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Abstract— Taking inspiration from the properties of mag-
netic fields, we propose a reactive navigation method for soft
continuum manipulators operating in unknown environments.
The proposed navigation method outperforms previous works
since it is able to successfully achieve collision-free movements
towards the goal in environments with convex obstacles without
relying on a priori information of the obstacles’ shapes and loca-
tions. Simulations for the kinematic model of a soft continuum
manipulator and preliminary experiments with a 2-segments
soft continuum arm are performed, showing promising results
and the potential for our approach to be applied widely.

I. INTRODUCTION

In the last decade, inspiration from species in nature such
as the octopus has sparked a new trend in robotics aiming
to improve robotic dexterity and manoeuvrability beyond
what is possible with existing rigid link manipulators. This
has given birth to a new breed of robots - robots that
are characterized by a soft, continuum structure such as
the pneumatically actuated robotic arms [1], tendon-driven
manipulators [2], or combination of tendon and pressure
actuation to manoeuvre and, at the same time, control the
stiffness of the mechanical structure [3]. Although this de-
velopment shows encouraging improvement in terms of the
robot’s flexibility, opening the door for applications which
were not possible beforehand, it also creates new challenges
in terms of robot modelling, control, and navigation due
to the nonlinear behaviour of the soft mechanical structure
employed.

As the robot application starts to extend beyond the well-
defined environments of industrial settings, the subject of
robot navigation continues to be an on-going focus of various
works. However, research which focuses on navigating the
continuum manipulator in an unknown environment is still
in its early stages. Most of the previous works employed
optimization-based planning [4]-[5] or sampling-based plan-
ning [6]-[7]. These methods assume to have (at least) near-
complete knowledge of the environment prior to initiating
any robot movement. The same drawback occurs for recent
works employing neural dynamics approach [8], while the
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effort to use supervised learning by demonstration [9] needs
the intervention of human to generate the training data.
Some other studies which try to tackle dynamic environ-
ments are mainly constrained to specific geometries and/or
applications. An adaptive motion planning, used to navigate
the OctArm manipulator in [10], needs the knowledge of
obstacle’s geometry and is limited to planar scenarios.

Taking inspiration from natural physical phenomena is
also useful in robot navigation. Examples include the electric
potential field which took the idea of electrostatic interaction
among charged particles forming the basis for robot obstacle
avoidance and goal tracking [11]. Being relatively simple,
this method has been extensively applied in various robotics
systems, including mobile robots and rigid-link manipulators
[11]. Recent work exploring the application of the electric
potential field for continuum manipulators has been reported
in [12]. However, the global convergence is not guaranteed
in this algorithm. Other inspirations from nature applied the
properties of an artificial magnetic field for navigating rigid-
link manipulators, such as reported in [13]-[14], claiming
to resolve the problem of entrapment in local minima ob-
served when using the electric potential field method. These
methods, though, requires the geometry and location of any
obstacle or its centre point to be known beforehand.

In this paper, we present a reactive navigation algorithm
for soft continuum manipulator which is inspired by the
characteristics of magnetic fields. The algorithm is reactive
in the sense that it only relies on the most-recent sensory
information to navigate the environment without the need
for prior knowledge of the obstacles’ position or geometrical
properties. The backbone of the manipulator is considered as
a means for a virtual current flow, resembling an electrical
wire which induces an artificial electrical current on nearby
objects. The artificial current will then produce a magnetic
field which will impact on the continuum manipulator move-
ments avoiding a collision. To the best of our knowledge, this
is the first work which takes inspiration from nature to navi-
gate soft continuum manipulators in unknown environments.

II. INSPIRATION FROM NATURE

A wire segment of an infinitesimal length dl, with electri-
cal current i, as illustrated in Fig. [Ta] produces an infinitesi-
mally small magnetic field dB as follows [15]

Uo ipdl, xT
dB="———7— 1
ar P M
in which r stands the position vector of a point with respect
to the wire, ly is a permeability constant, and x denotes the
cross product operation. This magnetic field produces a force
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Fig. 1. (a) An electric current induces a magnetic field dB which, in this
figure, points inside towards the paper. (b) Two current-carrying wires with
currents flow opposite to each other, 1, and 1,, produce repulsion force F.

dF on another current-carrying wire with an infinitesimal
length dl, and current i,, as illustrated in Fig.[Tb] given by

dF =i,dl, xB. 2

The magnetic field also influences a moving particle with
electrical charge dgq and velocity v by a force given by

dF =dg v xB. 3)

Substituting (I) to (Z) and dropping all the infinitesimal
notation, we can then derive the force interaction between
two current-carrying wires as follows

_ Moiglo 1o x (1, x1)
 4rm Ir|3
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Inspired by this physical phenomenon, we can see a
soft continuum manipulator as a current-carrying wire with
current direction 1, either ”flowing” on the tip or the body of
manipulator, inducing an artificial current 1, on the obstacle
surface located at position r, with respect to the manipulator.
This current induced on the obstacle will produce magnetic
field B which will produce a force on the robot current in
such a way that the force F will guide the robot away from
the obstacle. It is noted that r, = —r, so that equation (E[)
can be rewritten in a more general form as follows

F(r,) =c 1o x (r, x1,) f(|ro|), )

where ¢ > 0 is a scalar constant and f(|r,|) > 0 is a positive
scalar function. For simplification, a skew-symmetric matrix
i is used to replace the vector cross product operation 1x of
a vector 1 = [lx Ly lZ]T and defined as follows

0 I |
i=|e. o —i. (6)
I, I 0

ITII. NAVIGATION ALGORITHM
A. Tip Navigation

When moving closer to the surface of an obstacle, the tip
of the robot located at location p will induce an artificial
electric current 1, on the obstacle surface as follows

T
PR (7

where 1, and r, stand for a unit vector in the direction of the
tip’s velocity and the position of the closest obstacle point
with respect to the robot’s tip, respectively. Eq. (7) ensures
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Fig. 2. (a) The tip of the continuum manipulator induces an artificial current
1, on the obstacle as a projection of its velocity direction 1, producing force
F as aresult. (b) The tip navigation employs the transformation of the robot’s
velocity v and tip-to-goal rg with respect to reference vector ry.

that the artificial current 1, is a projection of the tip’s velocity
p (whose direction is described by a unit vector 1,) on to the
obstacle surface as depicted in Fig. 2a]

To make sure that the robot’s tip changes its motion
direction towards the direction of artificial current 1,, the
vector field F in (3) is modified as follows

F=c lax(laXla) f(|r0|,|p|) ®)

To make sure that the tip does not touch the obstacle, the
scalar function f(|r,|,|p|) is designed to be proportional to
the tip’s velocity v = |p| and inversely proportional to the
distance towards the obstacle surface r = |r,| when the tip
is closer to the obstacle than a limit distance r; as follows

roifr<n
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Using the formulation described in eq. (7)-(9), the vec-
tor field F has several properties (which were thoroughly
described in our previous works [16],[17]) as follows:

1) Zero work: The vector field F does not have a com-
ponent in the direction of the tip’s velocity 1,, leaves the
robot’s speed unchanged, and hence, it does not change the
energy of the system. Combined with a globally-stable goal
attraction, the vector field F does not create local minima.

2) Obstacle Boundary Following: Considering that the
tip’s direction 1, is not in line with the position of the obstacle
r,, the vector field F will always have a component along
the direction of the artificial current 1, and will force the tip
to follow the obstacle’s boundary.

3) Collision Avoidance: The scalar function in (9) guaran-
tees that the tip will avoid touching the surface of a convex-
shaped obstacle, as long as its movement direction 1, is not
in line with the position of the obstacle r,.

In reality, we want the tip to not only avoid collision with
an obstacle’s surface but also to be at a safe distance from the
surface. To ensure this, we add an avoidance term inspired
by the behaviour of a pair of current-carrying wires (see Fig.
[IB). The tip of the continuum robot will induce an artificial
current 1, in the opposite direction of current 1, in (7). The
avoidance term F, can then be derived following the general
equation in (5)) with the scalar function f(|r,|) being chosen
to be inversely proportional to the square of robot-obstacle
distance r as follows

Fa =l (%2 x1,0) f(Iro)), (10)



(1 1)1
sl
Fr)) =" n' P

0 if r>r,

if r<r (11

where ¢, denotes a positive constant and r;, < r; denotes a
limit distance. Similar to vector field F in , the avoidance
field F, also does no work (i.e. lgFa = 0). The avoidance
term in (T0)-(TI) will make sure that the tip is repelled from
the obstacle when it is too close without affecting its speed.
The overall avoidance vector field can then be written as

F, =F 4 F,. (12)

To guide the tip of the continuum manipulator to a desired
position pg, a PD controller can be employed as follows

F,qs = —Kp(p —Ppg) — KD, (13)

where Kp and Kp are positive constants. However, when the
tip is located at a considerable distance from the goal, this
approach could force the tip to move at high speeds, leading
to an exorbitantly high avoidance term F, which may not be
achievable by the robot’s actuators when avoiding obstacles.

An alternative way to guide the tip towards the goal is by
implementing a geometric control term, originally presented
in [18]. We assume here that the tip of the continuum robot
moves with velocity v as depicted in Fig. With respect
to a static unit reference vector ry, vector v is expressed as
a rotation matrix R, as follows

1

R»v=I+C?)v+va2m7

(14)
where @, = f,ef%, cos = rfefﬁ, and I € R3*3 stands for
the 3 x 3 identity matrix. Applying the same approach for
tip-to-goal” vector r, = pg — P, we can obtain its orientation
R, with respect to r,.r. We aim to move the tip of the robot
from orientation R, to orientation R, by introducing an error
matrix R, = RgRV and applying a control law as follows

@, = —Kolog(R,), 5)

in which Ku > 0 stands for a constant and the operator

log(R) for any R € SO(3) is defined as log(R) = 25€1B (R—

R”) where 8 = arccos(%). Using the definition of a
skew-symmetric matrix in (6), we get the angular speed
@, € R3 from @;,. To express the angular speed in the static
frame of r,ys, we do matrix transformation @y = Ry@,.
Finally, the vector field to produce this angular speed is

(16)

Fgc = d)rer.

The vector field Fy. guides the robot towards the direction
of the goal without changing its speed. Hence, to make the
robot starts moving, we add a speed controller as follows

F,=—K,(v—v,)d, (17)

where K, > 0 stands for a positive constant, v; is a desired
S5 v =0

speed of the tip, and d is defined as d = Irg| ) v .
v if[v[>0

Finally, when the robot is closer to the goal than a limit

distance rg;, we then switch back to the PD controller in
to make the robot asymptotically reach the goal in a
smooth fashion. Hence, the overall vector field guiding the
tip’s movement is given by

Fo + Fgc + Fv
Fl —
Fo + de

B. Whole Body Collision Avoidance

Besides the tip, we also apply the magnetic-field-inspired
vector field to the part of the robot’s structure which is closest
to the nearby obstacles. We choose m uniformly-distributed
points along the longitudinal axis of the manipulator which
are subjected to the vector field. Vector field Fj, will be
applied to the point which is closest to the nearby obstacle.
For simplicity, we call this point active point located at p,,.

Since the body of the manipulator does not have to reach
a certain configuration, the only vector field which we need
is the avoidance term in (T2). Since there is no need for the
active point to have a constant speed, we modify the vector
field Fy in (10) to simply be a repulsive field F, = 2 f(|r,|),
where r = |r,| stands for the distance from the active point
on the manipulator body towards the closest obstacle point.

For the active point, the boundary-following vector field
F in needs to be used only for a certain condition, i.e.
when at least 2 of the 3 conditions below are satisfied:

if |I'g| > gl (18)
if [rg| <rg

1) The active point is occluded by the obstacle from the
goal position pg,

2) The artificial current 1, induced by the active point
does not tend to attract the point towards a direction
opposite to the goal,

3) The tip has not reached goal location pg.

Apart from these, the vector field F could create unnecessary
movements to the manipulator’s body. To implement these 3
conditions, we introduce 3 weights w,, wp, w, as follows

0 if cosax <O
Wa = . )
1 ifcosa>0
if
Wy = 0 1 cos)/<0’ (19)
1 ifcosy>0

_JOo if [p—pe| <7
We = . 5
1 if [p—pg| > 1

where o stands for the angle between vector ryg = pg — Pq
and body-to-obstacle vector r,, while y stands for the angle
between vector r,, and artificial current induced by active
point 1,. Whenever (at least) 2 of these 3 weights are 1, then
the overall weight wy,, will be 1, and otherwise will be zero.
Eq. for the active point is then modified into

Fop = wiotF +Fy.

IV. IMPLEMENTATION

The proposed methods were implemented on a kinematic
model of multi-segment continuum manipulator. A modal
kinematic approach, using 11th order multivariate Taylor
series expansion as presented in [19], is used to model the

(20)



shape of each segment. Hence, segment i can be described by
a set of actuator space variables q; = [l,-l lin lig]T where
Lo+1;; represents the length of tendon j in segment i for an
initial length L. For manipulator with static base, the overall
actuator space variables for N segments manipulator can then
be written as q = [q; 2 qv| "' whereas for manipu-

lator with movable base we have q = [qo qi qN]T
where qo € R? represents the base’s position. Any point
along the body of segment i can be described with respect
to the base of segment i using modal homogeneous trans-
formation matrix ! T(q;,&) € SE(3). A scalar & € [0,1]
corresponds with the location of the corresponding point
along the backbone of segment i. To describe the pose of
any point along the body of multi-segment manipulator with
respect to the base, the complete homogeneous matrix for N
segments manipulator can be derived as follows

N
0T(a.8) =[]i 1 T(ai&) = {R(‘},’g) p(‘{"g)] . e
i=1
where R(q,&) € SO(3) and p(q,&) € R? stand for rotation
matrix and position vector of the corresponding point. A
Jacobian, J(q,&) € R3*0GN) for a static base or J(q,&) €
R3*GN+2) for a planar mobile base, relating the velocity vec-
tor in the joint space to the task space, can be derived via nu-
merical computation given by [J] = [p]"([q]ﬁs"gg*[p]k([q]’ ’5),
where [J]; stands for the component of a Jacobian matrix in
row-k and column-/, [p]; stands for the component of vector
p in row-k, and § stands for small positive constant.

Since we consider only the kinematics of the system,
force F computed using the proposed method needs to be
numerically integrated to produce a task-space velocity p
given by p(r + Ar) = p(¢) + F(¢)Ar. This equation is used to
produce the task-space tip velocity p, and body velocity p,
from the vector field F; in (I8) and F,, in (20) respectively.

To convert this joint-space velocity p to the actuator space
velocity q, assuming the segment number N > 3, we exploit
the redundancy of the continuum manipulator in order to
implement several tasks according to priority list as follows:

1) Tip navigation,

2) Whole body obstacle avoidance,

3) Actuator space constraint avoidance.
When the part of the manipulator’s body is close to the
obstacle, the actuator space velocity consists of 3 terms [20]:

4=9q+4qp+ 91,
ql‘ = Jt+pt7
= A (I (L= I 30) " (B — JpJ Br),
qcl = )Lcl (I —J;»Jz)(l —j+j)z
where T denotes pseudo-inverse operation defined as J*© =
JT(JIT)~1, J, and J, stand for the Jacobian of the tip and
the active point on the manipulator’s body respectively, A,
and A, stand for positive constants, while J = J,(I—J,;"J;)
and z € RN or z € R?*2 (depending whether the base

is fixed or mobile) stands for arbitrary vector. When the
part of the manipulator’s body is far from the obstacle, the

(22)

actuator space velocity consists of only 2 terms, namely the
tip navigation and constraint avoidance as follows
q = ql‘ + q027
q = Jz+ pr,
ch = 2fc2 (I - JtJrJt)za

where A, is a positive constant. To ensure smooth transition
of (22) and 23), the actuator space velocity is given by

(23)

4=+ + 91 +qc2, (24

while the positive constants A, Acq, and A, are defined as

0 if r>rp
_ 2(m r=ry :
l;, = { COS (2 pro—— ) if r>rpand r<rp, 25)
1 if r <y

At = A, A =1 — Aers

where r;; and rj; specify limit distances.

To minimize the possibility of the actuators reaching their
limit (i.e. minimum length /,,;, or maximum length [,,,,), the
vector z is designed to attract the length of the tendon to its
middle length ;g = Lyin + l’”‘”% Vector z is numerically
integrated from its rate z given by z = (_(lmniliir}f'mn)Z(
Imial) — Kp;q), for the case of a fixed base. For the mobile
base, the vector z is added to vector zy, which attracts the
base to the projection of the tip position into the xy plane
Pxy, Whose rate is given by zg = (—%idlﬁ’izim)z(qo —Py) —
Kp;qo). To further reduce the probability of the manipulator’s
actuator reaching its maximum length, the artificial current
in for the tip navigation is projected into the xy plane
if the z component is positive. For the active point on the
manipulator’s body, the induced artificial current is projected
into the xy plane straightaway.

Finally, the actuator space velocity in (24) is integrated
to get the actuator space variables (i.e. the chamber length
l;j) and transformed into a pressure value for actuation
by equation p;; = %glij, where E, A,,, and A stand for
Young modulus, cross-sectional area of a segment, and cross
sectional area of each chamber in every segment respectively.

V. RESULTS AND ANALYSIS

In this section, we evaluate the performance of the algo-
rithm in the simulation and preliminary experimental sce-
nario. Static obstacles with varying dimension and position
are placed in the vicinity of the manipulator. It is noted that
the manipulator is only able to detect the obstacle when the
distance to the closest obstacle is less than r;;. We compare
the performance of the proposed algorithm with previous
electric-field-based navigation as described in [12]. All the
codes are implemented via the Robot Operating System
(ROS) framework. A video attachment is also available.

A. Simulation Results

In the simulation scenario, the model of a three-segment
continuum manipulator was used. Three points per segment,
distributed uniformly along the backbone of each segment,
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Fig. 3. The scenario where the 3-segments continuum manipulator is
located in an environment consisting of a planar obstacle (black), using
(a) magnetic-field-inspired and (b) artificial potential field algorithms. The
subpictures are to be viewed from left to right.
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Fig. 5. The scenario where the continuum manipulator is located at
environment consisting of multiple static planar obstacles and the goal is
shown as a red dot for (a) magnetic-field-inspired and (b) artificial potential
field algorithm. The step-by-step configuration starts from the right to the
left.
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Fig. 4. The plot of (a) the tip trajectory and (b) the position error for a

planar obstacle for magnetic-field-inspired navigation (blue) and artificial
potential field (red).

are chosen to be the active points. We evaluate two cases: one
where the robot has a static base and one where the robot is
situated on a mobile base operating in a planar environment.

We first test the scenario where the environment consists
of a planar obstacle as shown in Fig.[3] In Fig.[3a we can see
how the magnetic-field-inspired (MFI) navigation algorithm
guides the tip of the continuum manipulator towards the goal
shown as a red dot without colliding with the planar obstacle.
In contrast, the artificial potential field (APF) in Fig. 3b| fails
to guide the tip of the continuum manipulator towards the
desired target since the attractive field to the goal is cancelled
by the repulsive field from the planar obstacle, resulting in
an entrapment in a local minimum.

In Fig. @ we can see how the two algorithms are com-
pared in terms of their tip’s covered path (Fig. ffa) and the
positional error with respect to the goal (Fig. b). It is clear
that the proposed algorithm (blue) traverses along a shorter
trajectory as it will force the manipulator to stop moving after
reaching the target position, while the artificial potential field
(red) will not be able to bring the manipulator to a halt, as
the robot fails to reach the goal. It is not surprising to observe
that the proposed navigation algorithm is able to drive the
positional error towards zero as it guides the tip towards the
goal, while the artificial potential field fails to do so.

In the second scenario, we put the continuum manipulator
in an environment consisting of several planar obstacles. The
obstacles are placed at different heights to test whether the
body of the manipulator is also able to avoid collisions with
the obstacles while, at the same time, the tip is navigated
towards the goal position. Fig. 5] shows the step-by-step

multiple obstacles for magnetic-field-inspired navigation (blue) and artificial
potential field (red).

motion of the continuum manipulator using the magnetic-
field-inspired (Fig. [5a) and artificial potential field (Fig. [5b)
algorithms, respectively.

In Fig.[5al we can observe that the magnetic-field-inspired
navigation is able to guide the tip of the continuum robot to-
wards the goal (red dot) while also ensuring that the body of
the manipulator does not collide with the obstacles. Just like
the tip’s avoidance term, the body avoidance term works by
appropriately moving the manipulator body sideways so that
the manipulator does not get stuck in a local minimum. We
can also observe how the redundancy mechanism employed
helps to ensure that the body movement in avoiding obstacle
does not disturb the movement of the manipulator’s tip. The
constraint avoidance, employed as a part of the redundancy
control, also ensures that the manipulator’s actuator variables
do not get stretched more than the actuators’ capability. This
is in part also influenced by the use of geometric control and
the property of the proposed vector field which keeps the tip
at a constant speed during most of its motion.

In contrast, the artificial potential field applied to the tip
and the body of the manipulator causes the manipulator to be
trapped in a local minimum configuration as shown in Fig.
[5b} This can also be observed in Fig. [6] where we can see
that the proposed navigation (blue) is able to guide the tip
to the goal with zero position error (Fig. [6b) despite longer
path (Fig. [6a) compared to the artificial potential field (red).

B. Experimental Results

For the experimental scenario, a two-segment soft contin-
uum manipulator prototype is used to validate the perfor-
mance of the proposed algorithm. The manipulator consists
of a hollow cylinder made of Ecoflex 00-50 Silicone. Each
segment of the manipulator is 47 mm in length with an
outer diameter of 23 mm and an inner diameter of 9 mm.
Three pairs of pneumatically actuated pressure chambers (4.5
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Fig. 7. The experimental setup depicts the 2 segments soft continuum
robot actuated by pressure regulators.

Fig. 8. The experiment shows the 2-segments soft continuum manipulator
avoids a simulated plane obstacle (black) using magnetic-field-inspired
navigation.

mm diameter) are accommodated longitudinally in the wall.
Each pair of chambers is connected to one inlet air pipe
receiving regulated air pressure from a pressure regulator.
The experimental setup is shown in Fig. [7] A single plane
obstacle is simulated to be located in the surrounding space.
Although the obstacle is simulated, its closest point is not
known to the robot before it is closer to the obstacle than
limit distance rj;. Since we only employ two segments, we
don’t use the complete redundancy control in (24)), but only
the tip navigation term q;.

In Fig.[8] we can see how the magnetic-field-inspired nav-
igation is able to guide the tip of the 2-segment continuum
manipulator avoiding the simulated plane obstacle drawn
in black. Hence, we can see that the proposed navigation
has a reactive property, i.e. it works without any prior
information of the environment and relies only on a local
information acquired online during the robot’s movement.
This demonstrates the potential of the method to be used
for continuum manipulators operating in difficult scenarios
involving not only unknown but also dynamic environments.

VI. CONCLUSIONS

In this paper, a reactive magnetic-field-inspired navigation
is presented to guide the movement of a continuum ma-
nipulator towards the goal without colliding with unknown
convex-shaped obstacles. The proposed navigation strategy is
implemented in a modal-kinematics model of multi-segment
continuum manipulators. A 2-segment soft continuum ma-
nipulator platform is used to validate the performance of the
algorithm in a real-world scenario. The results show that
the algorithm is able to outperform potential field algorithm
in several scenarios repeatedly suffering from local minima.
It is noted that, in achieving this performance, the proposed
navigation only makes use of local information acquired dur-
ing robot motion. In the future, the practical implementation
of the algorithm in more difficult environments, consisting of
non-convex, cluttered, and even dynamic environments will

be explored. The use of a dynamic model of a continuum
manipulator will also be investigated.
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