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Abstract— Tendon-driven continuum robots show promise
for use in surgical applications as they can assume complex
configurations to navigate along tortuous paths. However, to
achieve these complex robot shapes, multiple segments are
required as each robot segment can bend only with a single
constant curvature. To actuate these additional robot segments,
multiple tendons must typically be added on-board the robot,
complicating their integration, robot control, and actuation.
This work presents a method of achieving two curvatures in a
single tendon-driven continuum robot segment through use of
a novel magnetic locking mechanism. Thus, the need for addi-
tional robot segments and actuating tendons is eliminated. The
resulting two curvatures in a single segment are demonstrated
in two and three dimensions. Furthermore, the maximum
magnetic field required to actuate the locking mechanism for
different robot bending angles is experimentally measured to
be 6.1mT. Additionally, the locking mechanism resists uninten-
tional unlocking unless the robot assumes a 0° bending angle
and a magnetic field of 18.1mT is applied, conditions which are
not typically reached during routine use of the system. Finally,
addressable actuation of two locking mechanisms is achieved,
demonstrating the capability of producing multiple curvatures
in a single robot segment.

I. INTRODUCTION

Continuum robots have been widely used for minimally
invasive surgeries due to their dexterity and small dimensions
[1]. They can bend in curvilinear shapes, allowing them
to access constricted spaces and to perform surgical tasks.
Tendon actuation is one of the common modes of actuation
for these robots, with tendons routed alongside an axially
stiff backbone. Tendon driven continuum robots (TDCRs)
have tendons terminating at the end of a segment and
are actuated by motors placed at the base, actuating each
segment by pulling or releasing these tendons [2]. Actuating
them extrinsically, with motors placed outside the deformable
robot shape, allows for smaller diameter robots. The tendons
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are commonly routed parallel to the incompressible back-
bone, following a straight line. On actuation, each segment
generally bends following an approximate constant curvature
arc in 3D, and bending is typically accomplished using three
or more tendons. Achieving variation in curvature along the
robot in free space requires more than a single segment.
Each segment requires a minimum of two motors with a pair
of antagonistic tendons to actuate it in 3D space. Stacking
multiple segments complicates the actuation unit due to
complex routing that requires higher integration efforts, as
well as the required control algorithms for synchronization
and trajectory generation. It also results in a bulky actuation
system and increased frictional forces.

Achieving multiple curvatures has been implemented
through various design modifications other than using multi-
ple segments. For example, non-straight tendon routing [3]–
[5] allows a single segment to bend with varying curvature.
While these prior works consider tendons routed at a constant
distance from the backbone, varying this distance has also
been studied to obtain variable curvatures [6], [7]. Liu et al.
[8] use multiple nitinol slices assembled under a steel shell
to achieve an S-shaped curve.

Another possible method of achieving multiple curvatures
is to use locking/latching mechanisms. They can be used to
grip moving parts in the robot and prevent their relative mo-
tion in certain portions, resulting in restricted deformations.
Hence, they can be used to control the curvature at multiple
points. A definition of locking mechanisms in robotics is
provided by Plooij et al. [9] as devices that allow and prevent
motion between parts. The designs proposed for use in
continuum robots can be classified into two major categories
[9], based on their friction-based or mechanical locking
principle. The use of locking mechanisms to achieve multi-
curvature capability offers the advantage of being modular
and have smaller sizes compared to the robot. They can be
used as actively actuated components to change the robot
shape, as opposed to passive design modifications to the
backbone or tendon routing.

Friction-based mechanisms use high friction to lock the
system. SMA springs are used [10] to vary the internal
friction between the backbones and disks. A friction material
is used to coat the moving parts [11] to arrest sliding between
two flexible concentric backbones. Bishop et al. [12] also
proposed a friction-based mechanism which uses SMA wires
to increase the friction between clutches and beaded tendons,
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Fig. 1: Locking process: The robot is unlocked in its starting configuration (0s). The robot is bent and a magnetic field is applied to engage the magnetic
locking mechanism. The white arrow indicates the rotation direction of the locking mechanism (11s). The magnetic locking mechanism is locked enabling
two curvatures in the robot (25s).

locking the shape of a portion of the robot. Piezoelectric
actuators are used [13] to clamp on to backbones. These
actuators are used for shape-locking to achieve follow-the-
leader deployment. Mechanical mechanisms use a mechani-
cal structure to obstruct motion. For example, Sun et al. [14]
used a locking mechanism consisting of a rotating cam which
pushes against an elastic rod to switch between pneumatic
and elastic rod actuation. A clutch and a parallel mechanism
are used [15] to create a locking mechanism for follow-
the-leader deployment. Vacuum pressure is used to lock the
backbone [16] by engaging flexible toothed links that prevent
the backbone from bending.

To achieve multiple curvatures, a wireless locking mech-
anism which allows tools to be routed through the TDCR
is essential for surgical applications. The existing locking
mechanisms often require a constant power source for actua-
tion which can cause the robot to reach elevated temperatures
and be harmful to the patient. Furthermore, the proposed
locking mechanisms are usually tethered as electrical wires
or pneumatic conduits must be fed through the robot’s body
to provide energy to the mechanism. In addition, friction-
based locking mechanisms have higher energy consumption.

A locking mechanism based on magnetic actuation pro-
vides a possible alternative to the above. Magnetic actuation
has already been well researched in the robotics community
for surgical interventions (e.g. [17]). Magnetic fields can
safely penetrate human tissues and can be used for wireless
actuation. To the best of our knowledge, achieving multiple
curvatures in a single TDCR segment has yet to be achieved
through magnetic actuation. In this work, we propose a
novel magnetically-actuated locking mechanism (MLM) on
board a TDCR to enable multiple curvatures in a single
robot segment, thus eliminating the need for additional robot
segments and supplementary actuating tendons (Fig. 1). Due
to the magnetic actuation, the proposed locking mechanism
is untethered, allowing for backbone and actuation unit
miniaturization, can be rapidly actuated, and the actuating
magnetic fields are safe for use in surgical tasks. A modified
version of the torsional spring presented in [18] is embedded
into the MLM allowing it to switch between stable locked
and unlocked states wirelessly, eliminating the need for a

constant power supply. It is a mechanical locking mecha-
nism, and thus uses less energy than friction based designs.

The contributions of this paper are as follows. First, we
propose a novel design for a MLM and TDCR. Second, we
demonstrate the locking mechanism’s ability to achieve two
curvatures in 2D and 3D in a single-segment TDCR. Finally,
we demonstrate the addressable actuation of two MLMs to
further increase the number of achievable curvatures in the
single TDCR segment.

This paper is organized as follows. In section II the
working principle and the design of the MLM are discussed.
The robot prototype design and demonstration is detailed in
section III. Section IV presents the experimental evaluation
of the MLM and robot prototype. Section V provides a dis-
cussion of the experimental results and section VI concludes
the paper with proposed future work.

II. DESIGN OF THE MAGNETIC LOCKING MECHANISM

In this section, the design and working principle of the
MLM are presented. Then, the integration of the MLM with
a TDCR segment is discussed.

A. Working Principle of the MLM

The locking mechanism has two main components: the
stationary component referred to as the locking mechanism
disk, and the moving component referred to as the MLM.
The MLM has an on-board magnet, allowing it to be rotated
about its central axis through the application of an external
magnetic field. This external actuation allows the device to be
switched between its locked and unlocked states wirelessly.
To actuate the MLM, magnetic torques are employed as these
are typically much stronger than magnetic forces. A magnetic
torque is produced when the magnetization direction (a.k.a.
magnetic dipole moment) of the actuated magnet and the
externally applied magnetic field are misaligned. The magnet
on the MLM is diametrically magnetized (along a direction
perpendicular to its axis of symmetry), thus when an external
magnetic field is applied, the MLM rotates about its central
axis to align itself with the applied magnetic field. The
magnetic torque acting on the MLM is

τ =m×B, (1)
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Fig. 2: Locked and unlocked positions of the magnetic spring. −−→mm is the
magnetic dipole moment of the MLM’s magnet. −→md is the magnetic dipole
moment of the locking mechanism disk’s magnet. When the clamping arms
(painted white) are in line with the red lines in the background, the MLM is
in the locked position. When the clamping arms are in line with the green
lines in the background, the MLM is in the unlocked position. A) Magnetic
spring in the locked position. B) Magnetic spring in the unlocked position.

where τ represents the magnetic torque acting on the MLM,
m is the magnetic dipole moment of the magnet, and B is
the external magnetic field.

To produce pseudo-stable locked and unlocked positions,
a magnetic spring is embedded into the MLM. The locking
mechanism disk has its own diametrically magnetized ring
magnet which fits inside and produces its own torque on
the MLM’s ring magnet. The MLM rotates to try and align
its magnetization direction with that of the inner magnet,
creating a spring behaviour between the magnets. When the
magnetization direction of the outer magnet is in the opposite
direction as that of the inner magnet, the assembly reaches
an unstable equilibrium point. Thus, if the MLM is pushed
past the unstable equilibrium point in either the clockwise
or counter-clockwise direction, it will continue to rotate in
that direction to try to align itself with the inner magnet.
However, in the MLM, mechanical stops are introduced into
slots in the device, to prevent it from fully aligning itself
with the inner magnet. It will rather stop rotating once
the mechanical stops have reached either end of the slots,
which correspond to the mechanism’s locked and unlocked
positions (Fig. 2). This magnetic spring is included in the
MLM design to provide a torque to the MLM which helps
it remain in either the locked or unlocked position. As a
consequence, once the MLM has been actuated past the
unstable equilibrium point, the external magnetic field can be
removed as the magnetic spring will push the MLM towards
its intended position.

B. MLM Integration on a TDCR

The MLM described in the previous section can be used to
produce two curvatures in a single-segment TDCR (Fig. 3).
Supporting components in the form of notched secondary
backbones are added to a typical TDCR segment such that
the MLM can prevent their relative motion. While they
have been used to actuate a continuum robot in [19], they
play a passive role in this work with the tendons actuating
the system. The notched secondary backbones provide a
structure onto which the moving portion of the MLM latches.

Curvature 1
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Actuating 
Tendon

Robot Disk

Magnetic Locking
Mechanism

Locking
Mechanism Disk

Secondary
Backbone

Primary 
Backbone

Fig. 3: Graphical depiction of the integration of the MLM on a TDCR
segment. The MLM enables two curvatures in a single TDCR segment.

The notches are produced by increasing and decreasing the
diameter of the secondary backbones at their center. Three
secondary backbones are used in the TDCR segment and the
MLM is placed at the middle of the robot segment (Fig. 4).
The MLM has six slots, of which three are arc-shaped slots
to allow the actuating tendons to pass through the MLM and
three are slots which allow the secondary backbones to pass
through the MLM (Fig. 4 - Locking Mechanism inset). One
side of the secondary backbone slots has a larger opening
which allows the secondary backbones to pass through the
MLM when the robot is in the unlocked state. To lock the
robot, the moving component of the MLM is rotated using an
externally applied magnetic field. This causes the narrower
side of the slots to slide into the notches, preventing the
translation of the secondary backbones.

To enable two curvatures in the robot, it is first bent by
manually pulling on the actuating tendons which terminate
at the tip of the robot. The MLM is rotated by an external
magnetic field, engaging it with the secondary backbones.
Since the secondary backbones are fixed at the base of
the robot, engaging the MLM causes the proximal half to
become locked with its current curvature. The tendons are
then actuated to create a second curvature in the distal half
of the robot. This principle is validated experimentally on
the manually actuated prototype presented in Fig. 1. An S-
shaped profile is created in the single-segment continuum
robot, which typically requires two robot segments.

III. ENABLING TWO CURVATURES IN A TDCR SEGMENT
WITH THE MLM

In this section, the MLM is placed on a single-segment
TDCR prototype. First, the design of the robot prototype is
discussed, followed by a demonstration of the MLM’s ability
to produce two curvatures in the single-segment TDCR in 2D
and 3D space.



TABLE I: Dimensions of the Realized Prototype

Robot Dimensions MLM Dimensions
Part Dimensions Part Dimensions

Number of disks 16 Diameter of MLM 10.25mm
Robot length 240mm Diameter of MLM (including clamping arms) 12.75mm
Disk diameter 10.5mm Diameter of locking mechanism disk 10mm
Disk thickness 2.7mm MLM magnet (diametrically magnetized N42 NdFeB ring), outer diameter 1/4 ”

Primary backbone diameter 0.635mm MLM magnet inner diameter 1/8 ”
Secondary backbone diameter 0.508mm MLM magnet height 1/4 ”

Young’s Modulus of the nitinol backbones 50GPa
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Fig. 4: Magnetic locking mechanism on board the single-segment continuum
robot with insets of the top view of the locking mechanism and a secondary
backbone.
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Fig. 5: Magnetic locking mechanism components. A) Magnetic locking
mechanism. B) CAD model of the magnetic locking mechanism. C) Locking
mechanism disk with which the locking mechanism is paired. D) CAD
model of the locking mechanism disk. E) Magnetic locking mechanism
assembled with its corresponding disk. F) CAD model of the magnetic
locking mechanism assembled with its corresponding disk.

A. Robot Prototype

To demonstrate the MLM’s ability to produce two curva-
tures in a single-segment TDCR, a novel prototype was built.
The robot prototype is composed of a primary backbone,
three actuating tendons, a MLM, and three secondary back-
bones (Fig. 4). Its dimensions, which were experimentally
chosen based on a trade-off between the robot’s stiffness and
its maximum bending angle, are tabulated in Table I. The
MLM’s components are shown in Fig. 5. The MLM pivots
about the robot’s primary backbone when it is actuated by a
magnetic field. There are three clamping arms protruding off
the side of the MLM. These arms are used to mechanically
constrain the MLM to a robot disk so it does not slide along
the robot’s backbone and is not repelled by the inner magnet
of the magnetic spring. The six slots in the MLM are 4.25
mm from the primary backbone, are placed 60° apart, and
each spans 35° of the MLM. The narrower portion of the
secondary backbone slots is made thinner to improve its
ability to engage with the secondary backbones. The MLM
and the locking mechanism disk are 3D printed. The robot
disk has larger holes to allow the passage of the secondary
backbones, and smaller holes for the actuating tendons. The
other robot disks are laser cut from a 2.7 mm thick acrylic
sheet using the Epilog Mini 40 Watt laser cutter.

The robot’s primary and secondary backbones are made
from nitinol wire. At the center of the secondary backbone
wire, stainless steel rings are crimped 2.5 mm apart. This cre-
ates the notches in the secondary backbones into which the
MLM is engaged. Crimping is used as joining methods such
as gluing, soldering and welding do not provide sufficiently
strong bonds. The robot’s actuating tendons are made from
fishing line (Orvis SuperStrong Plus, 25lb). To actuate these
tendons, a 3D printed manual actuation unit is developed.
The robot is mounted into the front of the manual actuation
unit, and the actuating tendons are routed over pulleys to
reduce the experienced friction. The tendons are manually
pulled or released to actuate the robot.

To actuate the MLM, a magnetic field is applied per-
pendicularly to the magnetization direction of the MLM’s
magnet and in the magnet plane to rotate the MLM. The
magnetic field is produced by an eight-coil electromagnetic
actuation system capable of producing maximum fields of
38 mT in all directions. The magnitude and orientation of the
magnetic field at the center of the workspace is controlled
using the strategy presented in [20]. A linear relationship
between the coil currents and the generated magnetic field
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Fig. 6: A) Enabling two curvatures in a single robot segment in two-dimensional space. B) Enabling two curvatures in a single robot segment in three-
dimensional space - 1st Configuration. C) Enabling two curvatures in a single robot segment in three-dimensional space - 2nd Configuration.

and its gradients is established and calibrated from field
measurements. This relation is then inverted to obtain desired
currents, that are met using low level PID control for each
coil. At the center of the actuation system’s workspace, the
error between the specified and produced field is less than
10%.

B. Demonstration of Working Principle

The MLM’s ability to produce two curvatures in the
robot segment in 2D and 3D space is demonstrated on the
robot prototype. The process for achieving two curvatures
described in section II-B is used in these demonstrations.
The robot is initially bent by manually pulling on the
tendons, and a magnetic field is applied perpendicularly to
the magnetization direction of the MLM’s magnet and in
the magnet plane to rotate the MLM and engage it with the
secondary backbones. The orientation of the applied field
can be specified, which is achieved using the magnetic field
control described in section III-A. With the proximal half of
the robot locked, the magnetic field is removed, and the distal
half is actuated to assume a second curvature. To return the
robot to its starting configuration, the tension in the tendons
is released and the initial set of tendons are pulled to return
the robot to its initial curvature. A field is then applied in the
opposite direction of the initially applied field to unlock the
MLM. Finally, the robot is returned to its starting position
by releasing the tension in the tendons. The robot’s ability to
achieve two curvatures in 2D and 3D is shown in Fig. 6. For
the 3D bending case, the robot assumes two consecutive two-
curvature configurations, demonstrating the robot’s potential
to execute more complex position sequences. The 2D and 3D
bending demonstrations are presented in the supplementary
video.

IV. EXPERIMENTAL EVALUATION

The performance of the MLM and robot prototype is
experimentally evaluated. We characterize the locking mech-
anism in terms of actuation field and holding capacity during
tendon actuation. The potential for achieving a greater num-
ber of curvatures in a single robot segment by addressably
actuating two MLMs is also explored.

A. Field Required for Locking and Unlocking

The goal of this experiment is to ensure that the MLM can
be actuated using an external magnetic field when placed on-
board the robot prototype. The force acting on the MLM
changes when the robot varies its bending angle due to
changing tendon tension. Thus, the relationship between
the robot bending angle and the magnetic field required to
actuate the MLM for the different bending angles is studied.

1) Experimental Set Up: The robot prototype is placed
in the workspace of the eight-coil electromagnetic actuation
system. While the field produced by the magnetic actuation
unit is non-uniform, at the center of its workspace, the effect
of the magnetic gradients on the MLM is negligible. To
ensure that the MLM is at the center of the workspace,
the robot’s actuation unit’s position is adjusted manually.
The locking and unlocking fields are measured for robot
bending angles of 0°, 15°, 30°, 45°, 60°, 75°, 90°, 105°,
120°, and 135°. The robot bending angle is defined by the
angle between the tangent at the base of the robot’s primary
backbone and the line passing through the primary backbone
base and the robot tip. It is measured using a large laser-cut
protractor placed behind the robot (Fig. 7(a)). To reach the
desired bending angles, calibrated weights are fixed to the
robot’s top-most tendon.

Once the desired bending angle is obtained, the secondary
backbones are repositioned to ensure that their notches are
aligned with the MLM so that it can be engaged. This ensures
that only the robot bending angle’s effect on the actuating
field is considered in this experiment. A magnetic field is
then applied along the MLM to engage it with the secondary
backbones. The field strength is increased in increments of
0.5 mT until the MLM locks and the field causing locking is
recorded. The same process is repeated to unlock the MLM,
but with the field applied in the opposite direction. Ten
measurements are taken for both the locking and unlocking
fields for all robot bending angles considered. The average
field strength required for locking and unlocking is finally
computed.

2) Results: The average magnetic field required to actuate
the MLM for all robot bending angles considered is plotted in
Fig. 7(b)). The magnetic field required to actuate the MLM
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Fig. 7: A) Experimental set up used to measure the magnetic field required to
lock and unlock the locking mechanism. B) Average magnetic field required
to lock and unlock the locking mechanism for different robot bending angles.
The error bars represent the standard error of the measurements.

increases as the robot bending angle increases. The field
required to actuate the magnetic locking mechanism for all
robot bending angles was relatively weak as it did not surpass
7 mT.

B. Field Required to Unlock a Locked MLM

In this experiment, the field required to unlock the MLM
when it is in its loaded state is measured. When the MLM is
locked and the distal half of the robot is being actuated, the
MLM becomes loaded as the tension applied to the tendons
is transmitted to the MLM and the proximal half of the robot.
The goal of this experiment is to ensure that the MLM will
not become unlocked in its loaded state.

1) Experimental Set Up: When the locking mechanism
is loaded, the friction in the MLM increases making it
impossible to unlock when the distal half of the robot is being
actuated. The MLM is in its least loaded state when the prox-
imal half of the robot is locked and the distal half is straight,
i.e. there is no tension in the tendons. Thus, this experiment
considers this minimal loading case. The experimental set
up is the same as in section IV-A, but with the proximal
half of the robot locked and the distal half straight such

that there is no tension in the tendons. The robot is initially
bent to the desired angle by hanging calibrated weights from
the tendons. The secondary backbones are then repositioned
to align their notches with the MLM. The MLM is then
manually engaged to lock the proximal half of the robot
and all tension is released from the tendons. A magnetic
field is applied perpendicularly to the MLM’s magnetization
direction in increments of 0.5 mT until the MLM unlocks or
until the field reaches 20 mT. The maximum field of 20 mT
is considered sufficiently high as this is more than three times
greater than the field required to unlock the MLM measured
in section IV-A. This process is repeated five times for each
robot bending angle. The bending angles considered for this
experiment are from 0° to 105° in intervals of 15°. Higher
angles are not explored as it is assumed that the friction
in the MLM would be greater, making it more difficult to
unlock the mechanism.

2) Results: For bending angles greater than 0°, the loaded
MLM stayed locked for actuating fields of up to 20 mT.
For the 0° bending case, the MLM unlocked for an average
field strength of 18.1 mT. This field is 2.99 times and
3.23 times greater than the maximum unlocking and locking
fields presented in section IV-A respectively. Thus, the MLM
is unlikely to unlock when in the loaded state, even if a
magnetic field were applied. Furthermore, since the magnetic
field used to lock and unlock the MLM in section IV-A never
exceeded 7 mT, fields of 18.1 mT would not be applied to the
system. Thus, even for the 0° bending case, it is not likely
that the MLM unlocks.

C. Addressable Actuation of Two MLMs

The TDCR’s motion capabilities could be further im-
proved by adding multiple MLMs on board the robot. For
example, two MLMs could be used to enable three curvatures
in the segment. Since the magnetic field applied to lock and
unlock the MLM acts over the robot’s entire workspace, the
MLMs’ magnetic components must be oriented in a way
which allows for addressable actuation of multiple MLMs.
In this experiment, we investigate the addressable actuation
of two MLMs using a global magnetic field.

1) Experimental Set Up: Two MLMs are placed 40 mm
apart in the workspace of the electromagnetic actuation
system. The magnetization directions of the two MLMs are
offset by 90° to allow addressable actuation of both mecha-
nisms. One of the MLMs is placed on a fixed insert which
does not move. The second MLM is placed on different
inserts with varying inclination angles of 0°, 30°, 60°, and
90°. These inclined inserts are also placed on a rotating disk
(Fig. 8). For each inclined insert, the disk is rotated by 0°,
30°, 60°, and 90° relative to the fixed MLM. By placing
the second MLM on the inclined and rotatable inserts, the
relative orientation between the two MLMs mimicks that
of two MLMs placed on a single-segment TDCR. For each
inclined insert and rotation angle, a magnetic field is applied
to actuate one of the two MLMs. The orientation of the
magnetic field is then changed to actuate the other MLM.
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Fig. 8: A) Experimental set up for the addressable actuation of two MLMs.
The yellow arrows represent the magnetization directions of the locking
mechanisms (−−→mm). When the clamping arms (painted white) are in line
with the red lines in the background, the MLM is in the locked position.
When the clamping arms are in line with the green lines in the background,
the MLM is in the unlocked position. The locking mechanism on the right is
placed on an inclined insert which can be rotated relative to the left locking
mechanism. B) Inserts on which the right locking mechanism is placed with
inclination angles of 0°, 30°, 60°, and 90°.

2) Results: For every inclined insert and rotation angle
considered, it was shown that two MLMs could be ad-
dressably actuated using a global magnetic field. In some
cases, a small movement was observed in the unactuated
MLM, however, not enough to trigger the locking mecha-
nism. Choosing an appropriate field orientation to actuate
a single MLM is not trivial. This will be discussed in
section V. The addressable actuation of two MLMs with a
relative inclination and rotation angles of 0° is shown in the
supplementary video.

V. DISCUSSION

A. Magnetic Field

It was shown that the MLM is easily actuated with a
relatively weak external magnetic field. The magnitude of the
field required increases with the robot bending angle, likely
caused by a greater portion of the secondary backbones and
actuating tendons being in contact with the MLM for larger
bending angles resulting in increased friction. The slight
deviations from the trend could be caused by misalignment
between the secondary backbone notches and the MLM. The
friction between the MLM and the locking mechanism disk
may have also changed between measurements due to wear
or relative motion. In addition, the field required to unlock
the MLM is smaller than the field required for locking.
This may be caused by the size differences at either end
of the secondary backbone slots which result in different
magnitudes of experienced frictional forces.

Additionally, the MLM’s use is not limited to the special-
ized magnetic actuation system used in this work. The field
required to actuate the MLM was below 7 mT for all robot
bending angles, allowing most magnetic actuation units in

literature to be used instead. For example, the Octomag [20]
can produce fields above 20 mT while the Stereotaxis Niobe
and Aeon Phocus [21], [22] can produce fields up to 80 mT.

B. Locking Mechanism

The experiments also showed that the MLM did not
undesirably unlock even when large magnetic fields were
applied. Since the friction in the MLM is high when in its
loaded state, it is unlikely that the MLM becomes unlocked
when the distal half of the robot is actuated. However, it
may be possible that the MLM unlocks in the presence of
significant torsion. If the robot experiences external loading
or if a specific combination of tendons are actuated, the
resulting torsion could unlock the MLM. In future work,
experimental validation must be performed to ensure that the
MLM stays locked under different loading conditions. In the
experiments, the locked MLM did not unlock for fields of
up to 20 mT (18.1 mT for the 0° bending case). Therefore,
fields with these magnitudes could be used to freely actuate
a second MLM on the robot, where the friction in the first
loaded MLM would prevent it from unlocking.

C. Addressable Actuation

Next, it was shown that two MLMs could be address-
ably actuated, thus demonstrating the potential for multi-
ple locking mechanisms on a single robot. Two locking
mechanisms could be used to produce three curvatures in
a single segment, or four on a two-segment robot. In some
of the considered cases, a small movement was observed
in the unactuated MLM, however, not enough to trigger the
locking mechanism. This could be caused by misalignment
of the magnetization direction of the MLMs or by the
application of out of plane torques (i.e. not about the axis of
rotation) which would not cause the MLMs to lock or unlock.
Furthermore, placing the MLMs 40 mm apart verifies that
magnetic interaction between MLMs does not prevent their
independent actuation.

Choosing the field orientation to actuate multiple MLMs is
not trivial as its easier for certain relative MLM orientations.
For example, when the relative inclination and rotation angles
between the MLMs are both 0°, one MLM can be actuated
by simply applying a field along the other MLM’s magneti-
zation direction. However, this can be challenging when, for
example, the relative inclination and rotation angles between
the two MLMs are both 90°. Applying a field along the
unactuated MLM’s magnetization direction will not cause
the desired MLM to be actuated as the field would be along
its rotation axis. In such cases, the friction in the mechanism
can be leveraged. The field can be oriented to produce a
larger torque on the actuated MLM and a smaller one on
the other MLM such that it is not sufficient to overcome the
friction in the latter device, thereby preventing it from being
actuated. In practice, the above would require tracking of the
MLM orientations and positions such that the magnetic field
can be oriented in a way which actuates a single MLM at a
time. In future work, magnetic sensors could be embedded
in the robot to obtain their pose [23]. A model could be



derived to determine the field orientation which produces
a larger torque acting on the actuated MLM based on the
information obtained from the magnetic sensing.

D. Limitations

Our experiments revealed some limitations of the pro-
posed design, mainly due to manual manufacturing and
prototyping. First, the robot can only be locked in specific
configurations due to the discrete placement of the rings on
the secondary backbones. Its performance could be improved
if the distance between notches was reduced. The spacing of
the rings on the secondary backbones also creates some slack
in the robot since the locking mechanism is slightly thinner
than the ring spacing. Some shifting was also observed in
the robot when the MLM was actuated. This could be easily
eliminated by using smaller actuating fields or a smaller
magnet on the MLM. While the magnetic field had a small
influence on the robot’s shape, future work will focus on
developing a model to study the effects of the applied
magnetic field on robot deformation.

VI. CONCLUSION

In this work, two curvatures were enabled in a single-
segment TDCR through the use of a novel MLM. To extend
the benefits of the MLM, it was shown that two of the de-
veloped MLMs could be addressably actuated, demonstrating
the potential of achieving a greater number of curvatures in
a single TDCR segment. In future work, a kinematic model
of the robot will be developed to further study and analyze
the proposed design. A model could be used to determine
the required tendon input forces needed to generate desired
robot shapes and to investigate the workspace of the novel
continuum robot. Automating the actuation will eliminate
the vibrations observed due to manual actuation, and enable
linear advancement and retraction of the robot. Using the
MLM to achieve follow-the-leader motion will also be in-
vestigated. Future work will focus on device miniaturization
by using custom magnets in the MLM. Finally, the stiffness
increase observed in the locked portion of the robot will be
experimentally characterized.
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