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Abstract— In response to torso-oriented magnetic localization
tasks that require the system to have interactivity and flexibility
with guaranteed accuracy, a novel bio-inspired magnetic sensor
array configuration is proposed in this paper. Precisely, the
ideas of the natural characteristics of octopus flexible tentacles
and the “wrap” morphology are integrated into the design of the
magnetic localization system based on the sensor array method.
It is worth mentioning that such a design enhances the interac-
tivity and flexibility of the localization system compared to the
general planar sensor array strategy. Apart from the concept in-
troduction, the geometry analysis of the proposed configuration
is presented based on the constant curvature model. Besides,
the magnetic localization algorithm for the system is presented
by constructing a magnetic tracking optimization function.
Eventually, the proposed concept and developed algorithm
are examined in the sensor-array-simulation environment to
manifest their effectiveness and applicability. The experimental
results indicate that the octopus-inspired-configuration sensor
array achieves a mean accuracy at a centimeter-level in our
cases, and has better accuracy with a mean value of e as 0.0178
m and SQRave as 0.0883 for the center interest space compared
to general planar configuration one. Moreover, the effect of
the configuration error is analyzed. These results verify the
feasibility and superiority of the proposed concept and hold
significant practical significance in addressing the challenge
associated with magnetic localization tasks toward the clinical
application scenarios.

I. INTRODUCTION

Biological systems have great potential for inspiring ideas
towards the development of new technical solutions for
multiple scientific fields. Specific morphologies and material
features improve their adaptivity and increase their probabil-
ity of survival. Up to date, inspired by living creatures, there
are many robotic platforms, or mechanism systems designed
with the aim of incorporating flexible characteristics [1]–
[3]. These examples showcase significant morphological
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Fig. 1. Conceptual representation of octopus-inspired-configuration mag-
netic sensor array toward torso-oriented magnetic localization. Sensor array
could ”wrap” the torso like the octopus wraps around prey.

flexibility and interactional safety advantages over conven-
tional articulated platforms. Apart from bio-inspired loco-
motion robots or mechanisms, there are also many sensing
mechanisms that are designed on the basis of bio-inspired
method [4], [5]. These successful cases aroused our think-
ing that learning from biological systems may contribute
to designing a torso-oriented magnetic localization system
regarding that the system requires user-friendly interactivity
and adaptive flexibility with guaranteed accuracy.

Turning to the solutions for the magnetic localization task,
many remarkable efforts have been made by utilizing planar
magnetic sensor array approach [6]–[8]. For example, Son et
al. used a 2-D Hall-effect sensors array with 8 × 8 mono-
axial Hall-effect sensors to achieve a 5-D location-ware of a
dipole-modeled magnet [6]. Likewise, Xu et al. analyzed the
selection of an optimal sensor sub-array, and achieved simul-
taneous magnetic actuation and location-ware [7]. Moreover,
there are many sound works focusing on the magnetic
localization algorithm and their applications [7], [9]–[11].
As pointed in [10], the magnetic sensor array approach is
utilized with real-time and high-precision tracking for pre-
cise lung cancer radiotherapy. Besides, magnetic localization
method is also applied in the gastrointestinal system [7], [9].
Admittedly, one of the wide applications of the magnetic
localization approach is focusing on the localization of mag-
netic robots, especially for a family of magnetically actuated
medical robots [12]–[15]. In terms of the medical application
orientated to in-vivo environment, the interactivity between
the human body and the localization system is a pivotal issue
that needs to be considered in practice. Furthermore, from the
standpoint of the magnetic sensor array technique, it has been
pointed out that the measurement accuracy decreases when
the magnetic tracking object moves in spaces located far
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away from the sensor array [16]. Apparently, such a feature
poses a challenge when applying the magnetic sensor array
method to a scenario of in-vivo environment on account of
the restriction of body dimension. More precisely, the planar-
configuration magnetic sensor array strategy makes it hard to
fit the human body as closely as possible due to the irregular
body volume, leading to the measurement accuracy decrease
to some extent. How to take count of both the promotion
of measurement accuracy and the above-mentioned user-
friendly interactivity deserves insightful investigations.

On the other note, as shown in Fig. 1-2, it can be observed
that the tentacles of the octopus have high flexibility and
resilience so that the octopus can adapt well to its surround-
ings [17]. By changing their tentacles into different kinds
of curvature shapes, the octopus could well wrap around
their prey or perch in habitat and breeding places to make
a living. Such a “wrap” type approach embodies biological
intelligence and still could inspire the design of mechanical
or robotic systems in the meantime, especially in some cases
where there are needs for interaction between humans and
mechanical or robotic systems. Under the inspiration of such
observation, the ideas of the natural characteristics of flexible
tentacles and such a “wrap” strategy are integrated into the
design of the magnetic sensor array configuration. On the one
hand, the magnetic sensors distribute onto elastic backbones
like the suckers locate on flexible tentacles. Such octopus-
inspired-configuration design facilitates the bending of the
backbones, further enhancing the flexibility of the sensor
array. On the other hand, as illustrated in Fig. 1, these
backbones form a column array with sufficient space to wrap
the human body and the bending feature makes it possible
that the magnetic sensors could be moved to the human body
as close as possible.

Based on the above discussion, the analysis and feasibility
of the proposed octopus-inspired-configuration concept will
be conducted in the following. The main contributions are
constructed as follows:

1) The octopus-inspired-configuration magnetic sensor ar-
ray concept is proposed. To the best of authors’ knowl-
edge, such configuration concept has not been reported;

2) The theoretical methods for the geometry for the
octopus-inspired-configuration sensor array, magnetic
modeling for the tracking object and the magnetic
localization algorithm are analyzed;

3) The feasibility of the octopus-inspired-configuration
sensor-array concept is verified by the simulations
and the superiority is revealed by the comparison
with the planar-configuration and the analysis of the
configuration error.

In the following, this article is structured as follows:
Section II introduces the methodology analysis for mag-
netic localization of octopus-inspired-configuration sensor
array. In Section III, experiments are conducted in different
scenarios to demonstrate the feasibility and effectiveness
of the magnetic localization approach of octopus-inspired-
configuration sensor array. Finally, the conclusion and dis-
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Fig. 2. Illustration of geometry modeling frame and the octopus-inspired-
configuration concept for magnetic sensors.

cussion are drawn in Section IV. For a better understanding
for reader, standard expressions are listed as follows:

Notations: Rn indicates and N denote n dimension Eu-
clidean spaces and the natural number, respectively. SO(3)
donates the 3D rotation group. Besides, the superscript “ᵀ”
and subscript ”+” stand for vector or matrix transposition
and positive spaces or set.

II. METHODOLOGY ANALYSIS

This section introduces the geometry analysis of octopus-
inspired-configuration and magnetic modeling of tracking
object as well as the magnetic localization algorithm.

A. Geometry of Octopus-inspired-configuration Array

Under the inspiration of the octopus tentacle, an idea has
come up that the magnetic sensors are distributed along
an elastic backbone which could be bent and remodelled
its curvature, as illustrated in Fig. 2. Then, by setting the
arrangement of many backbones, these flexible backbone
could enfold a space, called measurement space for the
magnetic localization. Like the octopus wraps their prey,
these magnetic sensor arrays attached to these backbones
”wrap” the measurement space, which is the lying place
for the torso. Such octopus-inspired-configuration brings the
advantage that the magnetic sensor array could be adaptive
and as close to the human body as possible compared
to the general planar sensor array, further enhancing the
measurement accuracy.

In order to perform the magnetic localization algorithm,
the configuration of the backbone should be explicit because
the geometry information indicates the position of the at-
taching magnetic sensors, which is the base condition for the
algorithm. Therefore, the reasonable assumption is given:
Assumption 1. The geometry of the backbone follows a con-
stant curvature approximation [18], [19], when the backbone
are bent in different shape, and the magnetic sensors are
attached to the backbone fixedly.

With the addition of Assumption 1, the geometry param-
eters are defined with the backbone arc ϕ, curvature C, and
backbone length l ∈ [0, Len], Len ∈ R+, where C = 1/r, r
defining constant radius of curvature of backbone. As shown
in Fig. 2, rotating the entire elastic backbone around z-
axis and x-axis by Rz(ϕ) ∈ SO(3) and Rx(θ) ∈ SO(3),
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respectively. The transformation from elastic backbone base
to tip can be obtained as:

T =

Rotation︷ ︸︸ ︷[
Rz(ϕ) 0

0 1

] Inplane transformation︷ ︸︸ ︷[
Rx(θ) 0

0 1

]
. (1)

The equation (1) can be written in terms of geometry
parameters (ϕ, C, l) by

T(ϕ, C, l) =

 T11 T12

−cosϕ sin Cl −sinϕ sin Cl
0 0

cosCl sin Cl
C

0 1


(2)

with the followings

T11 =

[
cos2ϕ(cosCl − 1) + 1 cos(ϕ)sin(ϕ)(cosCl − 1)
cosϕ sinϕ(cosCl − 1) cos2ϕ (1− cosCl) + cosCl

]
T12 =

[
sinClcosϕ cosϕ(1−cosCl)

C
sin Clsinϕ sinϕ(1−cosCl)

C

]
where T(ϕ, C, l) represents transformation at any length
point l with curvature C and arc ϕ.

In order to acquire the position of each sensor, these
backbones are divided into left-array m backbones and right
array m ∈ N+ backbones with a separation distance D ∈ R+

and the distance between every adjacent backbone is d ∈ R+

in x-axis. An assumption is provided that the left-array (L)
has an unified backbone curvature CL while the right-array
(R) has an unified backbone curvature CR. Given that there
are n ∈ N+ magnetic sensors distributed in the backbone
length set L , {l1, l2, ..., ln}. The position of n magnetic
sensor in m can be given by

[
PL

(m,n) 1
]ᵀ

= T(ϕ, CL, ln) ∗ Itran + DL (m)[
PR

(m,n) 1
]ᵀ

= T(ϕ, CR, ln) ∗ Itran + DR (m)

(3)
with the followings

DL (m) =
[

0 m ∗ d 0 0
]ᵀ

DR (m) =
[
D m ∗ d+ d

2 0 0
]ᵀ

Itran =
[

0 0 0 1
]ᵀ

where P(m,n) is a position vector indicates the position of
(m,n) magnetic sensor in the same frame and D(·)(m) and
Itran represents offset and transformation vector, severally.
Up to here, the method to obtain the geometry of the back-
bone and the positions of sensors has been presented, based
on which the localization algorithm could be developed.
Before that, the magnetic modeling of the tracking object
should be analyzed, which will be discussed next.

B. Magnetic Modeling of Tracking Object

As for the tracking magnetic object inside the inner-torso,
it is defined as medical robots which are embedded with
magnets, for example magnetically-actuated capsule endo-
scope, magnetically-actuated colonoscope and so on [13],
[20], [21]. In the paper, it is assumed that the magnets
embedded in the tracking object could be modelled as a

dipole magnet [22], such that the magnetic field can be
represented as:

B
(
P

(·)
(m,n),Po,m

)
=

µ0

4π
∥∥∥ro(m,n)

∥∥∥5
(

3ro(m,n)

(
ro(m,n)

)ᵀ
−
∥∥∥ro(m,n)

∥∥∥2 I3×3)m (4)

with the followings

ro(m,n)= Po −P
(·)
(m,n)

where µ0 = 4π × 107 T ·m ·A−1 is the permeability
of free space, and Po ∈ R3 is the position vector of the
tracking object and m ∈ R3 is the magnetic dipole moment.
B
(
P

(·)
(m,n),Po,m

)
is the magnetic field generated by the

tracking object while the real magnetic field measured by the
magnetic sensor array could be different because there are
noise errors existing ((·) defines L or R ). Hence, for the
conduction of the later simulation test, the perhaps is given
as follows.
Assumption 2. The magnetic field measured by (m,n) mag-
netic sensor consist of the real value B

(
P

(·)
(m,n),Po,m

)
and

the sensor noise Bnoi =
[
Bx

noi (·) By
noi (·) Bz

noi (·)
]ᵀ

and each vector component obeys the distribution [23], [24]:

B∗noi (v) ∼ 1

σ
√

2π
exp

(
− (v − µ)2

2σ2

)
, ∗ is x, y, or z

where σ is the mean of distribution and µ is the standard
deviation.

Under the introduction of Assumption 2, the measurement
magnetic field received by (m,n) magnetic sensor could be
given by:

Bt

(
P

(·)
(m,n),Po,m

)
= B

(
P

(·)
(m,n),Po,m

)
+ N̄Bnoi (5)

where N̄ ∈ R+ is the amplification coefficient for the sensor
noise vector Bnoi. Afterwards, the magnetic localization
algorithm based on the analyzed model and geometry in-
formation can be inferred next.

C. Magnetic Localization Algorithm and Analysis

The developed magnetic tracking algorithm solves the
optimal Po by the virtual of minimizing a cost function
using Levenberg-Marquardt method [25]. The cost function
for magnetic tracking is constructed as:

C =

m∑
i=1

n∑
j=1

(
B
(
PL

(i,j),Po,m
)

+ B
(
PR

(i,j),Po,m
)

−Bt

(
PL

(i,j),Po,m
)
−Bt

(
PR

(i,j),Po,m
))

.

Then, the magnetic tracking algorithm can be performed by
solving the following optimization function

P̃o = arg min
Po

‖C‖ (6)

s.t. m = mo, σ = σc, µ = µc

where mo, σc, µc are known conditions. By solving (6),
the tracking position P̃o is obtained. On the other note,
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Fig. 3. Experimental results of arc and line tracking cases under different curvature octopus-inspired-configuration sensor array. (a) Illustration of different
curvature backbones sensor array and legends. (b) enorm and e results for three arc tracking tests. (c) enorm and e results for three line tracking tests.
(Sub-figures in (b) and (c) show the octopus-inspired-configuration sensor array, ground truth trajectory and algorithm tracking results and the indication
of numbers with arrows is the mean value of referencing data.)

a significant parameter, Signal Quality Ratio (SQR) [6], is
defined to evaluate the relationship between the magnetic
field and the measured one which consists of other magnetic
field error terms. In the context, the average SQR for our
case is introduced and formed as

SQR = log10

1 +
1

mn

m∑
i=1

n∑
j=1

∥∥∥B(P(·)
(i,j),Po,m

)∥∥∥∥∥Bt

(
P(i,j),Po,m

)∥∥


which generates

SQR ∝ log10

1 +
1

mn

m∑
i=1

n∑
j=1

(
1 +

∥∥∥∥∥ cnoi
ro(m,n)

∥∥∥∥∥
)3
 (7)

where cnoi is constant parameter defined by sensor noise
term N̄Bnoi.
Remark. From the relation (7), it can be found that if
the sum of ro(m,n) increases, SQR turns to bigger. This
is the reason why proposing octopus-inspired-configuration
sensor array for the torso-oriented magnetic localization
application. Compared to the existing planar sensor array, the
proposed approach could change the position of magnetic
sensors, chasing magnetic sensors to be as close to the
torso as possible. In consequence, a higher level of SQR is
guaranteed. Such a flexible configuration also has superiority
in applicability toward the interaction between the magnetic
sensor array and the human body.

III. SIMULATION VALIDATION

In this section, the effectiveness and superiority of the
proposed concept and approach are demonstrated by con-
ducting simulation experiments. First, the tracking accuracy
is evaluated by:

enorm(T ) = ‖P̃o −PG(T )‖, e =
1

N

N∑
T=0

enorm(T )

where enorm(T ) and e are the norm of the position error
at sampling time T and the mean of all position error,
respectively, and PG = [xG , yG , zG ] ∈ R3 is ground truth.

TABLE I
SETUP PARAMETERS OF MAGNETIC SENSOR ARRAY

Parameters m n d D L
Values 8 7 0.06 [m] 0.4 [m] {0.06, ..., 0.42} [m]

A. Verification of Octopus-inspired-configuration Concept

First, the arc and line tracking experiments are conducted.
The setup parameters of the octopus-inspired-configuration
are given in Tab. I. Then, two sets of the ground truth position
Parc
G and Pline

G of the tracking magnet are set as

Parc
G

{
xG(T ) = 0.1 cos(2π/100T ) + 0.2,
yG(T ) = 0.1 sin(2π/100T ) + 0.225, zG(T ) = 0.1,

Pline
G

{
xG(T ) = 0.2, yG = 0.225, zG(T ) = T

1000 + 0.005,

with time step T ∈ N[0, 100]. Setting magnetic moment mo

of the tracking magnet as [0 0 2]ᵀ A ·m2 and conditions
σc = 2, µc = 0, N̄ = 1 Gs (high signal noise coefficient is
set to manifest differences in different sensor array layouts).
Besides, in order to test the feasibility of octopus-inspired-
configuration sensor array with different curvatures, three are
sets of sensor array with curvatures CL ∈ {C1, C2, C3} and
CR = −CL. With the aid of (3)-(6), the tests are conducted
and the enorm results are shown in Fig. 3, which indicate
that the e for C1, C2, and C3 arc cases are 0.0078, 0.0147,
0.0166 m, separately, and for line cases are 0.0308, 0.0458,
0.0608 m, severally.

From the analysis of these results, it is straightforward that
the concept of an octopus-inspired-configuration sensor array
could perform magnetic localization and achieve a mean
accuracy at a centimeter level in such experimental setup.
Moreover, the bigger the curvature, the better localization
accuracy, which satisfies the rule that pursuing the compact
measured space within the same sensor array will enhance
the mean measurement accuracy as discussed in Section II.

B. Superiority when Compared to Planar Configuration

This test analyses the measurement space accuracy by
comparing octopus-inspired and planar configurations. In the
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Fig. 4. Experimental results of center interest space tracking cases under octopus-inspired-configuration and planar sensor array. (a) Illustration of 16
rising spiral curves in center interest space blocks and legends. (b) e results for 16 rising spiral curves tracking tests by octopus-inspired-configuration and
planar sensor array. (c) SQRave results for 16 rising spiral curves tests by octopus-inspired-configuration and planar sensor array. (Right-side sub-figures
inside (b) and (c) show mean value of all e and SQRave for 16 cases with ”?” tag.)

real applications toward the torso-inner, the interest space is
mainly in the center, which is still the most challenging space
to achieve accurate localization because the measurement
accuracy will decrease when the tracking object goes to the
space located far away from the sensors [16].

The interest space is divided into 16 blocks of space, and
in each block space, there are rising spiral curves set as the
ground truth for further conducting magnetic localization,
shown in Fig. 4 (a). Each curve Prs

G is set as

Prs
G

{
xG(T ) = 0.04 cos(2π/100T ),
yG(T ) = 0.04 sin(2π/100T ), zG(T ) = 0.0004T.

Then, by setting CL = C1 and CR = −CL and other
conditions as the same with the test in subsection A, and
designing a planar sensor array with 14×8 magnetic sensors
distributing uniformly and covering the same projection area
as the octopus-inspired-configuration sensor array, the simu-
lations are conducted and the results are indicated in Fig. 4
with performances e and SQRave = 1

N

∑N
T=0 SQR(T ).

Results show that the mean value of e for octopus-
inspired-configuration is 0.0178 m, compared with 0.0251
m for planar configuration, and the mean value of SQRave

for octopus-inspired and planar configuration are 0.0883 and
0.0802, respectively. From the analysis of these data, it can
be concluded that for the center interest space, the proposed
octopus-inspired-configuration sensor array has a better mean
value of e, and a higher mean value of SQRave, which show
the superiority in measurement accuracy.

C. Analysis of Configuration Error

As is well-known, the geometry of elastic backbone is
difficult to measure in the real world even though the constant
curvature approximation in Assumption 1 could represent the
geometry to a great extent. The configuration errors exist
inevitably in practice due to the limitation of sensing or the
approximation assumption. In response to this concern, the
measurement accuracy error generated by the configuration
errors is analyzed in this subsection by introducing the
uncertain configuration errors in the algorithm.

Observed configuration

Real configuration

0.0392

Fig. 5. Experimental results of arc tracking tests under different configu-
ration errors. (Right-side figure illustrates configuration error.)

Likely, setting conditions as the same as the test in
subsection A, and the ground truth position Pc

G is given by

Parc
G

{
xG(T ) = 0.1 cos(2π/100T ) + 0.2,
yG(T ) = 0.1 sin(2π/100T ) + 0.225, zG(T ) = 0.09.

Next, here defines Cobserve = 4C/100 Creal, which means
that the observed curvature is smaller than real one and
there exists an error, illustrated in Fig. 5. By conducting
the algorithm for Creal ∈ {C1, C2, C3}, the e results for these
three cases are obtained, shown in Fig. 5. Obviously, it can
be seen that when 4C decreases, the e for all cases increase.

Moreover, e for the planar configuration under the same
experimental conditions is calculated and shown in Fig. 5
with the red-dot line. For the C1 case, the superiority of
the octopus-inspired method will disappear when 4C comes
to 80. The same for C2 and C3 cases when according 4C
are about 86 and 94, respectively. Such results reveal that
it is necessary to figure out the accurate configuration of
these backbones because, essentially the accurate pose of
magnetic sensors places a pivotal base for the conduction of
the algorithm, affecting the final localization accuracy.

IV. DISCUSSION AND CONCLUSION

The article has presented a novel octopus-inspired-
configuration magnetic sensor array solution with the aim
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of fulfilling torso-oriented localization tasks for magnetic
robots in clinical scenarios. At first, the concept of octopus-
inspired-configuration sensor array was proposed by means
of imitating the octopus’s flexible tentacle structure and its
wrap morphology. Then, a constant curvature approximation
method was applied to model the geometry of the octopus-
inspired-configuration, further obtaining all positions of mag-
netic sensors. Next, the tracking magnetic robot was assumed
as a dipole magnetic source, whose magnetic field model
was presented for the construction of the magnetic local-
ization algorithm. The algorithm was operated by virtual of
the minimizing of a cost function. At last, the magnetic
localization performance was manifested on a magnetic
sensor-array-simulation. The feasibility and superiority of the
proposed concept were verified by a set of experiments and
comparisons with general planar cases.

Albeit the proposed concept successfully performs the
magnetic localization in sensor-array-simulation, there are
certain issues deserving more profound research: (i) Given
that the focus of this work is concept verification, all tests
are conducted in the magnetic sensor-array-simulation. The
real-world prototype should be constructed. (ii) Due to the
fact that the aim of this solution is for the torso-oriented
environment, whereupon, evaluating the performance of the
proposed approach in animals and humans is needed. (iii)
Assumption 1 in this paper could be ideal to some degree.
That’s also the reason why the analysis of configuration
errors is performed in the simulation validation. Based on
the tests, it can be found that the exact configuration of these
backbones is of the utmost importance because, in essence,
the precise position of magnetic sensors acts as a fulcrum for
the execution of the algorithm, affecting the final precision
of magnetic localization. In practice, techniques like precise
modeling approach [26] or configuration calibration should
be taken into account [27]. All these issues and considera-
tions derive the motivations for our future work.
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