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Abstract— Mid-Air haptic devices have become an active area of research because of their potential impact
to augmented/virtual reality. In this work, we develop an
electromagnetic-based haptic interface to provide controlled
magnetic forces on a wearable orthopedic finger splint with a
single magnetic dipole. We model the electromagnetic forces
exerted on the finger splint, optimize the design of the
electromagnetic coils, and develop an impedance-type haptic
rendering algorithm using position feedback. This rendering
algorithm capitalizes on minimizing the error between the
exerted magnetic force and the desired constraint force of a
virtual three-dimensional (3D) object based on the position
of the finger splint. In order to investigate the influence of
incorporating position feedback, we conduct a comparative
study for the same group of participants with (Case I) and
without (Case II) position feedback. Our experimental results
show that position feedback enables participants to achieve
success rate of 66.87 ± 15.0% (n = 160) in distinguishing
between the geometry of four 3D virtual objects. This rate is
decreased to 55.15±15.8% (n = 160) in the absence of position
feedback. Our analysis shows statistical evidence to conclude
that the mean success rate for Case I is greater than that of
Case II, at α = 0.1 and 90% confidence level.

I. I NTRODUCTION
There has been a considerable progress in augmented/virtual reality (AR/VR) technologies owing to their
potential in several applications such as medical simulation
training, education, and video game industry. A basic feature
for any of these applications is to provide the operator
with the ability to interact and explore virtual objects with
minimal contact and interaction. This requirement can be
met by integrating haptic and AR/VR technologies [1], [2].
A basic haptic system architecture consists mainly of a
virtual environment, a haptic rendering algorithm, and a
haptic device which maps the force signal from the computer
into a force that the operator can perceive [3], as shown
in Fig. 1. These haptic systems are classified based on the
triggered sense into tactile and kinesthetic haptic devices.
The former stimulate the receptors located on the skin, while
the latter provides direct interaction through active surfaces
and mid-air devices (without direct contact). Therefore, midair devices are suitable for AR/VR ecosystems [4]. Several
research groups have developed mid-air haptic devices based
on forces generated at a distance using acoustic radiation
pressure [5], air pressure [6], [7], and magnetic field gradient [8]. Zhang et al. have proposed a magnetic system for
rendering volumetric shapes in mid-air. They have designed

Fig. 1.
Magnetic rendering of virtual objects in mid-air enables a
participant to distinguish the features of three-dimensional (3D) virtual
objects. The magnetic rendering is achieved using an electromagnetic-based
haptic interface. This interface consists of an array of electromagnetic coils,
a wearable orthopedic finger splint with a single magnetic dipole moment,
and an impendence-type haptic rendering algorithm. Each coil is powered
independently using a current source. A current input (I ∈ R9×1 ) is
provided to the coils based on the geometry of the object and the position
(p ∈ R3×1 ) of the participant. The system exerts a controlled magnetic
force based on the geometry of the 3D virtual objects and observations of
participants are used to evaluate the system.

and simulated the rendering process of virtual shapes using
the magnetic forces exerted on a magnetic dipole without
position feedback [8]. In our previous study [9], we have
demonstrated the ability to generate controlled magnetic
forces on a wearable orthopedic finger splint without position
feedback. The implication is that any movement away from
a pre-defined constraint surface of the 3D virtual object
would decrease the ability of the operator to perceive its
features, and as a consequence, the ability of the participants
to distinguish between different geometries has not been
statistically significant. Here we develop an electromagneticbased haptic interface for rendering 3D virtual objects and
design an impendence-type haptic rendering algorithm using
position feedback, and achieve the following:
•

•

•
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•

Modeling of the force exerted on a dipole under the
influence of a controlled external magnetic field;
Optimization of the parameters of the electromagnetic
coils to obtain force in excess of 2 N at height of 3 cm;
Development of an impedance-type haptic rendering
algorithm for 3D virtual objects;
Experimental investigation on the ability of participants
to differentiate between 3D virtual objects.

where mx , my , and mz are the components of the magnetic
dipole moment of the permanent magnet, and Bx (p), By (p),
and Bz (p) are the components of the external magnetic field
along x-, y-, and z-axis, respectively. These components are
mapped onto current input as follows:
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Fig. 2. The constraint surface g(r, t) of the virtual object (blue curve)
provides a constraint force ∇g(r, t). Magnetic field B(p) at a point p exerts
a magnetic force on the magnetic dipole m. This magnetic dipole is attached
to the operator via an orthopedic finger splint, and its position is measured
using a position sensing device. The variables Ri , Ro , and Lc represent
the inner-diameter, outer-diameter, and length of the coil, respectively. r is
the position of a point on the constraint surface.

The remainder of this paper is organized as follows:
Section II provides insights into the modeling of the magnetic
forces and descriptions pertaining to our electromagneticbased haptic interface. Design details are provided in Section II. Section III presents our experimental results and
investigations using statistical analysis. Finally, Section IV
concludes and provides directions for future work.
II. D ESIGN AND D EVELOPMENT OF THE
E LECTORMAGNETIC -BASED H APTIC D EVICE
Magnetic rendering of a 3D virtual object is achieved
using magnetic forces exerted on the dipole of an orthopedic
finger splint. The magnetic and constraint forces are modeled
and used in the design of this system.
A. Modeling of the Magnetic and Constraint Forces
Magnetic fields are generated using an in-plane array
of m electromagnetic coils. We apply controlled magnetic
force on the finger splint (Fig. 2) with a single magnetic
dipole moment (m ∈ R3×1 ) using a controlled magnetic
field B(p) ∈ R3×1 . Let p ∈ R3×1 be the position of the
permanent magnet attached to the finger splint. If a controlled
magnetic field is applied using a configuration of planar
electromagnetic coils then a magnetic force (F ∈ R3×1 )
is generated and given by

∂z

∂z

e x (p), B
e y (p) and B
e z (p) are the magnetic field
where B
current mappings at a point p of the field components
along x-, y- and z-axis, respectively. The magnetic force
component Fz along z-axis is responsible for rendering the
geometry of the virtual object and given by
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The components of the magnetic dipole moment along xand y-axis (mx and my ) are relatively smaller than mz .
Therefore, we use the superposition principle [10], [11] and
simplify (4) as follows:
!
m
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where Ft is the total magnetic force exerted on the magnetic
e z are the ith current input and the
dipole. Further, Ii and B
i
ith field-current map, respectively.
Now we turn our attention to the surface constraint force
of the virtual object that provides constraint surface g(r, t) =
0, where r ∈ R3×1 is the position of a point on the
constraint surface. Therefore, the constraint surface results
in a constraint force f that lays perpendicular to the surface
and is given by
f = λh(x, y),
(6)
where h(x, y) is the height map of the virtual shape and λ is a
force constant. We define the following error function (e(I))
between the required magnetic force f and the controlled
magnetic force Ft using (5) and (6):
!
m
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Our objective is to find the optimal current that minimizes the
error between the required magnetic force and the controlled
magnetic force. Therefore, we use (7) to formulate the
following optimization objective function:

(1)
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(I) = ||e(I)||

The magnetic force components Fx , Fy , and Fz in (1) are
calculated using
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In (8), (I) is a scalar objective function to be minimized
using I. Further, ui is an upper-limit on the input current
and It is the maximum current provided via a power source.
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B. Electromagnetic-Based Haptic Interface
The electromagnetic-based haptic interface (Fig. 3) consists of an array (m = 9) of electromagnetic coils that generates magnetic forces on a Neodymium permanent magnet
(S-10-05-N, N52, nickel-plated, supermanete, Gottmadingen,
Germany) with axial magnetization of 1.1579×106 A.m−1
and rated current of 2 A. The thickness and diameter of
the permanent magnet are 10 mm and 10 mm, respectively.
This magnet is attached to the tip of a wearable finger
splint, and enables the user to perceive the magnetic force.
The minimum force of our sensory range is approximately
0.8 mN [2]. Therefore, we optimize the design of the
electromagnetic coils to satisfy this criterion. The distance
between the magnet and the coils is fixed to 30 mm and
the wire diameter is constant with diameter of 0.7 mm.
The inner- and outer-diameter of the coil, and its length are
optimized using
Fig. 3. An electromagnetic-based haptic interface enables the operator to
interact with virtual objects in three-dimensional (3D) space. (a) A position
sensing device is used to measure the position of the wearable finger splint
in 3D space. (b) Position of the wearable finger splint is fed back to the
control system to exert a magnetic force based on the rendered geometry.
(c) Magnetic rendering of half-sphere is achieved and participants distinguish its features with success rate of 67.5%. (d) Participants distinguish
this geometry in 65 seconds. Please refer to the accompanying video.

Therefore, equation (8) adapts the input currents simultaneously to exert a magnetic force on the user’s finger. In (6),
the force constant λ controls the values of the constraint
forces. In case of selecting relatively large values for λ, for
which f is relatively large, an increase in the force error
(7) can result in relatively large current inputs that are not
viable due to the constraints in (8). On the other hand,
the ability of the operator to perceive the virtual shape is
decreased for relatively small values of the force constant
λ. Therefore, we define an error function that represents the
mean squared error between the constraint forces and the
generated magnetic force
e(λ, I) =

m
n
X
e z (p)
1X
∂B
i
Ii
kλh(xj , yj ) −
mz k2 , (9)
n j=1
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where n is the number of points on the constraint surface
of the virtual object. Equation (9) is used in the following
optimization problem:
max min
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This optimization is solved only once for each 3D virtual
object to obtain λ and during the rendering process (8) is
used to generate the required current input.

maximize
Ri ,Ro ,Lc

subject to

∂Bz
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∂z
Rc < 6 , 5τ < 100,
F = mz

(11)

Ro < Rmax , Lc < Lmax .
where mz is the dipole moment of the magnet and
∂Bz
∂z (Ri , Ro , Lc ) is the gradient of the magnetic field with
respect to the vertical direction. Further, Ri and Ro are the
inner- and outer-diameter of the coil, respectively, and Lc is
the length of the coil. This optimization problem provides
optimal Ri , Ro , and Lc to maximize the generated force
along z-axis. The first constraint limits the resistance of the
coil below 6 Ω to enable the coil to draw approximately
6 A (coils are supplied with 36 V). The second constraint
Lc
, where Lc and
provides the time response of the coil τ = R
c
Rc are its inductance and resistance, respectively. The coil
reaches its steady-state in approximately 100 ms. The third
and fourth constraints define the maximum outer-diameter
Rmax and length Lmax of each coil.
The optimization is performed using MATLAB’s fmincon
function. This optimization routine is solved iteratively using
interior-method for constrained non-linear optimization and
we obtain maximum force of 780 mN while satisfying the
constraints given by (8). Each electromagnetic coil has innerand outer-diameters of 24 mm and 38 mm, respectively.
The height of the coil and the length of its low carbon
steel core are 100 mm and 110 mm, respectively. The
number of turns is 1429. Each of the electromagnets is
independently supplied with current using electric drivers
(MD10C, Cytron Technologies Sdn. Bhd, Kuala Lumpur,
Malaysia) and controlled via a MyRio control board (MyRio,
National Instruments, Mopac, Expwy Austin, U.S.A). The
electromagnetic coils are fixed to upper and lower plastic
frames to keep all magnetization axes parallel to each other.
The electromagnetic configuration provides a planar footprint
of 150 mm×150 mm and hight of 60 mm. A position sensing
device (Leap Motion, San Francisco, CA, U.S.A) is fixed
above the electromagnetic configuration at hight of 50 cm.
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Fig. 4. A representative magnetic rendering of a flat surface (at height of 50 mm) shows the position of the operator and the calculated forces and
currents during shape differentiation. (a) The constraint (g(r, t)) of the flat surface is decomposed into 3721 points (small black circles). The trajectory of
the finger splint indicates a deviation from the rendered flat surface only outside the workspace of the system. (b) The position of the finger splint along
z-axis indicates maximum deviation of 14 mm from the flat surface during this trial. At time, t = 6 second, the participant moves outside the workspace
of the system. (c) Current inputs are calculated and supplied to the electromagnetic coils based on the position of the wearable finger split during this
trial. (d) The participant slides his finger on the surface several times. The successful participants differentiate the virtual flat surface from other objects
in 92 seconds. Please refer to the accompanying video.

III. S ENSING 3D V IRTUAL O BJECTS
We experimentally conduct a participant study to evaluate
the ability of the system to render 3D objects.
A. Preliminary Validation of Rendering 3D Virtual Objects
Haptic rendering of a virtual 3D object is achieved by generating its constraint surface g(r, t) using SOLIDWORKS.
The surface constraint is discretized into 3D points. This step
is followed by calculation of the force constant λ by solving
(9) using MATLAB’s fminmax function. This optimization
routine is performed only once for each object. The current
input to the electromagnetic coils are calculated by solving
(8) using MATLAB’s fmincon function. Fig. 4(a) shows 3721
points that span a flat surface. This virtual surface has an
edge length of 100 mm and is located at hight of 50 mm
along z-axis. We allow a participant to explore the virtual
flat surface without any prior information pertaining to the
geometry of the object. Position of the wearable finger splint
is measured and used to calculate the magnetic force, as
shown in Fig. 4(b). A constraint force at each of these points
is calculated using (10) with λ of 6 N/m (which exerts
magnetic force of 0.3 N at height of 5 cm), as shown in
Fig. 4(b). In this representative trial, the maximum deviation
between the wearable finger splint and the reference surface
is 14 mm (at time t ≈ 1 seconds). At time t ≈ 6 seconds,
the participant moves outside the workspace of the system,
and this action is repeated by each participant to differentiate
between 3D objects. Fig. 4(c) shows the input currents to the

electromagnetic coils in this representative trial. Please refer
to the accompanying video.
B. Participant Study and Statistical Analysis
We conduct a participant study to validate the ability of our
electromagnetic-based haptic interface and the impedancetype haptic algorithm to render 3D virtual objects. Observations of ten participants with an average age of 23 are
collected. Each participant is allowed to distinguish between
four 3D virtual objects, i.e., flat surface, half-sphere, halfcylinder, and wedge. The number of trials is limited to
16 trials and this experiment is repeated 4 times for each
virtual object using our impedance-type haptic algorithm
(Case I) and in the absence of position feedback (Case II).
At the end of each trial, participants are asked to provide
their observation. The result of each trial is not provided
to the participant. All participants use the electromagneticbased haptic interface for the first time and they are not
involved again. In each trial, we measure the position of the
finger during interaction, exerted magnetic forces, and input
currents to the electromagnetic coils, as shown in Fig. 4.
Fig. 5(a) shows the representative results of the
impedance-type haptic algorithm for the mentioned four
objects. We observe that participants differentiate between
the objects in approximately 79 ± 21 seconds (n = 160)
although the time of each trial is not limited. The successful
and unsuccessful trials for each participant are shown in
Fig. 5(a) using the filled and empty markers, respectively.
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TABLE I
E XPERIMENTAL RESULTS OF THE MAGNETIC RENDERING OF 4
REPRESENTATIVE THREE - DIMENSIONAL (3D) VIRTUAL OBJECTS , I , E .,
FLAT SURFACE , HALF - SPHERE , HALF - CYLINDER , AND WEDGE .
PARTICIPANTS EXPERIMENTALLY DEMONSTRATE
SUCCESS RATE

T EN
66.87 ± 15.0%

(n = 160) IN DISTINGUISHING THE FOUR 3D

GEOMETRIES USING THE IMPEDANCE - TYPE HAPTIC RENDERING
ALGORITHM . I N THE ABSECNE OF POSITION FEEDBACK , THE SUCCESS
RATE IS

55.15 ± 15.8%.

Object
1
2
3
4
5
6
7
8
9
10

Fig. 5(b) shows the average time taken by the ten participants
for each object. For the virtual half-cylinder, participants
spend 108.2 ± 62 seconds (n = 160) and achieve success
rate of 60% in their observations. The observation time is
decreased to 79.6 ± 47.3 seconds (n = 160) for the virtual
flat surface and the success rate is increased to 62.5%.
For the virtual sphere and wedge, the average observation
time is measured as 64.9 ± 36.9 seconds (n = 160) and
64 ± 45 seconds (n = 160) with success rate of 67.5% and
77.5%, respectively. Therefore, the average success rate of
the participants using the impedance-type haptic algorithm
is 66.87 ± 14.4% (n = 160).
Although our impedance-type haptic algorithm is based
on position feedback, it is also possible to explore a virtual
object using static magnetic forces [9]. These forces are
calculated using (8) to minimize the force error (7) regardless
to the position of the participant. We repeat the previous
trials using the same participants without position feedback,
as shown in Table I. In this case, the success rate in
distinguishing between the four virtual objects is decreased
to 55.15 ± 15.8% (n = 160). To understand the significance
of position feedback, we devise the following null (H0 ) and
alternative (Ha ) hypothesis (confidence level of 90%):

0.75 (0.5)
0.75 (0.5)
0.75 (0.75)
0.75 (0.75)
0.5 (0.0)
0.5 (1.0)
0.75 (0.75)
1.0 (0.5)
0.25 (0.5)
0.75 (0.25)

0.25 (0.5)
0.75 (0.75)
0.25 (0.25)
0.50 (0.25)
0.25 (0.0)
0.75 (0.5)
0.75 (0.75)
0.75 (0.5)
0.75 (0.25)
1.0 (0.75)

1.0 (1.0)
1.0 (1.0)
1.0 (0.75)
0.75 (0.5)
0.5 (0.75)
0.5 (0.5)
0.5 (0.75)
0.75 (0.25)
0.75 (0.25)
0.75 (0.25)

H0 : Success rate for Case I is less than that of Case II;
Ha : Success rate for Case I is greater than Case II;
Fig. 6(a) shows the number of successful trials for each
participant in Case I (impedance-type haptic rendering) and
Case II (rendering without position feedback). The observations are examined using Paired T-Test. First, we test
the normality of the two groups of data using ShapiroWilk test of normality. We conclude that the two groups
of data are normally distributed. Second, the Paired T-Test
suggests p-value = 0.052 < α. Therefore, we reject the
null hypothesis and accept the alternative hypothesis, and
hence there is a statistical evidence to conclude that the mean
success rate for the Case I is greater than the mean success
rate for Case II, at α = 0.1 and 90% confidence level.
Our experimental results show that participants achieve
success rate of 66.87% using the impedance-type rendering
algorithm. This success rate is decreased to 55.15% for
rendering 3D object without position feedback. Our analysis
shows that there is a statistical evidence to conclude that the
mean success rate for Case I is greater than that of Case II,
at α = 0.1 and 90% confidence level. The incorporation
of position feedback has additional benefits such as the
capability of rendering relatively complex virtual objects and
the utilization of lower current input owing to the activation
of less number of coils based on the position of the wearable
finger splint. However, the success rate is limited owing
to the confusion between specific virtual objects during
the experiments. We construct the confusion matrix [12] to
show the predicted shapes (row) by the participants against
the actual shapes (column). Table II shows the shapes that
confuse the participants during the experiments while using
our impedance-type rendering algorithm. Confusion between
objects is observed in 15 trials between the flat surface and
half-cylinder and in 13 trials between half-sphere and halfcylinder. Our measurements also show that the flat surface
•

•

Fig. 5. The observations of 5 representative participants indicate their
ability to differentiate between 4 virtual shapes (flat, half-sphere, halfcylinder, and wedge). Each participant is allowed to distinguish between
the objects for 16 trials only. Our system renders the objects in a random
order and the result of each observation is not provided to the participant
after each trial. (a) The filled and empty markers indicate the successful
and unsuccessful trials, respectively. (b) Participants spent relatively short
time in making successful observations for the virtual sphere and wedge,
as opposed to the virtual flat surface and half-cylinder.

1.0 (0.75)
0.75 (0.5)
0.75 (0.75)
0.50 (0.5)
0.5 (0.5)
0.0 (0.75)
0.5 (0.75)
1.0 (0.75)
0.5 (0.5)
0.75 (0.25)
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TABLE II
C ONFUSION MATRIX SHOWS THE PREDICTED OBJECTS ( ROW ) VERSUS
THE ACTUAL OBJECTS ( COLUMN ) FOR THE IMPEDANCE - TYPE HAPTIC
INTERFACE

(n = 160) AND FOR RENDERING VIRTUAL OBJECTS
(n = 160). M EASUREMENTS OF THE

WITHOUT POSITION FEEDBACK

SECOND CASE IS SHOWN BETWEEN BRACKETS .

Fig. 6. The ability of the participants to distinguish between the virtual geometries is enhanced by the incorporation of position feedback.
(a) Measurements are collected from the observation of 10 participants using
position feedback (Case I) and without (Case II) position feedback. (b) The
impedance-type haptic interface enables participants to distinguish objects
with 66.87% success rate, whereas exploring the virtual objects without
position feedback achieves success rate of 55.15%. The means and standard
deviations are calculated using 16 trial for each 10 participant in each case.

and half-sphere are confused in 11 trials, whereas the flat
surface and wedge are confused in 10 trials. Table II shows
that the participants are confused between the wedge and
the half-sphere or the half-cylinder in 4 trials. In the absence of position feedback (observations between brackets),
participants are confused most in differentiating between
the virtual flat surface and the half-sphere in 12 trials, and
the half-sphere and -cylinder in 16 trials. Participants are
also confused between the flat surface and half-sphere in
12 trials, and similarly, the virtual wedge and half-sphere
and -cylinder are confused in 16 trials by all participants.
Therefore, the incorporation of position feedback in the
design of the impedance-type haptic algorithm decreases the
confusion between virtual objects based on the observation
of the participants.
IV. C ONCLUSIONS AND F UTURE W ORK
An electromagnetic-based haptic interface is designed,
developed, and verified using observations of participants.
This system is based on an impedance-type haptic rendering
algorithm that provides a controlled magnetic force on a
permanent magnet attached to a wearable orthopedic finger
splint. The controlled magnetic force enables the participants
to perceive 3D virtual objects in mid-air. The capability of
the system to render 3D virtual objects is evaluated in the
presence and absence of position feedback. Our experimental results show that participants distinguish between the
geometry of four 3D objects with success rate of 66.8%
while using position feedback and 55.15% in the absence
position feedback. Our analysis shows a statistical evidence
to conclude that the mean success rate for Case I is greater
than that of Case II, at α = 0.1 and 90% confidence level.
As part of future studies, we will adapt our impedancetype rendering algorithm to incorporate multiple dipole moments to improve the perception of the participants during
the interaction with virtual objects. The success rate of our
system is limited owing to the dependence of our rendering
algorithm on a single magnetic force. The incorporation of
multiple magnetic dipoles will enable us to exert several
controlled magnetic forces on specific locations within a
wearable device, and as a consequence, the success rate in
object differentiation will be improved. In addition, a head-

Object

25 (24)

5 (4)

8 (15)

6 (8)

27 (22)

7 (5)

0 (8)

7 (6)

6 (11)

24 (18)

1 (3)

2 (2)

2 (3)

1 (2)

8 (5)

31 (24)

mounted display will be integrated to our electromagneticbased haptic interface to deploy virtual images of the 3D
object over other real-world objects.
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