction and a computationally efficient
control strategy allow for the dynamic rendering of attracting and repulsive
forces, for example, allowing users to explore virtual surfaces in a thin shell
surrounding the device (inset).

above the surface. Furthermore we demonstrate that users
can distinguish at least 25 different set-points separated by
18◦ on the surface of the sphere.

To demonstrate the efficacy of our approach we designed
a functional prototype comprising of an iron core and three
custom wound copper coils. The electromagnet is encased
in a plastic dome upon which tools can come into contact
and move about its surface (see Figure 1). The prototypical
system can render radial (along the vector from the magnet
to the tool) and tangential forces, both in the attractive and
repulsive polarity. The system can furthermore dynamically
adjust the opening angle and steepness of the electromagnetic
potential to gently guide the user towards a desired set-point
in the thin volume above the device.

Modulating the magnetic field as a function of tool posi-
tion opens the door to many different interactive applications.
In a virtual terrain exploration, the tool can be repelled
when moved along mountains and attracted to valleys while
descending (see Figure 1, inset). As another example, the
sensation of stirring a viscous liquid may be created by
emulating the drag of the fluid on the tool. To enable
these interactive experiences, our device builds on three key
components that represent our contributions in this work:

• A computational model based on magnetic dipole-
dipole interaction to produce force maps that allow for
designing and generating location-dependent feedback,

• The design and implementation of a 3 degree-of-



freedom (DoF) spherical electromagnet prototype,
• A control strategy that translates desired high-level

forces into low-level input signals (currents/voltages)
for the coils, fast enough for interactive use.

To assess the efficacy of the proposed design we character-
ize the system properties experimentally and report findings
from a perceptual study which explores the thresholds for
perception and localization capabilities of the electromag-
netic actuation approach. Results from these early user tests
indicate that users can perceive at least 25 different spatial
locations with high precision.

A. Related work

VR and wearable computing have seen rapid adaptation of
haptics in recent years. Many such systems leverage vibro-
tactile actuators for feedback. These are often embedded
into hand-held controllers (e.g., HTC Vive), directly into
displays [1] or are worn on the body [2], [3]. Vibro-tactile
actuation however can only render coarse, non-localized
sensation. More complex setups often involving articulated
arms or external braking mechanisms [4]–[8] can reproduce
higher fidelity haptics and render both tactile and kinesthetic
feedback. Similarly, exoskeletons and gloves [9]–[11], or tilt
platforms [12], [13] can produce large forces. These type of
grounded approaches however require anchoring of the force
in the environment requiring complex mechanical structures
and adding bulk. As a result, they are mostly limited to use in
high-end niches such as robotic surgery and tele-operation.

Recently much work has focused on providing rich, yet
contact free haptic feedback, overcoming the need for ex-
pensive and complex robotic-arm like elements [14]. Many
different actuation principles have been explored, including
active motion control of the tip of a hand-held stylus [15],
ultra-sound pressure waves [16], and even drone-based deliv-
ery of haptics [17]. However, by far the most practical way
to provide contact-free haptics is via the use of magnetism.
In the simplest case this can be achieved via integration
of passive magnets into interactive objects, for example via
3D printing [18], [19], sometimes such approaches can be
combined with sensing capabilities [20]. However, relying
on permanent magnets does not allow any dynamic control
over the perceived forces.

Electromagnets (EM) allow for computational control of
the forces (and sometimes torques) and have been used to
create planar EM arrays to interactively attract or repulse
magnets embedded into styluses or directly worn on the
user’s finger [21]–[26]. Electromagnetism has also been
exploited to deliver contact-free vibration onto a magnet in
a 3D pointing device [27]. Moreover, leveraging the Lorentz
force to actuate a coil between two permanent magnets can
deliver precise and large mechanically grounded forces onto
a joystick [28]. However, range-of-motion is limited and
the handheld grip has to be mechanically connected to the
powered coil, rendering contact-free haptics infeasible.

Possibly the closest related work to ours are the Omni-
magnet by Petruska et al. [29] and its variants [30]. Like
ours, the system generates an omni-directional magnetic field

in the surroundings of the actuator. However, the design is
composed of 2-3 nested cuboid coils, which causes rapid
force decay as the user moves along the surface of the device.
Furthermore, the construction complicates heat dissipation
and thus limits the maximal strength and duration of gen-
erated forces [31], making it most suitable for rendering of
vibrotactile stimuli onto a stylus in a fixed position [32].
Furthermore, these devices rely on a cubical design. That
means the center-to-center distance (d) between the two
magnets inevitably must vary as the user explores the surface.
This translates into high variance of the forces due to the
quartic decay with distance (i.e., F ∝ 1/d4). Our design is
spherical, symmetric and, to the best of our knowledge, for
the first time demonstrates rendering of symmetric, contact-
free continuous forces inside a partial spherical shell, of
±60◦. We also propose a control algorithm that allows for
dynamic shaping of the perceived force depending on the
hand-held tool’s position in 3D space.

II. SYSTEM DESCRIPTION

We introduce a haptic feedback system that enables dy-
namic interactions with virtual surfaces through an unteth-
ered, contact-free tool. Our device is a hemispherical shell.
The core consists of three coils with mutually orthogonal
axes. By controlling the current flow through the coils, we
are able to shape the magnetic field around the device. This,
in turn, enables the device to exert controlled electromagnetic
forces on the permanent magnet located inside a hand-
held tool such as a stylus. Despite being contact-free, the
forces perceived by the user are ultimately grounded to the
support onto which the device is mounted, allowing for
comparatively strong feedback.

We now detail the main components that make up our
contribution: 1) a computational model of the electromagnet-
magnet interactions; 2) the prototypical hardware design and
3) a real-time control algorithm.

A. Haptic force mapping

To enable the envisioned interactive experiences, we must
be able to dynamically adjust the haptic feedback. We there-
fore require a model for the magnetic interaction between
device and tool that is 1) precise enough to predict forces
with sufficient accuracy and 2) fast enough to run at the
feedback rates required for haptic interaction.

Computing the magnetic field around, and resulting inter-
action between, arbitrarily-shaped objects is a challenging
and computationally expensive task. However, even though
the magnetic field can be very complex in the direct vicinity
of an object, this complexity rapidly decays with increasing
distance and approaches a simple dipole field. This fact
has been exploited in previous work to construct fast, ap-
proximate models based on dipole-dipole interaction [33].
Instead of solving the Maxwell equations on a discretization
of ambient space, this approximate model only requires the
magnitude and orientation of the magnetic moment of each
dipole, leading to drastically reduced computation times.



Fig. 2. Schematic of the main quantities necessary to compute desired radial
and tangential forces (a). Insets show: force map of a permanent magnet (b).
Adjustable force map generated by our approach (c). Here r0 = dminez,
θ1 = π/10 and θ2 = 3π/10. Example virtual surface that can be felt by
the user (d).

In adopting this approach, we model both the electromag-
net of the device and the tool as a single dipole (see Figure
2.a). Let mp,me ∈ R3 denote the magnetic moments of the
permanent magnet in the tool and the electromagnet in the
device, respectively. The force exerted on the tool, expressed
in local coordinates, are obtained as:

Fr = −3µ0 me mp

2π d4
cos(α) er , (1)

Ft = −3µ0 me mp

4π d4
sin(α) et , (2)

where me = |me|, mp = |mp|. In the above expression,
Fr is the force in the radial direction rp = d er from the
center of the device to the tool. Likewise, Ft is the force
in the tangential direction et that tends to align the location
of the two dipoles along er. Assuming that the tool is in
contact with the shell, both force components depend only
on the relative angle α between the dipoles. Furthermore,
Fr and Ft are attractive (negative) when the two dipoles
have the same sign and α < π/2. Conversely, the forces
become repulsive (positive) when the dipoles have opposite
orientations (see Figure 2.a).

The interaction forces decay quickly, as 1/d4, with
increasing magnet-magnet distance. The maximum force
Fr,max is obtained when the tool is in contact with the device
(d = dmin). In our case, dmin = 50 mm, since the outer case
radius is 30 mm and inside the tool, the magnet center is 20
mm away from the tool tip. Our proposed geometry ensures
that the distance d will remain constant across the working
surface as long as the tool is kept in contact with the surface,
allowing for a much simpler control of the force. However, it
is worth noting that moving the tool 1cm away in the radial
direction makes the force fall to approximately Fr,max/2,
another extra centimeter results in a force Fr,max/4. This
rapid decay of the interaction forces can, to some extent, be
mitigated by increasing the intensity of the magnetic field.
However, to maintain power consumption and thermal effects

within reasonable bounds, we constrain our interactions to
a volumetric shell (dmin ≤ d . dmin + 2cm) above the
device’s surface.

Equations 1 and 2 also reveal the comparatively weak
variation of force magnitude with respect to angle that one
would expect when two magnets interact: switching from
attractive to repulsive forces requires a change in orientation
of α = π; see Figure 2.b. This weak force variation is
inherent to permanent magnets: whereas the far-field inter-
action is dominated by torque (which decays only as 1/d3),
the near-field force interaction is governed by the location
of the dipoles, not their orientation. In our setting, this
property would translate into weak angular resolution with
a permanent magnet. To address this problem, we introduce
the concept of a force map that uses magnetic pole trans-
formation to take advantage of the spherical symmetry and
that is compliant with the physics of the system. Our system
can generate force maps equivalent to multiple alternating
pole regions, having sharper repulsive domes and attractive
valleys. The force map is defined by four parameters:

• The center r0 of the potential. When rendering a
mountain-like dome, for instance, r0 is the summit.

• The height of the dome is measured as the maximum
magnetic moment intensity me0.

• The angle (θ1) (i.e., the location of the tool in polar
coordinates wrt to r0) where the radial force vanishes
for the first time. In our example, (θ1) is the angle from
the summit to the base.

• The cut-off angle θ2 after which the potential is set to
be zero. Having such a cut-off mechanism allows us to
control how many individual potentials can be combined
into one force map without mutual interference.

Figure 3 summarizes our algorithm to calculate the actu-
ation vector me given the tool position and force map as
input. For simplicity and efficiency, we perform the different
calculations in their natural coordinate system: the Cartesian
system r = [x, y, z], the spherical system relative to the
map’s center r0, and the spherical system centered around
the tool position rp.

The force calculation incorporates the angular scaling by
using (α 2θ1

π ) as argument for the trigonometric functions
in Equations 1 and 2. Note that if θ1 = π/2, we recover a
permanent magnet. In Figure 2.c, we show an example where
the center of the potential (red) is on the north pole of the
sphere, the first vanishing region (white) appears at 18◦ and
the forces are cut off at 54◦ (blue).

Using the algorithm described in Figure 3, we ob-
tain at each time step an actuation input me =
(me−x,me−y,me−z)

T given the tool position. Depending
on the requirements of the application, the potential parame-
ters (center position, intensity, angular variation, and cut-off)
may also change as a function of tool position. For example,
the force map for the terrain example can be dynamically
adapted to emulate changes in landscape over time.



Algorithm to calculate desired forces

% To compute me given the tool position and the force
map.

Function: calc Me (rp, r0,me0, θ1, θ2):
rp|r0 = Tr→r0 · rp
F|r0 = calc F (rp|r0 , r0,me0, θ1, θ2)
F = (Tr→r0)−1 · F|r0
F|rp = Tr→rp · F
me|rp = 4πd4

3µ0
[1, 1,−1/2] · F|rp

me = (Tr→rp)−1 ·me|rp
return me

% To compute the actuation force in the |r0 coordinates.
Function: calc F (rp|r0 , r0,me0, θ1, θ2):
Fr = 0
Ft = 0
if d < dmax and α < θ2 then
Fr = 2F0 cos(α

2θ1
π )

(
||r0||
||rp||

)4
Ft = F0 sin(α 2θ1

π )
(
||r0||
||rp||

)4
end if
F|r0 = [Fr, Ft, 0]
return F|r0

Fig. 3. Pseudo-code of our force calculation algorithm. Note that Tri→rj
is the rotation matrix that maps from coordinate system ri to rj , and that
Trj→ri = (Tri→rj )

−1 = (Tri→rj )
T .

B. Spherical electromagnetic actuator

Having laid out the computational model for generating
haptic feedback based on dipole interactions, we now de-
scribe hardware and implementation aspects for rendering
these forces on our device (Fig. 1).

Our device renders haptic forces by controlling the mag-
netic field generated by a spherical electromagnet. Compared
to other alternatives, this approach has several advantages.
First, there are no mechanically moving parts in the actuator,
reducing complexity and eliminating wear. Changing the
orientation of the resulting force on the tool is accomplished
by adapting the currents in each coil such as to rotate the
induced dipole in the core as desired; see also Figure 4. The
underlying physical principle is that, in the presence of linear
and isotropic materials, the magnetic field B(r) in any given
point r can be calculated as the sum over all contributions
of all magnetic sources [29]. Under this linearity property
of B, the magnetic field produced by the three orthogonal
coils is the superposition of the fields generated by each
coil individually. Finally, we insert a magnetic core with
isotropic (i.e., spherical) geometry and material at the center
of the coils and operate it in the linear regime (i.e, me <<
msaturation), linearity is maintained such that B(r) can be
computed by summing up each coil’s contributions.

In order for the previous statement to remain valid, two
assumptions have to be made. First, hysteresis effects can

Fig. 4. 3D cross-section of the proposed hardware setup. The device
measures 15 × 15 cm across the base. Three coils are placed, orthogonal
to each other and surrounding the iron core. Forces can be rendered onto
a permanent magnet moving above the device. Hall sensors are used for
calibration. A plastic cover isolates the coils from the user thermally and
electrically. Active cooling is provided via several fans mounted in the base.

be neglected: the lower the coercivity and remanence of
the core material, the lower the effect of past states of the
electromagnet on the current one. The second assumption is
that the distance d between dipoles is large enough such that
the core magnetization due to mp is small compared with
the effect of the coils. This will not be true if, for example,
the tool snaps to the sphere with no electrical current in
the coils. In our setting, however, a spherical cap around
the coils prevents too close approach of the tool and, at the
same time, provides the grounding required for generating
sufficiently strong interaction forces.

For the standard low-carbon steel core, we did not observe
any hysteresis effects for the update of me at 50 Hz refresh
rate. To avoid the undesired self-magnetization of the core
due to the tool, we tuned the size of the permanent magnet
and the coil parameters using FEM simulations, followed by
minor design adjustments informed by real-world test.

The design choices for the hardware of our prototype are
motivated by our goal to develop a device that is affordable
and easy to manufacture. In particular, we use off-the-
shelf electronic components but custom wound coils. FEM
simulations in Comsol Multiphysics are used to assist in the
exploration of the design space. In Figure 4 we show a 3D
CAD rendering of our device. The external dimensions are
150 mm by 150 mm by 95 mm. The structure is built out
of laser-cut acrylic glass and 3D-printed parts. The three or-
thogonal coils are arranged around the 30mm steel core. All
coils have a resistance of roughly 0.6Ω at room temperature.
We use the 12V line of a standard CPU power supply to
drive the coils, meaning a maximum electrical current of 24A
per coil at full strength. The electrical current in each coil is
controlled by a high-power motor driver (Pololu 18v17). The
PWM signals are generated by a 12-bit driver (PCA9685)
that allows for easy tuning of the carrier frequency and the
duty cycle with 12 bit resolution. To be able to accurately
control the electrical current and compensate for thermal
drifts, we use INA219 current sensors in each coil with
a 0.01Ω shunt resistor. Finally, an Arduino board creates
the bridge between the I2C components and the PC. The
hardware is completed by 9 hall sensors arranged co-linearly



Fig. 5. Schematic overview of the software pipeline. Given the desired force
map at time t, and the tool position provided by an external tracking system,
we calculate the input value me using the algorithm of Fig. 3. Then the
system inputs are computed Eq. 4, and finally a temperature compensation
step corrects the system inputs.

with the axes and diagonals of the coils. Six fan coolers
below the coils provide active cooling.

C. Control Strategy

The main objective of the actuator control loop is to
generate a stable and controllable force on the haptic tool.
Although the mathematical principles are straightforward,
the practical implementation poses some problems. Since the
magnetic field is directly proportional to the current (Fig. 7),
controlling the latter is sufficient to determine the state of the
system. If the resistance is known, controlling the voltage is
equivalent to controlling the current via Ohms law,

I = V/R , (3)

and the voltage in turn can be controlled via Pulse-Width
Modulation (PWM). Therefore the input to our system is
the PWM frequency. The complete control loop is shown
in Figure 5. However, significant heating occurs due to the
necessary power that in turn increases the resistance. There-
fore the PWM duty cycle (i.e., voltage) needs to be adjusted
to maintain a constant current. Measuring the current allows
to determine the resistance via inversion of Eq 3. A simple
controller then computes an input u ∈ [−1, 1] at time t,
corresponding to the PWM duty cycle. This depends on the
desired current in Ampere (I(s)t ), the resistance in Ohm (Rt)
and the maximum voltage in the system, V0 = 12:

ut =
I
(s)
t

V0
∗Rt , (4)

where I
(s)
t is based on the desired magnetization, me,

computed via the algorithm presented in Fig. 3 and can be
determined via Biot-Savart Law (adapted for our purpose):

I
(s)
t = c ∗ me ∗ µ0

2 ∗ π ∗ d3
, (5)

here c is a constant coming from a calibration procedure;
that, with the help of five hall sensors, maps input current to
me (Fig. 7). µ0 = 4 ∗ π ∗ 10−7 is the relative permeability
of air and d is the distance from the core to the hall sensors
used for calibration (0.055 meter). Due to the thermal effects
Rt however is not a constant, but depends on the measured

Fig. 6. Thermal characterization of one of the coils as function of time.
During the first 3 minutes the y-coil is driven with PWM=30%, and then
we let it cool over the remaining 3 minutes. Tin is calculated by taking the
thermally caused resistance variations into account while the current Iy is
‘on’, and Tout is measured.

current (I(m)
t ) computed and averaged over a sliding window:

Rt =
V0 ∗ 1

N

∑N
ut−i

1
N

∑N
I
(m)
t−i

. (6)

III. SYSTEM EVALUATION

One of the main physical limitations of EM-based systems
are thermal effects due to Joule heating, to obtain large forces
[31]. The temperature is directly proportional to the actuation
power (P ), and the thermal dissipation obtained by the active
and/or passive cooling. We evaluated the thermal behaviour
of our system for different power values. In this experiment,
we set the current to ‘on’ for three minutes and then let the
device cool down. Figure 6 shows data from the middle coil
actuated at PWM = 30%. Tout is the temperature measured
at the coil boundary, measured with a Dallas DS18B20
sensor. Tin is the average temperature of the copper wire
obtained via the variation in resistance. We also plot the
electrical current Iy that drops as the coil heats up and the
resistance increases. Note that no temperature compensation
was used for building these thermal calibration curves. Each
coil is able to accumulate some heat during the actuation
and continuously dissipates it by the forced air circulation.
Our system has a thermal time (τT ) in the order of minutes,
in which it reaches the asymptotic temperature. The average
power in the past τT seconds must be maintained within a
safe value Pave. Based on this plot, we choose Pave = 17W
per coil for our system. However, each coil can absorb peaks
up to 15 ∗ Pave for a few seconds.

Within this safe range, we calibrate the values of me for
each axis as a function of the current in each coil with the
hall sensors around the sphere (see Figure 4) and with Eq.
5. Figure 7 shows the experimentally attained magnetization
in the core me as a function of the current. For reference,
applying a power P0 = 100 W to each coil (Ii = 12.9 A),
the equivalent dipole is me = [2.52; 2.7; 2.82] Am2. We also
obtain non-zero terms away from the diagonal since the coils
are not perfectly orthogonal and we use the calibration data
to correct the PWM duty cycles.

Finally values for the force acting on the permanent
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Fig. 7. Electromagnet induced magnetization in each axis, me =
(me−x,me−y ,me−z), as a function of the applied current settings (Ix,
Iy , Iz). The magnetic field values are measured with hall sensors placed
co-linear with each coil, and then transformed into M values.

Fig. 8. Left: confusion matrix of the 25 set-points, averaged over all
users. High values on the diagonal indicate little confusion and the ability to
differentiate between different set-points. Right: Set-points used in the study.
The opacity directly correlates with the percentage of correct identifications
by the users. Arrows are drawn when 33% or more of the wrong answers
were attributed to set-point that the arrow points to.

magnet can be attained via setting the magnetic dipole of the
tool and Eq. 1 and 2. In our experiments we use a ring-shaped
neodymium magnet (12 mm outside diameter, 5 mm inside
diameter, 24 mm high). For any tool with this particular
magnet, with a center to center distance between dipoles
of 5 cm, we obtain a ratio of force per electrical current of
48 mN/A. This means the device can handle an averaged
constant force of Fr = 258 mN (P = 17 W) with a peak
force of up to Fr = 959 mN (P = 230 W) at full strength
(using PWM control). This force value can be increased by
increasing the volume of the tool magnet, with the trade-off
of loosing angular resolution and adding weight to the tool.

IV. USER EVALUATION

To assess the efficacy of our proposed approach we vali-
date the prototype in a perceptual study with 6 participants
in order to 1) determine how well users can differentiate
between different set-points, and 2) how accurate and precise
users are with finding a set-point.
Procedure: Based on an pilot study we predetermine 25
evenly seperated set-points (Figure 8 right). We randomly
selected a set-point, asked the user to find it, and report the
corresponding number. Upon reporting we also measured the
euclidean distance to actual set-point. Every set-point was
prompted exactly twice, resulting in 50 data points per user
(300 in total). Only repulsive forces were tested. We used
the same mapping parameters as in Figure 2.
Location accuracy: Figure 8 depicts the resulting confusion
matrix between set-points. It can be seen that users accurately
perceive discrete actuation points. For those actuation points

Fig. 9. Euclidean distance between the true set-point position and the user
reported position as a function of the azimuth (θ), measured from the top
of the sphere and averaged over all angles and users.

that do cause incorrect answers, users tend to pick the
neighboring location (typically higher on the sphere). This
effect is pronounced along the meridian arc facing away
from the user, whereas the orthogonal meridian produces less
erroneous detections. This could be due to the position of
the hand and arm and differences in muscle groups that are
involved in actuating the wrist versus the whole hand. The
difference in coil diameters could be another contributing
factor.
Precision: we report the precision with respect to the angle
θ. Figure 9 shows that the error increases as a function of
the angle. A potential contributing factor here is that gravity
has more impact on the pen the further down it moves on
the hemisphere. This may make it more difficult for users
to differentiate the the em-actuation force and gravity. The
mean errors of 2.5mm ± 1.4, 5.7mm ± 4.6, 6.5mm ± 5.2
and 7.2mm± 5.1 are relatively small across the device.

V. DISCUSSION & CONCLUSION

In this paper we presented a novel contact-free volumetric
haptic feedback device. A symmetric electromagnet is used
in combination with a dipole magnet model and a simple
control law to deliver dynamically adjustable forces onto a
hand-held tool such as a stylus. The tool only requires an
embedded permanent magnet and can be entirely untethered.
The force however remains grounded via the electromagnet
and hence relatively large forces can be felt by the user.

Despite many advantages, the proposed method also has
drawbacks. Heat generation limits the number of interactions
that are possible within a certain time frame. Furthermore,
when driving the system at full power, continuous interaction
is limited to 5 seconds. However, at a PWM cycle of 50%
the interaction can be extended to a minute.

It is also important to note that interaction between mag-
nets involves not only forces but also torques. In this work
we focused on the control of the three force components via
the 3 DoFs of the electromagnet. In this case, the torque
values will adapt to satisfy these conditions. However, the
same procedure outlined here can be applied to control for a
specific torque map (leaving the force values unconstrained),
or a combination of force and torque.

In future work, we want to explore the dynamic capa-
bilities of our proposed approach including more advanced
control schemes to continuously shape the force map.
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