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In this letter, we develop a magnetic localization system for an Electromagnetic-Based Haptic Interface (EHI). Haptic interaction
is achieved using a controlled magnetic force applied via an EHI on a magnetic dipole attached to a wearable finger splint. The
position of the magnetic dipole is estimated using two identical arrays of three-dimensional magnetic field sensors in order to
eliminate the magnetic field generated by the EHI. The measurements of these arrays are used to estimate the position of the
magnetic dipole by an artificial neural network. This network maps the field readings to the position of the magnetic dipole. The
proposed system is experimentally validated under four cases of the magnetic field generated by the EHI. These cases are likely
to be encountered during the haptic rendering of virtual shapes. In the absence of the magnetic field, the mean absolute position
error (MAE) is 0.80 ± 0.30 mm (n = 125). Static and sinusoidal magnetic fields are applied and the MAE are 1.26 ± 0.43 mm
(n = 125) and 0.91± 0.33 mm (n = 125), respectively. A random time-varying magnetic field is applied and the MAE is 0.86± 0.33
mm (n = 125). Our statistical analysis shows that the repeatability of the magnetic localization is acceptable regardless of the field
generated by the EHI, at α = 0.05 and 95% confidence level.

Index Terms—Electromagnetics, haptic rendering, localization, magnetic instruments, position estimation.

I. INTRODUCTION

In recent years, Electromagnetic-Based Haptic Interfaces
(EHI) have obtained considerable attention due to their ef-
fectiveness in medical simulation applications [1]. The EHI
are classified into two groups: Lorentz-forces interfaces [2]-
[4] and untethered interfaces [5]-[8], the latter is achieved
using two methods. First, a stylus-based type where the haptic
sensation is achieved via a magnetic force exerted on the
dipole of an interaction stylus [9]. Second, a wearable-based
type where the magnetic dipole is attached to a wearable
device [10]. The second type produces static magnetic forces
regardless of the position of the operator. The implication of
using this technique is that it requires a relatively large number
of coils to render all features of complex objects [11]. This
problem has been solved by the incorporation of a position
sensing device into the haptic system [12], and an impedance-
type haptic rendering algorithm has been implemented using
an optical localization device. However, this type of devices
has limitations such as occlusion and sensitivity to illumina-
tion [13], [14]. These limitations can be eliminated by using
a magnetic-based localization system to estimate the position
of the magnetic dipole based on its field data [15]-[18]. The
applications of this system include localization of endoscopic
capsules [19]-[21] and the development of motion capture
systems for human-computer interaction [22], [23].

It is desirable to isolate the field of the magnetic dipole
from the variable field generated by the EHI for the integration
between EHI and magnetic localization system. For instance,
a five-degrees-of-freedom localization system for a magnetic
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capsule has been developed by Son et al. [24]. This capsule
is actuated by an external source of a magnetic field using
an omni-directional electromagnet. The field produced by the
actuator is modeled and subtracted from the measured data to
obtain the field of the capsule. Berkelman et al. have also
developed a magnetic position sensing and force feedback
generated by a single electromagnetic coil for a magnetic
stylus using an array of 16×16 Hall-effect sensors [25]. They
have observed that the field generated by the coil interferes
with the field generated by the stylus, and results in position
estimation error. This problem has been solved directly by
disregarding sensor measurements below a given threshold.
However, this solution is not suitable for a planar configuration
of electromagnetic coils supplied by a time-varying current
input. In addition, modeling error of the field generated by a
magnetic source is inversely proportional to the distance from
this source to the point of measurement [26], [27]. Therefore,
the modeling error decreases as the distance between the
magnetic sensors and coils increases, and as a consequence,
sensors with relatively high resolution are required and the
compactness of the EHI is decreased.

In order to overcome the mentioned problems, we develop a
magnetic localization system that does not depend on the pre-
calculated magnetic field map of the EHI. The localization
system consists of two arrays of 3-D magnetic field sensors.
These arrays are mounted above and below the EHI, as shown
in Fig. 1(a). The subtraction of the magnetic field between
these two arrays provides the field of the magnetic dipole.
The accuracy and repeatability of the localization system are
validated under four different cases of the magnetic field
generated by the EHI, i.e., zero (Case 1), static (Case 2),
sinusoidal (Case 3) and time-varying magnetic field (Case 4).
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Fig. 1. A localization system is developed for an electromagnetic-based haptic
interface (EHI). (a) A schematic representation shows a magnetic dipole (1)
at a position pd and a planar configuration of electromagnetic coils (2). The
magnetic localization system consists of two identical arrays of 3-D magnetic
field sensors. The first (3) and second (4) arrays a fixed above and below the
EHI, respectively. (b) The EHI is integrated to the two sensor arrays. (c) The
validation board (5) is located above the upper array of the magnetic field
sensors (w = 21.5 mm and h = 21.5 mm) at height of 9 mm.

The remainder of this letter is organized as follows: Section
II provides design and development of the magnetic-based
localization system. Section III presents the experimental
results of the position estimation under the mentioned cases.
Finally, Section IV concludes this letter.

II. DEVELOPMENT OF A MAGNETIC
LOCALIZATION SYSTEM

The EHI provides a controlled magnetic force on a magnetic
dipole attached to a wearable finger splint. A magnetic local-
ization system is used to estimate the position of the dipole
using two arrays of magnetic field sensors (Fig. 1(a)).

A. System Description
The EHI consists of a planar array of electromagnetic

coils, a magnetic dipole and a magnetic localization system
(Fig. 1(b)). The array comprises nine coils, each has inner-
and outer-diameter of 24 mm and 38 mm, respectively. The
height of the coil and the length of its carbon steel core are
100 mm and 110 mm. respectively. Each of the electromagnets
is independently supplied with current using electric drivers

Fig. 2. Magnetic fields of the system are simulated and the neural network is
trained. (a) A representative simulation result of the magnetic field generated
by the electromagnetic coils for constant currents of 1 A. The magnetic dipole
is located in the center of the coils at height of 30 mm from the coils. (b)
Histogram of the residual mean position error for the trained neural network
network is calculated with a coefficient of determination of 0.999.

(MD10C, Cytron Technologies Sdn. Bhd, Kuala Lumpur,
Malaysia). These coils exert a magnetic force on a cylindrical
Neodymium magnet (S-10-10-N, N45, nickel-plated, super-
manete, Gottmadingen, Germany) with length and diameter
of 10 mm and an axial magnetization of 1.07×106 A.m−1.
The position of the dipole is estimated by a magnetic local-
ization system. This system consists of two identical arrays of
magnetic field sensors, each array (n = 9) contains 3-D Hall-
effect sensors (3D magnetic sensor TLV493DA1B6, Infineon
Technologies AG, Munich, Germany). The sensitivity of the
sensors is 0.1 mT within a range of ±130 mT, and they are val-
idated using a calibrated 3-axis digital Teslameter (Senis AG,
3MH3A-0.1%-200mT, Neuhofstrasse, Switzerland). The Hall-
effect sensor can detect the magnetic dipole in a workspace of
50 mm × 50 mm × 50 mm. The two arrays are located at the
same height of 14 mm from the EHI. This sensor is located
at the center of the corresponding coil. The sensor reading is
provided using I2C interface with 12-bit data resolution for
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Fig. 3. The magnetic localization system is experimentally validated. (a) The results of the estimated position using Si sensors under the absence R̂1 and
the presence R̂2 of the magnetic field generated by the electromagnetic-based haptic interface (EHI) for 25 different reference points R and a predefined path
pd in a two dimensional validation board. This test is performed under four different cases of the field generated by the EHI. Zero (Case 1), static (Case 2),
sinusoidal (Case 3) and time-varying magnetic field (Case 4). p̂d1, p̂d2, p̂d3 and p̂d4 are the estimated paths for cases 1, 2, 3 and 4 respectively. (b) The
resultant magnetic field generated by the magnetic dipole and the EHI during case 2 for the ith sensor. (c) The resultant magnetic fields generated by the
magnetic dipole and the EHI are measured in Case 3 for the ith sensor.

each measurement direction. MyRio control board (MyRio,
National Instruments, Mopac, Expwy Austin, U.S.A) is used
for the data acquisition from these sensors and to control the
coils. The total time to acquire all the sensors readings and to
estimate the position is 13 ms. A validation board is fabricated
for the experimental validation of the localization system as
shown in Fig. 1(c). This board is located above the upper array
of the magnetic field sensors with a height of 9 mm. It has
25 holes with a diameter of 10 mm and a slot. These holes
are fabricated to fix the magnetic dipole and the slot guides
the user to move along a specific path during the experimental
validation of the localization system. The measurements of the
magnetic field sensors during this validation are provided to a
magnetic tracking algorithm.

B. Magnetic Tracking Algorithm
Magnetic fields are generated using an in-plane array of m

electromagnetic coils. A controlled magnetic force is applied
on the magnetic dipole attached to a finger splint (m ∈ R3×1)
using a controlled magnetic field B(p) ∈ R3×1 at point p.
Let pd ∈ R3×1 be the position of the magnetic dipole and
two arrays of n magnetic field sensors are fixed above and
below the coils, as shown in Fig. 1(a). For the ith sensor on
the upper array, the magnetic field generated by the dipole
(Bdi ) is given by

Bdi = Bsi −
m∑

j=1

Bcij , (1)

where Bsi and Bcij are the total magnetic field at the ith
sensor and the contribution of the magnetic field generated
by the jth coil, respectively. The superimposed field Bcij can
be measured directly from the corresponding ith sensor at the
lower array due to the magnetic symmetry of the coils. Fig 2(a)
shows a representative simulation result of the magnetic field
generated by the coils. The coils are supplied with a current of
1 A. The magnetic dipole is located at the center of the coils
with height of 30 mm from the coils. The estimated position
of the magnetic dipole (p̂d) is generated in three steps. First,
selection of the nearest ith sensor to the magnetic dipole Bd by

Bd = max
i

||Bdi || . (2)

Second, the estimated position of the magnetic dipole with
respect to the ith sensor (p̂i

s-d) is determined by a function
f . This function maps the input fields (Bd) to position. A
feed-forward artificial neural network is trained to approximate
the function f [28]. The artificial neural network estimates
the position in real-time without iterations [29]. We use the
MATLAB Neural Net Fitting Toolbox for building and training
this network. The neural network is trained using 1300 data
points around the magnetic dipole in a workspace of 50 mm ×
50 mm × 50 mm. The magnetic dipole vector is perpendicular
to the horizontal plane and constrained by the validation board.
Measurements of the Hall-effect sensors can also be used to
estimate the orientation of the magnetic dipole by modifying
the function f . Each data point contains the 3D field data (Bm)
corresponding to a given position p along x-, y-, and z-axis.
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These field points are calculated by

Bm = −µ0∇φ(p), (3)

where µ0 is the magnetic permeability of free space and φ(p)
is the magnetic scalar potential. The trained neural network
consists of an input-, output- and ten hidden layers each
contains ten neurons. The neural network is trained using back-
propagation learning algorithm, and is implemented using the
Levenberg-Marquardt technique. Fig. 2(b) shows the residual
mean position error of the neural network after training, the
coefficient of determination is 0.999 and the mean absolute
position error is 0.055 mm. Third, the position of the magnetic
dipole with respect to the EHI frame of reference p̂d is
calculated using

p̂d = pi
s − p̂i

s-d, (4)

where pi
s is a fixed vector to the ith sensor from the EHI frame

of reference. The position of the magnetic dipole is used to
validate the localization system under different cases of the
field generated by the EHI.

III. EXPERIMENTAL VALIDATION
We conduct validation experiments under four different

cases of the magnetic field generated by the EHI. These cases
are likely to be encountered during haptic rendering of virtual
shapes. In these experiments, the estimated position is gener-
ated by (1), (2) and (4) and compared to the actual position.
The validation board is used to provide the actual position,
as shown in Fig. 3(a). In all cases, the localization system
is tested using two conditions. First, the magnetic dipole is
fixed in circular holes (n = 25) which are distributed on the
validation board. At every hole, we repeat the trails (n = 5) to
calculate the mean absolute position error (MAE) between the
estimated and actual position of the hole and to investigate the
repeatability of the localization system. Second, the magnetic
dipole is moved along a slot located on the validation board.
This slot guides the magnetic dipole to move in a predefined
path. We repeat this trail (n = 6) for the four different cases
of the field generated by the EHI. The magnetic localization
system is validated in the absence of the field generated by the
EHI (Case 1), the estimated positions of the magnetic dipole
in the first and second conditions are shown in Fig. 3(a). In the
second and third cases, the electromagnetic coils are supplied
with static (Case 2) and sinusoidal (Case 3) inputs current of
0.65 A, respectively. The electric noise in the current affects
the generated magnetic fields. However, the fields of adjacent
coils within the vicinity of the magnetic dipole are used to
estimate its position. Therefore, the influence of the electric
noise is minimized by the field subtraction. The estimated
positions of the magnetic dipole and in the second testing
condition are shown in Fig. 3(a). The measurements of the
resultant magnetic field for ith sensor are shown in Figs. 3(b)
and 3(c), respectively. In Case 4, the localization system
is tested under time-varying magnetic fields. The coils are
supplied by time-varying inputs current with a peak value of
1 A and the estimated positions of the magnetic dipole in the
second testing condition are shown in Fig. 3(a). The MAE in
the first condition for Case 2, 3 and 4 are shown in Fig. 3(a).

Fig. 4. The accuracy and the repeatability of the magnetic localization system
are experimentally investigated. The mean absolute position error are 0.80±
0.30 mm (n = 125), 1.26±0.43 mm (n = 125), 0.91±0.33 mm (n = 125)
and 0.86 ± 0.33 mm (n = 125) for Case 1, 2, 3 and 4, respectively. The
repeatability percentage for the position data are 3.5± 1.15%, 4.9± 1.65%,
3.75 ± 1.3% and 3.5 ± 1.15% for Case 1, 2, 3 and 4, respectively. Our
statistical analysis shows that the repeatability of the localization system is
acceptable, at α = 0.05 and 95% confidence level.

The MAE is calculated for the four cases. Fig. 4. shows that
these values are 0.80± 0.30 mm (n = 125), 1.26± 0.43 mm
(n = 125), 0.91 ± 0.33 mm (n = 125) and 0.86 ± 0.33 mm
(n = 125) for Case 1, 2, 3 and 4, respectively. The estimated
position data are examined using Gage R&R study (Crossed),
Test-Retest component to investigate the repeatability of the
localization system. This test shows the percentage of variation
caused by the measurement system of the total variation in the
process under the same conditions. Using analysis of variance
method, this test suggests that the percentages of variation are
3.5±1.15%, 4.9±1.65%, 3.75±1.3% and 3.5±1.15% for Case
1, 2, 3 and 4, respectively, as shown in Fig. 4. Our analysis
shows statistical evidence to conclude that the repeatability
of the proposed localization system is acceptable regardless
of the field generated by the EHI, at α = 0.05 and 95%
confidence level. The total MAE in the absence and presence
of the magnetic field generated by the EHI are 0.80±0.30 mm
(n = 125) and 1.01 ± 0.45 mm (n = 375), respectively.
The difference between these errors is 0.21 mm. We attribute
this difference to the mechanical error in the assembly of the
two arrays of magnetic field sensors and the electric noise
of the coil current inputs. The localization accuracy can be
improved by decreasing the mechanical assembly error and
using magnetic field sensors with relatively higher sensitivity.

IV. CONCLUSIONS
A magnetic localization system for an EHI is developed

and experimentally validated. This localization system uses
the magnetic symmetry of the EHI for the elimination of
its magnetic field. The proposed system is validated under
four different cases of the magnetic field generated by the
EHI (zero, fixed, time-varying, and random). The experi-
mental results show that the MAE in position estimation is
1.01 ± 0.45 mm (n = 375). In addition, our analysis also
shows statistical evidence to conclude that the repeatability
of our system is acceptable regardless of the magnetic field
generated by the EHI, at α = 0.05 and 95% confidence level.
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