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Continuum robots have the potential to form an effective
interface between the patient and surgeon in minimally in-
vasive procedures. Magnetic actuation has the potential for
accurate catheter steering, reducing tissue trauma and de-
creasing radiation exposure. In this paper, a new design of
a monolithic metallic compliant continuum manipulator is
presented, with flexures for precise motion. Contactless ac-
tuation is achieved using time-varying magnetic fields gener-
ated by an array of electromagnetic coils. The motion of the
manipulator under magnetic actuation for planar deflection
is studied. The mean errors of the theoretical model com-
pared to experiments over three designs are found to be 1.9
mm and 5.1◦ in estimating the in-plane position and orienta-
tion of the tip of the manipulator, respectively and 1.2 mm for
the whole shape of the manipulator. Maneuverability of the
manipulator is demonstrated by steering it along a path of
known curvature and also through a gelatin phantom which
is visualized in real time using ultrasound imaging, substan-
tiating its application as a steerable surgical manipulator.

1 Introduction
The field of continuum robots has seen significant

growth in the last few decades. The designs of snakes,
elephant trunks, and octopus tentacles have encouraged re-
searchers to devise bio-inspired hyper-reduntant robots for
dexterous manipulation of objects [1]. Continuum robots
have great potential within medical applications, and in par-
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Fig. 1. An illustration of the continuum manipulator being guided in-
side the arterial system of forearm by a pair of electromagnetic coils.
The inset shows the continuum manipulator with a magnet at its end.
The inset of the manipulator shows the flexures.

ticular for robot-assisted minimally invasive surgery (MIS).
In current literature, the focus is on designing miniaturized
manipulators which are sufficiently flexible to be steered
inside the body and reach difficult-to-access surgical sites
with high dexterity. Such devices find applications in neu-
rosurgery, endoscopy, laparoscopy, biopsy and other surgical
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procedures in which these devices enter the body through
small incisions [2, 3].

There is a growing body of literature that demonstrates
many applications of continuum manipulators in MIS with
different designs [4]. For example, concentric-tube robots
having multiple tubes of different predetermined curvature
and stiffness can cover wide geometry that enables surgical
dexterity [5]. Burgner et al. [6] showed that an interchange-
able inner tube enables easy sterilization. However, tackling
snapping behavior of concentric-tube robots during manipu-
lation remains a challenge [7]. A teleoperated multibackbone
continuum manipulator with multiple instrumentation chan-
nels has been demonstrated by Goldman et al. [8], and Yang
et al. [9] developed a snake-inspired robot for performing
complex endoscopic tasks. Nonetheless, piston-lead screw
actuation units have inherent backlash which reduces posi-
tioning accuracy and tendon-driven systems are difficult to
miniaturize. Other commercially available systems such as
the Sensei X by Hansen Medical, Inc. (California, U.S.),
have demonstrated significant advantage in reduction of X-
ray exposure [10, 11]. As the radiation exposure time of pa-
tients and physicians depends on the complexity of the pro-
cedure, such remote navigation systems have the potential
to assist surgeons perform their task quickly without direct
intervention [12, 13].

Over the years, surgical instruments based on compli-
ant mechanisms have gained significant attention [14]. The
use of monolithic mechanism designs reduce the number of
assembly steps, thereby simplifying the fabrication process
and reducing maintenance [15]. Relative motion between
members is eliminated, leading to high precision, reduction
in wear, friction, backlash, noise, while rendering lubrica-
tion non-essential [16]. A number of compliant mechanisms
utilize flexure hinges, which are flexible members that enable
relative limited rotation between two adjacent rigid members
[17]. Yin and Anathasuresh have previously demonstrated
the virtues of distributed compliance in flexure-based mech-
anisms, reducing peak stresses in the system and achieving
restrained uniform local deformation [18]. Thus, flexure-
based designs with reduced stress and limited local defor-
mation, have potential for application in design of surgical
devices. For instance, Swaney et al. [19] have designed a
flexure-based steerable needle that minimizes tissue damage
and Chandrasekaran et al. [20, 21] have developed flexure-
based designs of surgical tooltip combined with magnetic
coupling and tether-driven power transmission. Previously,
Kim et al. have designed a continuum manipulator using
creative slotting patterns of narrow necked flexures result-
ing in discrete compliance [22]. Flexure-based designs are
also found in the backbone structures of endoscopic contin-
uum robot designed by Kato et al. [23] and the Artisan Ex-
tend Control Catheter by Hansen Medical, Inc. (California,
U.S.) [10], which are tendon-driven devices.

Recently, several studies have proposed magnetic actu-
ation of surgical devices due to the advantages offered by
contactless actuation, leading to compact designs [24, 25].
Static or low-frequency magnetic fields are also suitable for
surgical environments because they are not harmful to hu-

mans. Commercial systems using remote magnetic naviga-
tion (RMN) are available, such as the Niobe magnetic nav-
igation system (Stereotaxis, Inc., U.S.) for ablation proce-
dures with catheters equipped with small permanent magnets
[26–28]. Multiple studies have been conducted on the use of
RMN and magnetic control strategies for surgical manipu-
lators [29–32]. This has heightened the need for versatile
designs of magnetic catheters which are dexterous and mul-
tifunctional to perform complex surgical procedures [33–35].

This paper describes a new design of a metallic com-
pliant continuum manipulator capable of planar and spatial
bending. The design entails a novel slotting pattern to make
a segmented continuum manipulator that is capable of bend-
ing about two axes and is cut out of a monolithic tube without
using assembly. The objective of this research is to demon-
strate the use of a monolithic flexure-based continuum ma-
nipulator capable of precise motion using contactless actu-
ation, thereby eliminating undesired backlash and friction,
with the potential for further miniaturization. The monolithic
compliant design of manipulator enables easy modeling due
to linear load-deformation characteristics at individual seg-
ments of the manipulator. In contrast to other designs in liter-
ature, the manipulator described here has built-in mechanical
motion constraints which restrict the maximum stress in the
flexure, thereby maintaining the strength of the manipulator
and leading to distributed compliance. In this work, three
designs of the planar bending manipulator design are fabri-
cated. Each of them is actuated using controlled magnetic
fields by attaching a permanent magnet at its tip. Experi-
ments are conducted to examine the motion characteristics of
the manipulator under the influence of actuation loads. The
potential of the manipulator as a flexible surgical manipu-
lator which can be steered inside the body is also demon-
strated. A conceptual schematic of the continuum manipula-
tor in a surgical application actuated by electromagnetic coils
is shown in Fig. 1.

2 Design of the Continuum Manipulator
In this section, the design of the metallic continuum ma-

nipulator is described. The concept of the flexures with lim-
ited range of motion is presented, followed by the details for
single-axis bending, two-axis bending, and the fabrication
method.

The body of the manipulator is made from a hollow
metallic tube with a series of flexures created by cuts along
its length, with each flexure forming an elastic rotational pair.
Fig. 2(a) shows a schematic of the design, with the inset
showing a cut-section. The range of motion of each flexure is
physically constrained by the nature of the cut, thereby lim-
iting the maximum stress in the flexure and preventing fail-
ure. The flexures enable bending of the manipulator about
the axis perpendicular to the plane of section.

2.1 Single-axis bending design
For achieving rotation about one axis, all flexures are

aligned to bend in the same plane. Consider the design
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Fig. 2. (a) Front view and section view of cross-section of single-axis bending design of manipulator. (b) The isometric, front and side views
of two-axis bending design of manipulator. (c) 1© Fabricated Design A of manipulator 2© Design A with permanent magnet at the tip 3©
Design A with silicone sheath and magnetic sheath.

shown in Fig. 2(a): it consists of N flexures along the manip-
ulator of length (L). The hollow tube has inner radius (r) and
outer radius (R). Each flexure is a thin plate having length
(l), width (w) and thickness (t = R− r). The thin plate can
be approximately modeled as a cantilever beam. Each beam
(i) is restricted to bend such that its tip displacement (δi) is
limited to the width of the cut (wc). The cut into the tube
is made at an angle (ψ) to the length of the flexure. Since
the flexures are designed such that wc << l, linear load-
displacement relationships are applicable. For the purpose
of design, the flexures are assumed to undergo pure bending
(no shear loads) due to the actuation method used in this pa-
per. Thus, the maximum tip displacement of the flexure (i) is

δ
max
i =

Mil2

2EI
= wc , (1)

where Mi is the internal bending moment in flexure i and E
is the elastic modulus of the material. The second moment
of area of the flexure’s cross-section (I) is given by I = w3t

12 .
Each flexure (i) rotates by an angle (θi) with respect to

the preceding beam (i− 1). The maximum deflection angle
of each flexure (θmax

i ) is given by,

θ
max
i =

Mil
EI

, (2)

Substituting (1) into (2) delivers,

θ
max
i =

2wc

l
, (3)

Since each segment of length (Li) rotates by a maximum an-
gle (θmax

i ), the manipulator of length (L) can undergo a total
maximum rotation (θmax) expressed as,

θ
max =

L
Li

θ
max
i , (4)

Additionally, to ensure that the manipulator does not fail, the
stress in each flexure must be limited to well below the yield
stress (σy) of the material. The maximum stress in the ma-
nipulator (σmax) and factor of safety (FoS) are calculated as
follows:

σmax =
Miw
2I

= E
wcw
l2 , (5)

FoS =
σy

σmax
, (6)

For planar bending, we assume Li = 1.5l between two con-
secutive beams for sufficient spacing, and the angle (ψ) is set
to 135◦. Therefore,

θ
max =

L
1.5l

(
2wc

l

)
=

4
3

Lwc

l2 , (7)

Therefore, for a required maximum deflection (θmax),
the length of each flexure is given by

l =

√
4
3

Lwc

θmax , (8)

This implies that the size of the flexure depends on the total
length of the manipulator and the desired deflection of ma-
nipulator. These parameters can be fine-tuned to achieve a
suitable design. Additionally, the critical load for buckling
(Pcr) is calculated using Euler’s formula as follows:

Pcr =
π2EI

l2 . (9)
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Fig. 3. Contour plots showing the effect on factor of safety (FoS) over a varying range of (a) width of flexure (w) and width of cut (wc), for
maximum angular deflection (θmax) = 60◦ and angle of cut (ψ) = 110◦ (b) θmax and ψ, for w = 50 µm and wc = 40 µm (c) wc and θmax, for
w = 50 µm and ψ = 110◦.

2.2 Two-axis bending design
In order to achieve spatial bending, the flexures must

be cut in two planes orthogonal to each other so as to permit
rotation about two axes perpendicular to the longitudinal axis
of the tube. The isometric, front, and side views of such a
design are shown in Fig. 2(b). The directions of the cuts
into the tube for each axis are reversed to make the design
more compact, and the angle of cut (ψ) is reduced to 110◦.
In order to accommodate the orthogonal cuts, the length of
each segment is set to Li = l −3Rcos(ψ).

The equations for each flexure (1-6) also hold for the
spatial design. It is inferred from (3) that with increase in
width of cut (wc), the maximum angular deflection (θmax)
increases. However, the factor of safety (FoS) decreases with
increasing wc, as observed in (5) and (6). This is evident
in the contour plots showing the effect of different design
parameters on factor of safety in Fig. 3. In Fig. 3(a), sharp
changes in FoS are observed over a range of w and wc. This
is because the number of flexures (N) can only take whole
integer values. The final design parameters are determined
through a trade-off between FoS and θmax. Titanium grade-
2 (E = 105 GPa, σy = 345 MPa) is chosen as the material.
The resultant parameters are listed in Table 1. It has N =
20 flexures for bending along each orthogonal plane, and is
designed for a deflection of θmax = 60◦.

Table 1. Design parameters for two-axis bending design as shown
in Fig. 2. N, FoS and Pcr are the number of flexures, factor of safety,
and critical load for buckling respectively.

l (mm) L (mm) w (µm) wc (µm) N FoS Pcr(N)

1.46 60 50 40 20 3.51 10.11

To validate the concept, one segment of the two-axis
design is analyzed using Finite Element software (Work-
bench 16.2, Ansys Inc., Canonsburg, PA, USA). The model
is meshed using SOLID187 3-D 10-node elements with a
minimum edge length of 0.01 mm. The bottom end is con-
strained and a rotational displacement is applied at the top.
The combined bending case is tested by a tip rotation of 3◦

(θmax/N) to both flexures. The results are shown in Fig. 4.
The maximum stress when both flexures are at maximum de-
flection is 101.16 MPa, while the stress calculated using (5)

is 99.82 MPa with FoS = 3.51. Therefore, the proposed de-
sign is considered safe and the theoretical stress prediction
using the beam model is tenable.

Isometric view Section view

Equivalent (von Mises) 

Stress in MPa

1 mm

101.16 

89.91

78.67

67.43

56.19

44.95

33.71

22.47

11.24

0 

Fig. 4. Stress analysis of a single segment of the two-axis bending
design using finite element software. Isometric view shows spatial
deflection of the tube under combined loading, while the section view
demonstrates that the bending stresses are limited to the flexures.

2.3 Fabrication
For demonstrating a proof-of-concept, the design of

single-axis bending manipulator is adopted as it involves a
relatively less complex fabrication process, compared to the
two-axis design. Titanium (grade-2) is chosen for fabrica-
tion, due to its high ratio of yield strength to elastic modulus
(σy = 345 MPa, E = 105 GPa) and low weight ratio [36].
Furthermore, it can be used in medical applications due to its
non-toxic nature. A hollow titanium tube of outer diameter
3 mm and wall thickness 0.5 mm is used here. The flexures
are cut along the tube using the technique of wire electri-
cal discharge machining (EDM). The diameter of the wire
used in EDM determines the width of cut (wc). Three single-
axis (planar) bending designs are demonstrated in this pa-
per: their dimensions and properties as listed in Table 2. The
flexures are made along a length of 47.5 mm for Designs A,
leaving 7.5 mm without flexures at the end. For Design B
and Design C, flexures are made along a length of 45 mm
and 42 mm, respectively. The three fabricated designs have
FoS > 3 as determined using (6).
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Table 2. Fabricated design parameters for single-axis bending de-
sign as shown in Fig. 2.

Manipulator l
(mm)

w
(µm)

wc
(µm)

N θmax
(◦)

FoS Pcr
(N)

Design A 1.5 40 55 21 53.58 3.03 2.45

Design B 1.5 65 40 20 36.09 3.12 10.54

Design C 1.1 30 40 23 39.83 3.36 1.92

In addition, a protective sheath is designed for the ma-
nipulator to prevent environmental debris from limiting its
function during operation. An outer lumen of thickness 0.5
mm is made from silicone rubber (EcoflexTM00-10, Smooth-
On, Inc., USA), having a low elastic modulus (Es = 55 kPa).
The silicone rubber sheath is cured in molds made from 3D
printed Acrylonitrile Butadiene Styrene (ABS) parts. The
fabricated manipulator with the sheath is shown in Fig. 2(c).

3 Magnetic Actuation and Test Setup
In this section, a theoretical model is derived to calculate

the deflection of the manipulator under the influence of an
actuating magnetic field. This is followed by the description
of the test setup.

3.1 Magnetic Actuation of the Manipulator
A controlled magnetic field is used to actuate the manip-

ulator. To predict the deflection of the manipulator, a theoret-
ical model based on principle of minimum potential energy is
used. Consider a manipulator fixed at one end and suspended
vertically with a permanent magnet of magnetic dipole mo-
ment (µ) at its tip (Fig. 5(a)). When a magnetic field (B) is
applied at an angle (φ) to the vertical plane (x− z plane), the
permanent magnet experiences a torque (τ) that tries to align
it to the direction of external field. This causes the flexures
to bend resulting in the deflection of manipulator.

The deflection of the manipulator is calculated using a
pseudo-rigid-body model. Each segment is approximated by
a rigid link of length (Li), with an associated bending stiff-
ness (Ki). When the manipulator is covered by the polymer
sheath, the overall stiffness of each segment is the sum of
stiffnesses of the flexure (K f

i ) and the sheath (Ks
i ).

Ki = 2K f
i +Ks

i , (10)

K f
i =

EI
l
, Ks

i =
EsIs

Li
. (11)

Here E, I, and l are the elastic modulus of Titanium (grade-
2), second moment of area of the flexure’s cross-section, and
length of flexure respectively. Es and Is are the approximate
linear elastic modulus of the polymer sheath and the second
moment of area of its cross section respectively. Note that
there are two flexures in each segment, one on either side of
the manipulator.
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i
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i = 1

N

 θ
i

m
i 
g τ = μ x B 

L
i
 

 i = 1 

 N

(b)

Δd
i

Δd = Σ Δd
i
 / N

where i = 1 to N 

y

x

z

Theoretical shape
Experimental shape

Fig. 5. The manipulator is fixed at top and a permanent magnet
having dipole moment (µ) is attached to its tip. (a) Free body di-
agram: under the influence of magnetic field B acting at an angle
(φ), the manipulator deflects by an angle (θN ). Top inset shows the
deflection (θi) of each flexure. Bottom inset shows a rigid link with
gravitation force (mig) acting at its center of mass and torque due to
magnetic field (τ). (b) Camera image of Design C taken during static
experiments: The red and blue markers indicate the theoretical and
experimental shape estimate of the manipulator, respectively. The in-
set shows the calculation of whole shape estimation errors (∆di) for
i points on the manipulator. Mean whole shape estimation error (∆d̄)
is calculated as the average of ∆di for N points on the manipulator.

The principle of minimum potential energy is used to
analyze the deflection of the manipulator. The manipulator
has N segments, each with a mass (mi) that deflects by an
angle (θi). Since the manipulator is held vertically, we con-
sider the effect of gravity in this model. The total potential
energy of the system is given by, Π = U −Wext . Here, U
is the elastic energy of the system that is, the strain energy
in the flexures. And, Wext is the work done by the external
forces, which is equal to the sum of work done by gravity
(Wg) and work done by magnetic field (Wµ). This results in

Π =U −Wg −Wµ, (12)

where

U =
N

∑
i=1

1
2

Kiθ
2
i , (13)

Wg =
N

∑
i=1

migxi +mµgxµ, (14)

Wµ =
∫

θN

0
τdθ =

∫
θN

0
µBsin(φ−θ)dθ

= µB
[

cos
( N

∑
i=1

θi −φ

)
− cos(φ)

]
, (15)

where location of center of mass of each segment (xi,yi) is
computed using forward kinematics as follows:

xi = xi−1+Li

[
cos(θ1)+cos(θ1+θ2)+...+cos

( i

∑
1

θi

)]
,

yi = yi−1+Li

[
sin(θ1)+sin(θ1+θ2)+ ...+sin

( i

∑
1

θi

)]
.

(16)
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Similarly the weight of last segment and the magnet (mµ) acts
at its center of mass distance (LCoM), whose x-coordinate is
given by,

xµ = xN +LCoM cos
( N

∑
i=1

θi

)
, (17)

Variation of (15-17) with respect to θ j (where j = 1,2,...,N)
results in

∂Wµ

∂θ j
= µB

[
sin
(

φ−
N

∑
i=1

θi

)]
, (18)

∂xi

∂θ j
=

{
0 if i < j
−Li ∑

j
k=i sin

(
∑

k
1 θk
)

if j ≤ i ≤ N
, (19)

∂xµ

∂θ j
=−Li

N

∑
k=i

sin
( k

∑
1

θk

)
−LCoM sin

( N

∑
k=1

θk

)
, (20)

The principle of minimum potential energy states that the
variation of total potential energy is zero that is, ∂Π = 0.
Substituting (18-20) in variation of (12) with respect to θ j
gives N equations as follows:

Kiθi = mig
N

∑
i=1

∂xi

∂θ j
+mµg

∂xµ

∂θ j
+µBsin

(
φ−

N

∑
i=1

θi

)
. (21)

This forms a system of equations in θ j (where j = 1, 2,...,N)
with the constraint: − θmax

N ≤ θ j ≤ θmax

N , where θmax is the
total rotation angle observed at maximum deflection of the
manipulator (mechanical rotational limit of each segment). If
the actuation magnetic field is known (B and φ), we can solve
the preceding system of equations to obtain the position and
orientation of the manipulator by this model.

3.2 Test Setup
For magnetic actuation, two methods of incorporating

magnetic properties on the manipulator are tested. In the
first method, a permanent magnet (radius = 2 mm, height
= 5 mm, µ = 0.06 Am2) is fit at the tip of the manipulator.
In the other method, a magnetic sheath of thickness 0.5 mm
and length 5 mm is made to cover the manipulator’s tip. It
is made by fusing ferromagnetic particles (praseodymium-
iron-boron: PrFeB, with a mean particle size of 5 µm, Mag-
nequench GmbH, Germany) into the silicone rubber in 1:1
ratio. The cured polymer is subjected to an external mag-
netic field of 1 T (B-E 25 electromagnet, Bruker Corp., USA)
to align the magnetic dipoles, forming a soft polymer mag-
net [37]. These two designs are shown in Fig. 2(c).

Helmholtz 
Coils 

(inner)

Side Camera

Front Camera

Helmholtz Coils 

(outer)

(a) (b)

y

x

zy

x

z

Support for 

Manipulator

Fig. 6. Experimental setup of two-axis Helmholtz coil setup used for
generating magnetic fields. (a) Front view (b) Side view.

The setup used here consists of two pairs of Helmholtz
coils to generate uniform magnetic fields. Each pair consists
of two identical electromagnetic coils as shown in Fig. 6. The
first pair of coils generates a uniform magnetic field along the
y-axis. The second pair of smaller coils is placed inside the
first pair to produce a field along the x-axis. Two cameras are
placed in the setup to monitor the front and side view of the
workspace.

4 Experiments and Results
The deformation characteristics of the three designs of

manipulator under magnetic actuation are evaluated using
experiments. The theoretical and experimental results are
compared to substantiate the open-loop actuation of manip-
ulator under the influence of magnetic field. Section 4.1
presents the static experiments carried out to analyse the
motion of manipulator. Sections 4.2 and 4.3 are part of a
feasibility study of the manipulator which demonstrates the
steering of manipulator along a path of known curvature and
through gelatin phantom with ultrasound visualization re-
spectively.

4.1 Static Experiments
The manipulator with a permanent magnet at its tip is

suspended vertically at the center of magnetic setup. It is
subjected to a magnetic field (B) of constant magnitude. The
angle of the magnetic field to the vertical plane (φ) is varied
to control the tip angle of the manipulator. The theoretical
deformation of the manipulator is calculated using (21), with
x and y coordinates determined using (16). The experiments
were carried out without the polymer sheath, hence from (10)
we use Ki = 2K f

i . The experimental deflected shape of ma-
nipulator is obtained using camera images acquired at vari-
ous instants of its motion (Fig. 5(a)). An image processing
algorithm tracks several points along the length of the ma-
nipulator based on a threshold set on pixel intensity. A cubic
polynomial curve is fit using these points which forms the
shape of manipulator. The experimental values of position
(x,y) of the manipulator are obtained from the cubic curve
equation and its slope gives the orientation (θ). Fig. 5(b) is
a camera image acquired during the experiment showing the
theoretical and experimental shape estimate of the manipula-
tor.

The plots of x, y-coordinates, deflection θ of the tip of
manipulator, and mean whole shape estimation error (∆d̄) for
the three designs are shown in Fig. 7. The mean and standard
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Fig. 7. Plots of x-coordinate, y-coordinate, deflection θ, and mean whole shape error ∆d̄ of the three designs of manipulator for the
experimental cases of Design A: (B = 20 mT, φmax = 60◦ and 90◦), Designs B: (B = 20 mT, φmax = 60◦ and 90◦) and Design C: (B = 10 mT
and 15 mT, φmax = 60◦).

deviation of errors between the two sets of data are presented
in Table 3. Designs A, B and C permit a maximum deflection
of 54◦, 36◦ and 40◦ respectively.

Table 3. Details of experiments: For strength of magnetic field (B)
at maximum angle (φmax), maximum angular deflection of manipu-
lator (θmax), error between theoretical and experimental models for:
position (∆x and ∆y), orientation (∆θ) of manipulator tip, and mean
whole shape (∆d̄) are shown in terms of mean values and standard
deviation (in brackets).

B (mT) φmax (◦) θmax (◦) ∆ x (mm) ∆ y (mm) ∆θ (◦) ∆ d̄ (mm)

Design A

20 60 42.85 1.2 (1.4) 2.2(2.3) 5.12 (3.38) 1.1 (0.83)

20 90 53.58 1.8 (1.7) 3.0(2.5) 5.01 (3.53) 1.5 (1.10)

Design B

20 60 31.52 1.4 (1.2) 3.4 (2.2) 6.20 (3.19) 1.5 (0.92)

20 90 38.06 1.4 (1.1) 3.0 (2.2) 5.21 (3.59) 1.3 (0.91)

Design C

10 60 37.31 0.77 (0.66) 2.2 (1.6) 4.76 (2.59) 0.98 (0.60)

15 60 39.83 0.72 (0.59) 2.1 (1.5) 4.48 (2.44) 0.94 (0.56)

4.2 Manipulator Steering
In this section, the steerability of the manipualtor un-

der open-loop actuation is demonstrated. The length of the
manipulator within the workspace is controlled using a lin-
ear slide (LX20, Misumi Group Inc., Tokyo, Japan) which is
fixed vertically at the top support. The linear slide is powered

by a brushless DC motor (maxon EC-max, Maxon Motor,
Switzerland) connected to a 24 V power supply. The manip-
ulator with a permanent magnet at its tip is deflected by the
magnetic field to control its direction. To follow the path of
particular curvature, the manipulator is turned by an angle
(θN) by applying an actuation field of B = 20 mT at an angle
(φ), calculated using (21). The manipulator is steered with a
polymer sheath covering its body to show clinical feasibility,
hence from (10) we use Ki = Ks

i + 2K f
i . Figure 8 illustrates

the snippets of the video recorded of controlled steering mo-
tion of the manipulator.

4.3 Ultrasound Visualization
In this section, steering of the manipulator using real-

time ultrasound visualization is demonstrated. A channel of
width 10 mm and curvature 45◦ is created inside a phantom
made by mixing 8% (by weight) gelatin powder (Techni-
cal grade, Boom B.V., The Netherlands) with distilled wa-
ter. The channel is filled with water and the manipulator
with the permanent magnet at its tip is inserted through it
using the linear slide. The direction of manipulator is con-
trolled by changing the orientation of magnetic field which
is provided by user input. The phantom is imaged using a 14
MHz multi-D matrix probe (14L5 transducer) connected to
a 2D medical ultrasound machine (SIEMENS AG, Erlangen,
Germany). Fig. 9 shows the snapshots from the ultrasound
imaging of manipulator insertion.
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(a) T = 0 s T = 30 s T = 60 s

(b) T = 0 s T = 30 s T = 60s T = 90 s T = 120 s T = 150 s
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Fig. 8. Illustration of manipulator steering with a polymer sheath around the flexures: Six frames for experiment time (T ) are shown for:
(a) Design A following a curvature angle of 55◦ (b) Design B following a curvature angle of 30◦.

T = 0 s T = 10 s T = 33 s T = 45 s T = 52 s T = 60 s

5 mm

45

Water channel Permanent magnet Manipulator

y

x

z

Fig. 9. Ultrasound images acquired during insertion of manipulator through a channel of water in a gelatin phantom.

4.4 Discussion
From the results of static experiments (Table 3), it is

seen that Design B has the highest error. This maybe due to
its greater width of beam (w) than the width of cut, which re-
stricts the motion of the flexure. Design A has a greater width
of cut (wc) compared to the other two designs, which allows
it to achieve larger deflections. Design C has smaller width
of beam, which makes it more susceptible to deformation.
These factors have to be taken into account for developing
an optimized design.

It is also observed that there is a difference in bending
curvature between the two half cycles of motion of manipula-
tor that is, the deflection in the +y direction is different from
that in the −y direction. This may be attributed to the manip-
ulator not being exactly straight in the neutral position, due to
errors in fabrication. When observed under a microscope, it
is noticeable that some of the flexures have buckled slightly,
suggesting potential plastic deformation (Fig. 10). This can
be avoided by using a tube with a thicker wall (increased t),
so that the critical buckling load is higher. It is also noticed
that the tubes are bent out of the plane of motion, possibly
due to stresses during machining. These inaccuracies affect
the expected motion of the manipulator.

For magnetic actuation of the manipulator, the use of
a permanent magnet and magnetic sheath at its tip is tested
(Fig. 2(c)). It is observed that the deflection when using per-
manent magnet is higher than when using magnetic sheath
(Fig. 11). This is because of the low magnetic dipole mo-
ment (µ) of the magnetic sheath. Therefore, the magnetic

1 mm1 mm

(a) (b)

Fig. 10. Microscopic images of metallic tubes showing (a) accu-
rately machined flexures and (b) inaccurately machined deformed
flexures.

0
Time (s)

-60
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20

40

60

 (
d
eg

)

Permanent Magnet
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20 40 60 80

Design B:  B = 20 mT;   ϕ
max

= 90o 

Fig. 11. Plot showing deflection (θ) of Design B with a permanent
magnet and a magnetic sheath for the experimental case of B =
20 mT, φmax = 90◦.

sheath is incapable of producing large bends, and is restricted
to angles below 30◦. This can be improved by using a mag-
netic polymer sheath with a greater magnetic dipole moment
— using a magnetic powder with a higher residual magnetic
field or a higher ratio of powder to polymer. The polymer
sheath protects the flexures from the environment without
restricting the motion of the manipulator. For medical appli-
cations, the replaceable sheath can potentially reduce tissue
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trauma during steering and can also simplify the sterilization
process.

The distal force bearing capacity of the manipulator is
also estimated for potential applications in minimally in-
vasive surgery (Please refer to Appendix: Bearing Loads).
Three loading conditions of bending, extension and compres-
sion are considered to obtain the following values respec-
tively for Design A: 151.67 N, 13.8 N, 2.45 N, Design B:
151.67 N, 22.42 N, 10.54 N, Design C: 206.83 N, 10.35 N,
1.92 N. It is found that the bending load is highest of the
three, as failure occurs only when the cylindrical wall of the
manipulator breaks. The buckling load is the leading po-
tential cause of failure, and can be improved by increasing
the thickness of the tube. Another potential cause of fail-
ure caused by cyclic loading on the flexures is fatigue. Tita-
nium grade-2 has a fatigue strength of 300 MPa at 107 cycles
unnotched [38]. This stress value is well above the maxi-
mum stresses calculated using (5) for our designs, which are
within 120 MPa. Note, it is difficult to estimate the lifetime
of the flexure. Besides material properties, fatigue failure
also depends on the machining process, surface quality and
operating environment. However, the steering of the manip-
ulator is not expected to generate alternating stresses with
large amplitude, suggesting that fatigue failure will not be a
significant factor in the design process.

5 Conclusions and Future Work
In this paper, the design of a monolithic metallic com-

pliant continuum manipulator of diameter 3 mm is presented.
The performance of the manipulator is evaluated by actuating
with a magnetic field up to 20 mT using Helmholtz coils. The
three designs, Design A with highest width of cut (55 µm),
Design B with highest width of beam (65 µm), and Design C
with lowest length of beam (1.1 mm) are tested. The maxi-
mum deflection observed is 54◦ for Design A, while Design
B and Design C achieved 36◦ and 40◦ bends, respectively.
The mean error over three designs in modeling the in-plane
position and orientation of the manipulator tip are (1.2 mm,
2.6 mm) and 5.1◦, respectively and for whole shape of the
manipulator is 1.2 mm. The manipulator steering experiment
proves accurate guidance of a manipulator along a path of
known curvature using open-loop actuation. The real-time
ultrasound visualization of the manipulator inside a gelatin
phantom through a water medium shows its clinical feasi-
bility as a steerable surgical manipulator. Contactless actu-
ation of the manipulator is demonstrated by using magnetic
field, eliminating the need for a force transmission mecha-
nism. The monolithic design with a small permanent mag-
net enables easy miniaturization for application as a steerable
manipulator in minimally invasive surgical procedures.

In future work, we plan to improve the fabrication pro-
cess of the manipulator and improve the accuracies in ma-
chining. A two-axis bending design of manipulator will be
fabricated to validate the concept of spatial bending. The
upgraded design will be tested for higher deflection (> 90◦).
Potential applications in endocopsy, biopsy, and ablation will
be explored by enhancing the functionality of manipulator.

This will be done by embedding additional surgical tools
(such as scalpel, retractor, curette, forceps, or scissors) and
related sensors (like camera, laser cautery fiber, light, or op-
tical fibers) within its hollow interior. The manipulator steer-
ing process will be improved by enabling rotation of the ma-
nipulator during insertion. This will be demonstrated in a
clinically-relevant scenarios such as animal tissue or human
cadaver studies.
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Appendix: Bearing Loads
The distal force-bearing capacity of the manipulator is

calculated in this section by considering three different load-
ing conditions during bending, extension and compression.

1. Bending bearing load
In this case, the manipulator is subjected to bending. If

we consider the sectional view of one segment of the manip-
ulator as shown in Fig. 12, one half of the rigid tube is ap-
proximated to have a semi-cylindrical cross-section. When
the manipulator is bent to its maximum, each section is sub-
jected to a force (Fbend) at its end due to contact with the
next segment. The bending bearing load will be the maxi-
mum value of Fbend before failure. For the semi-cylindrical
cross-section, the centroid (ȳ) and second moment of area (I)
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Fig. 12. (a) Section view of one segment of the manipulator with a
cut made perpendicular to its plane along the red line (b) One half of
the cut section of the segment (c) Semi-cylindrical cross-section of
the cut segment.

are given by,

ȳ =
∫ R

0 ydA∫ R
0 dA

, (22)

I =
∫ R

0
y2dA, (23)

where dA = W (y)dy = (Rcosθo − r cosθi)dy; sinθo = y
R ;

sinθi =
y
r ; R = 1.5 mm; r = 1 mm. Substituting these val-

ues to (22) and (23) gives,

ȳ=

(∫
R

0
yR
√

1− y2

R2 −
∫

r

0
yr
√

1− y2

r2

)
dy(∫

R

0
R
√

1− y2

R2 −
∫

r

0
r
√

1− y2

r2

)
dy

=
4(R2 +Rr+ r2)

3π(R+ r)
,

(24)

I =

∫ R

0
y2R

√
1− y2

R2 dy−
∫ r

0
y2r

√
1− y2

r2 dy =
π(R4 − r4)

16
.

(25)
The bending bearing load is given by,

Fbend =
σyI
Liȳ

. (26)

Where σy = 345 MPa, is the yield strength of titanium.
Substituting other parameters, we get the bending loads
for the three designs as follows: FA

bend = 151.67 N; FB
bend =

151.67 N; FC
bend = 206.83 N.

2. Extension bearing load
In this case, the manipulator is subjected to an extension

load which is carried by the flexures. Therefore, the exten-
sion bearing load is given by,

Fext = σyA. (27)

Where A = 2wt = 2w(R− r), is the cross sectional area of
the two flexures in a segment. Substituting other parameters,
we get the extension bearing loads for the three designs as
follows: FA

ext = 13.80 N; FB
ext = 22.42 N; FC

ext = 10.35 N.

3. Compression bearing load
In this case, the manipulator is under compression and

the critical load to be calculated is the buckling load which
is given by the Euler’s formula as

Fcomp = Pcr =
π2EI

l2 =
π2Ew3t

12l2 . (28)

Substituting other parameters, we get the compression bear-
ing loads for the three designs as follows: FA

comp = 2.45 N;
FB

comp = 10.54 N; FC
comp = 1.92 N.
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