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Continuously Variable Stiffness Mechanism Using
Nonuniform Patterns on Coaxial Tubes for
Continuum Microsurgical Robot

Jongwoo Kim
Sungchul Kang

Abstract—Variable stiffness enables the safe and effective oper-
ation of the minimally invasive surgical instruments. In this article,
we propose a continuously variable stiffness mechanism of the
scalable tubular structure. The mechanism consists of multiple
coaxial nitinol tubes, and each tube has an anisotropic distribution
of flexural stiffness created by nonuniform through-hole pattern-
ing. The stiffness of the mechanism is varied by relative rotation
and translation among the tubes, resulting in flexural stiffness
difference up to 7.2 times in the direction of load. Its flexural
stiffnesses along principal axes are independently controlled by
the suggested counterrotation algorithm. The stiffness change is
validated through analytical modeling, FEM simulation, and the
experiments. Thanks to its physically embodied intelligence, the
mechanism has a simple scalable structure and the response time
is immediate. We applied this mechanism to control the stiffness
of the steerable needle. Varying the stiffness grants the additional
degree of freedom to control the needle’s trajectory, which can
expand the workspace of the steerable needle.

Index Terms—Mechanism design, medical robots and system,
steerable catheters/needles, surgical robotics, variable stiffness
mechanism.

1. INTRODUCTION

INIMALLY invasive surgery (MIS) is becoming more
M popular as it has several advantages compared to tradi-
tional open surgery, such as smaller incision and faster recovery
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time. In MIS, continuum robots are widely used, thanks to their
scalability and compactness. However, the smaller the space, the
more difficult it is to control the motion of the continuum robots
due to the smaller moment arm and the lack of adequate mi-
croactuators. Variable stiffness can be utilized to provide motion
control for the continuum robots under interactions with nearby
tissues in anatomically confined space. Under the same load, the
deflection of the same-length beam increases as flexural stiffness
decreases. Without activating any actuators or additional load,
the motion of the beam is changed. In confined space where an
additional actuator is not feasible, the variable stiffness can be
an efficient solution for controlling small and delicate surgical
instruments. Additionally, low stiffness is preferred for safety
inside the human body and high stiffness is required to avoid
buckling or in medical environments. Thus, this motivates the
development of a variable stiffness mechanism which can adjust
its stiffness to meet the needs imposed by varying conditions
for the manipulation of meso/microscale surgical instruments.
However, the stiffness control in continuum robots has been very
challenging so far.

Many different variable stiffness mechanisms have been stud-
ied: some mechanisms employed shape memory materials [1],
[2], fluidic flexible matrix composites [3], the combination of
electrostatic forces and pneumatic forces [4], anisotropic pneu-
matic forces [5], tendon-drive mechanisms [6], [7], variable
neutral-line mechanisms [8], layer jamming mechanisms [9],
granular jamming mechanisms [10]-[13], low melting point
alloys [14]-[16], modulations of polymer [17], [18], and lever
mechanisms [19]. However, the current variable stiffness mech-
anisms have a complex structure which is very difficult to scale
down to satisfy the spatial constraint of minimally invasive
surgery. Also, some mechanisms use heat or high-voltage stim-
ulus to induce stiffness change which can lead to a potential
safety issue for medical usage. Additionally, shape memory
polymers (SMP), conductive elastomers, and low melting point
alloy have relatively long response times due to heating and
cooling time; for example, the response time takes more than
17 seconds to transform from rigid state to flexible state [14].
Moreover, the current mechanisms have binary or discrete
stiffness states due to difficulties of precisely controlling heat
or electric stimulus, jamming effect, and pneumatic or fluidic
pressure.
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To overcome these limitations, we propose a variable stiffness
mechanism using a coaxial set of tubes with anisotropic flexural
stiffness. The mechanism consists of two or more coaxial tubes
with nonuniform through-hole patterns (material removal). The
nonuniform patterning on each tube creates anisotropy in
flexural stiffness (ET). The stiffness of the mechanism with
respect to a certain direction of load is changed by relative
translation and rotation between the coaxial tubes. The proposed
mechanism is distinguished from other variable stiffness mech-
anisms in terms of continuous variable stiffness, scalability, and
response time.

First, the mechanism has continuous states of variable stiff-
ness, instead of discrete states. Mechanisms based on electric,
heat, or jamming stimulus mostly have discrete states of stiffness
as it is difficult to precisely control their output from their
input, or the input itself has binary or discrete states. However,
the proposed mechanism precisely determines the anisotropic
distribution of the flexural stiffness by relative rotation and
translation of the tubes. The flexural stiffness is well defined by
relative rotational angle and longitudinal position in a continuous
function form.

Second, the mechanism is scalable enough to be suitable for
the dimension of minimally invasive surgery. The mechanism for
changing the flexural stiffness is embedded in its structure and
does not require bulky pneumatic lines or electrical wirings. As a
result, in this study, it was possible to scale down the mechanism
to 1.8 mm diameter, sufficiently small enough to be applied to
minimally invasive surgery.

Third, the response time is much shorter than other mecha-
nisms that rely on the phase change of the material. The stiffness
of the mechanism can be changed by translational and rotational
movement of the tubes in a few microseconds.

The rest of this article is organized as follows. In Section II,
we present the design and modeling of the mechanism. We
investigated the nonuniform patterning method as a solution
to the variable stiffness mechanism without bulky actuators
or accessories. The flexural stiffness of the mechanism was
modeled as a continuous function of the rotational configuration
of the inner and the outer tubes. Section III describes the FEM
simulation on the flexural stiffness of the mechanism. To verify
the variation of the flexural stiffness, the simulation results are
compared with the prediction from the analytical model and the
experimental result from the three-point bending test. Section
IV describes the laser machining setup and procedures that we
used to pattern the nitinol tubes and showed how the mechanism
was assembled. Additionally, we set up the control system
to control the relative rotational and translational movement
of the tubes. A load test was performed to demonstrate the
continuous stiffness variation of the mechanism. In Section V, a
potential application of the variable stiffness mechanism in nee-
dle steering is demonstrated by a simple phantom experiment.
The stiffness-controlled steerable needle provides an additional
degree of freedom to control its trajectory. In Section VI, we
discuss the pros and cons of the proposed mechanism and list
features needing improvement to derive a more accurate de-
scription of the characteristics of varying stiffness effects of the
mechanism.
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Fig. 1. Design parameters of nonuniform pattern: (I1, l2, m1, ma, 6, n). The
cross-sectional view shows how the through-hole patterns are engraved on the
tubes of types A and B.

II. DESIGN AND MODELING OF THE MECHANISM

A. Concept and Design of the Mechanism

The proposed variable stiffness mechanism consists of two
or more coaxial tubes with nonuniform through-hole patterns
as shown in Fig. 1. The cross section of the tube consists of
arc-shaped units with (shaded) and without (unshaded) patterns
as shown in Fig. 2. Averaging along the longitudinal direction,
the patterning has an effect of decreasing the flexural stiffness
(ET) of the unit, leading to the anisotropic distribution of the
flexural stiffness (EI) within its cross sections. As a result,
the flexural stiffness of the tube with respect to the fixed load
direction changes with the rotation of the tube.

The pattern design parameters determine the stiffness
range—m; and [; are the radial and the longitudinal distance
between the patterns, respectively; ms and [ stand for width
and height of a unit pattern, respectively; 6 for the angle of the
arc unit; n for the number of units.
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Fig.2. (a)Crosssection of the single-patterned tube at the initial state (left) and
rotated by w from the initial state (right). The relative rotational configuration
brings variable stiffness. (w1, w2) is an element of {(0°, 0°), (60°, 0°), (90°, 0°),
(90°,90°)} from the left when w1 and ws are the rotational angles for inner and
outer tubes, respectively, for (b) Type A and (c) Type B.

TABLE I
SPECIFICATION OF THE INNER AND OUTER TUBES

Tube d; d, E L I, m m, 0

n

(mm)  (mm)  (GPa) (um) (pm) (pm) (um) (°)
Outer  1.60 1.80 628 250 110 385 372 60 90
Inner  1.27 1.47 60.3 250 110 471 372 60 90

In the previous study [20], the prototype of the mechanism was
fabricated with a 3-D printer (Objet Connex 260 Stratasys, USA)
with 18 mm diameter. In the prototype, the anisotropic distribu-
tion of the flexural stiffness was built by printing each unit with
different materials. In this research, to minimize the dimension
of the structure and satisfy biocompatibility for applications
in minimally invasive surgery, the structure was built using
thin nitinol tubes. Nitinol is characterized by biocompatibility,
superelasticity, and shape memory effect, and so it is suitable
for surgical instruments [21].

To create an anisotropic distribution of flexural stiffness on
nitinol tubes, the surface of the tube was partially slit-patterned.
We researched various types of patterns and chose a dog-bone-
shaped pattern to prevent failure [22]. Two types of nonuniform
patterns, types A and B of Fig. 1, were patterned on the tubes for
comparison. In type A, one 60° arc unit was patterned on half,
and in type B, two 60° arc units were patterned on half. The
specification of the inner/outer tube and the design parameters
of the pattern are given in Table I. The partial patterning of
the tube surface grants nonuniform flexural stiffness to each
tube, and the coaxial arrangement of the tubes results in variable
stiffness mechanism. Thus, the mechanism does have embodied
intelligence that controls variable stiffness by nonuniform
flexural stiffness.
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TABLE II
STIFFNESS CHANGE ACCORDING TO TRANSLATIONAL CONFIGURATION

State Relative Translational Configuration

Rigid A S EEE o
State : . - : : '
Flexible SISl o >
State e s N = = B lnertube

B. Variable Stiffness Control: Relative Translational and
Rotational Movement Between the Patterned Tubes

There are two major ways to control the stiffness of the
mechanism: relative rotational and translational movement be-
tween the coaxial tubes. Translating one tube from the other
changes the flexural stiffness of the mechanism as shown in
Table II. At the flexible state, each patterned segment (the darker
segments in Table II) of the inner tube exactly overlaps with
that of the outer tube. At the rigid state, each patterned segment
of the inner tube positions at the middle of the rigid segment
of the outer tube. The rigid segment of the outer tube holds
the patterned segment of the inner tube from bending more.
To change neighboring segments is the key to achieve variable
stiffness in this mechanism. Thus, by translating the inner tube,
the mechanism reconfigures from a flexible state to a rigid state.

The other way to control the stiffness is to rotate one tube from
the other. The rotational configuration difference also varies
the stiffness of the mechanism. In Fig. 2(a), we consider that
a tube rotates by w along counterclockwise from the initial
state and dashed area represents a patterned area. The combi-
nation of relative translational and rotational motion between
the nonuniform tubes provides various stiffness controls in the
form of continuous functions rather than discrete ones. This
article focuses more on the stiffness variation by relative rotation
through modeling, simulation, and experiments.

C. Analytical Modeling of the Stiffness of the Mechanism

The flexural stiffness of the mechanism is a 2 x 2 symmetric
matrix and changes with the rotational angle w of the inner and
outer tubes as in (1). Assume that the tube is radially divided
into n sections as shown in Fig 2. If a section is patterned, it
has lower flexural stiffness; if unpatterned, it has higher flexural
stiffness. The flexural stiffness of the tube can be modeled as the
sum of the stiffness of all sections

n

3

K(w)=El(w)=| 7" it (1)
> (Bly (w); > (BlLy (w)),

i=1 i=1

where I, = Iy, Ely.(w) = Elyy(w+ %), and i indicates
the number of sections. Note that I, is the lowest and I,,,, is the
highest at the initial state like Fig. 2 and I, (w) = I (w + 7).
The I, of the tube is zero at the initial state because it is
symmetric to the x-axis.

The flexural stiffness of each section is a product of its second
moment of area (I, ) and its Young’s modulus (F).
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Fig. 3. (a) Mohr’s circle (blue) for the inner tube for wy. (b) Mohr’s circle

(green) for the outer tube for wo. Notice that Iy, (w) = Iy (w + 5).

The second moment of area of the section changes with the
rotation of the tube and its variation can be plotted using Mohr’s
circle as shown in Fig. 3. The reduction of the flexural stiffness
by patterning can be modeled as the change of the “effective”
Young’s modulus of the section.

Each section is either patterned or unpatterned. Let £, and
FE,, stand for “effective” Young’s modulus of the patterned
and unpatterned sections, respectively. The effective Young’s
modulus is defined by the averaging Young’s modulus over
the longitudinal length of the section. The effective Young’s
modulus F,, was measured by the three-point bending test for
the given nitinol tube as in Table I; E, was measured by the
three-point bending test for the 360° patterned nitinol tube. The
measured values F), for the outer tube and the inner tube are 6.3
and 6.0 GPa, respectively. Alternatively, in the previous study
[23], based on the design variables of the pattern, we constructed
alumped analysis model of the effective Young’s modulus of the
patterned.

At first, consider K, when w is zero; r,, and r; are the outer
and the inner radius of the tube, respectively.

K.(0) =Y (EL.(0));

'Mz

1=1

= (Bl (0)1 + (ELz (0)2 + - -
+ (Bl (0))n-1 + (Blyx(0)n

= E1(Loo(0)1 + -+ + En1(Jo2(0))n-1
+ En (Lo (0))n

ro  [é2
=E, / / (rsin 0)*rdfdr
T 1

ro  [¢3

+ B, / / (rsin 0)rdfdr
To b4

+E, / / (rsin 0)*rdfdr

T 3

To 1427
+ E, / / (rsin 0)rdfdr
T4 4
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where

G2 =01+ 0, ¢3=0¢1 + 7,04 =1 +7+0,. (3)
Define G(¢', ¢, r,, ;) as

To @
G (¢, ¢, 1o, i) =/ / (rsin 0)rdodr
ri Jo

¢ ¢
/ / r3sin®0dfdr = 7/ sin®6d6
¢
o 4

) 16— ) —sin (6 — 6y cos (6 +0)]
Using (4), solve (2)

“)
Kxx(o) = Ep G (¢17 ¢27 do, dz)
+ EuG (¢27 ¢37 d07 dl) + Ep G (¢37 ¢47 d07 dz)
+ Eu G (¢4; ¢1 + 277—7 doa dz)

b4
_ <041> [E, (20, — 2sin 6, cos(2¢;1 + 0,))

+ E, (27 — 20, + 2sin(0,) cos(2¢1 + 6,))] (5)
For type A, as 91 =

a0 - (25) [ (2

4
oy (W
-

3
a0 = () [ (2 - v8)
+E., <4; + ﬁ)] NG

= %’T, (5) becomes

+\/§)

% and 0, = %, (5) becomes

+\/§>

i) ©

Similarly,

For type B, as ¢1 = ¢ and 6,

= (252 [ (&

() o

The change of the flexural stiffness due to the rotation of the
tube can be calculated by the transformation law of the flexural
stiffness tensor. When R represents the rotational matrix by w,
the 2-by-2 flexural stiffness, K (w) is determined by (10).

K(w) = RK(0)R" (10)
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[ o)

_ [cos(w) sm(w)} K2 (0) 0
—sin(w) cos(w) 0 K,,(0)
[cos( w) —Sin(w)}
sin(w) cos(w)
c08? (W) K4 (0) + sin®(w) K,y (0)
| eonesine) (Kp(©) ~ Ke0) |
cos(w) sin(w) (K, (0) — Kp2(0))
sin®(w) K (0)+COS (W) Eyy (0)

K;2(0) and K, (0) are calculated in (6)—(9), and the 2-by-2
flexural stiffness can be determined by (11). Expanding (11) for
type A

Ky (w) = cos®(w) Ky, (0) + sin® (w) Ky, (0)

4 _ .4
= <%> [Ep (2% + V3 cos Zw)
+ E, (%T — \/§0082w):| (12)

- wa(o))

Kay(0) = Kya(e) = cos(e) sin(w) (Ko 0)
= (#) cos(w) sin(w) [Ep (—2\/5) + By, (2\/5)}
(13)

Kyy(w) = sin?(w) Ky (0) + cos®(w) Ky, (0)
- (#) {Ep (%ﬂ + V/3(cos(2w — w)))

+E, (%ﬁ — V/3(cos(2w — wﬂ . (14)

Similarly, the flexural stiffness for type B can be calculated.
Notice (3), and it is enough to study for 0 < w < % because
the pattern is symmetric with respect to the origin of the tube’s
circle at the cross section. The flexural stiffness of the multiple
tube structure is the summation of those of the single tubes.

InFig. 4, we plotted the change of the flexural stiffness K, of
the double tube mechanism of types A and B based on (12)—(14).
As the rotational angle changes from 0° to 90°, the figures show
the change of the flexural stiffness ratio. The flexural stiffness
was found to increase in the order of (0°, 0°), (60°, 0°), (90°, 0°),
and (90°, 90°) as illustrated in Fig. 2(b) and (c). The maximum
difference is 2.10 times for type A and 4.27 times for type B.
The detailed results are summarized in Table III.

D. Decoupling I, and I,

In Fig. 3, Mohr’s circle demonstrates the relationship between
I, and I, for the rotational angle w as (15).

(Iyy(O) — I,(0) ) ’

2
_ (Izpy(w))2 + (QIyy(W) — 1y

2(0) +IN(0>> s
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Fig. 4.  As the inner and outer tubes rotate, the graph describes the change
in the flexural stiffness (K ) ratio of (a) Type A and (b) Type B structure
according to the analytical modeling.

TABLE III
BENDING STIFFNESS CHANGE AND ITS RATIO (TIMES) COMPARISON

K. (kNmm?)
Wy, Wy

Analytic FEM 3pt Bending

Modeling Simulation Experiment
00 16.6 15.6 14.4
g (1.00) (1.00) (1.00)
o 211 18.6 16.6
< 60%0 (1.27) (1.19) (1.16)
& 90° 0° 2.6 20.1 18.6
g (1.37) (129) (1.30)
oo 347 315 334
90°,90 (2.10) 2.02) (233)
o 00 5.61 7.07 5.12
g (1.00) (1.00) (1.00)
o 10.2 113 8.83
@ 6050 (1.81) (1.60) (1.72)
& 90° 0° 11.7 122 10.5
g (2.08) (1.74) (2.05)
- 237 220 227
90%,90 (4.23) G.12) (4.44)

The single tube rotation have coupled I, and I,,. In other
words, not only I, but also I, varies simultaneously while the
tube rotates. When I, is not zero, the structure has out-of-plane
deflection to the load, resulting in undesired motion. To cancel
out I, the counterrotation of the outer tube is utilized. For
instance, the inner tube’s rotation is given with Iy, i,. Then, one
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is always possible to have ws to satisfy (16) when the radius of
the outer tube’s Mohr’s circle is the same or larger than that of
the inner.
Imy,in (Wl) + Imy,out (WZ) =0. (16)
In other words, in contrast to the single-tube mechanism, the
multiple-tube mechanism enables decoupling I, and I,.,,, and it
controls both independently. It explains why the multiple tubes
are required to prevent out-of-plane deflection to load. In double-
tube structure, if we design the Mohr’s circle of the inner and
the outer tubes to have the same radius, it achieves continuously
variable stiffness of K, for all stiffness range while keeping

K, = 0. To have the same radius of Mohr’s circle for both
tubes, (17) should be satisfied.

<Kyy(0) - KM(O)>

2

(Kyy(o) ;

Kxx(0)>

inner outer

Considering (6)—(9), (17) becomes (18). It means that 6,, for
the outer tube should be larger than that of the inner tube to
satisfy (17) because the radius of the inner tube is smaller than
that of the outer tube.

4 4
R, — R;

4 _ 4
To T

Ep.in - Eu
= : 18
Ep,out - Eu ( )

where R, and R; stand for the outer and inner radius of the outer
tube, respectively; subscripts “in” and “out” represent the inner
tube and the outer tube, respectively. When the radii of Mohr’s
circle are the same each other, w; is simply equal to —ws to
satisfy (16). Alternatively, the structure is able to consist of three
or more coaxial tubes to control I, and I, independently.

E. Pattern Design to Customize the Stiffness Range

Set the ratio of K,,(90°) to K,,(0°) to compare the max-
imum and minimum stiffness of a single tube. Using (12) and
b1 = ”;9P in our design as Fig. 2, the ratio becomes (19).

Ky (90°)
Ky (0°)

(26, —2sin6,) +
(20, + 2sin6,) +

Km.’c_ratio -

(Eu/E,) (21 — 20, + 2sin )
(Ey/E,) (2m — 20, — 2sin6,)’
19)

It means the ratio is the function of the central angle for the
patterned area, 0, and E, /E,. The value E,,/E,, is determined
by the pattern shape. Fig. 5 demonstrates the variation of stiffness
ratio for 0° < 6, < 180° where I, / I, are given according to
our pattern design. In the result, the ratio shows the maximum
value, 4.378 times at 6, = 128.9°. The angle of the patterned
area for the maximum ratio depends on the value of E,, /E,,. On
the other hand, it is trivial that the ratio has the minimum value
of 1 at #,, = 0° and 180°. Thus, by tuning 6, and E,,/E,,, we
can optimize the desired range of the stiffness.

Also, we set the ratio of E7(90°, 90°) to EI(0°, 0°) to com-
pare the maximum to the minimum stiffness of the double-tube
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bending stiffness ratio(times)

0 50 100 150
0y, angle for patterned area(°)

Fig.5. Bending stiffness ratio of a single-patterned tube according to the angle
for the patterned area, 0. The ratio is maximum when 0, = 128.9°.

mechanism as (20).

El (900, 900) _ EI(goo)inner + EI(QOO)outer (20)
ET (OO’ OO) B EI(OO)inner + EI(OO)outer
Let ¢t be the thickness of the tube, then d; =d, —

2t. d} = (do — 2t)* =d* —2td3 + 42d2 — 8t3d, + 16t* ~
o 2td§ When t; and t, are the thickness of the inner and
outer tubes, respectively, expand (20) to (21).

(1/64)(t;d,*[E, (20, — 2sin6,)
+ By (21 — 20, + 25in6,)] + t,D,*[E,_
+ B, o(2m — 20, + 2sin6),)])+(t:d
+ B, i(2m — 20, — 25in0,,)] + t,D,*[E, (20, + 2sin6),)
+ E,,(2m — 260, — 2sin6,)]). 21

»(20, — 2sind,)
o2 [E, (20, +25in6),)

Finally, (21) shows that the stiffness ratio is determined by the
tube dimension, pattern shape, and the angle for the patterned
area, 0,,. The relationship helps to establish the stiffness range
of the mechanism to fulfill target requirements.

III. FINITE ELEMENT METHOD SIMULATION

To verify the variation of the stiffness predicted from the
model, three-point bending test like Fig. 6(a) was simulated for
different relative rotations between the coaxial tube sets. The
FEM simulation was performed using Abaqus 6.14. (Dassault
Systemes, Vélizy-Villacoublay, France). There is a study to
perform finite-element method (FEM) simulation on superelas-
tic nitinol [24]. Since the sample and the load are symmetric
with respect to the middle point, only half of the three-point
bending point test was simulated as in Fig. 6(c) to reduce the
computational load.

In the FEM simulation, the middle point was displaced 2 mm
downwards and the bearings had surface-to-surface contact with
the coaxial tube structure. The length between the two lower
supporters is 40 mm. Force—displacement relationship of the
middle point was computed. The simulation was performed for
the selected configurations shown in Fig. 2(b) and (c) of {(0°,
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RSy L/2 L/2 = |

P: load at the center
L: length between two supporters

Fig.6. Three-point bending testby (a) the diagram, (b) the experimental setups
using Instron 5900 series, and (c) FEM simulation by Abaqus 6.14.

0°), (60°, 0°), (90°, 0°), (90°, 90°)} for types A and B. The
load—deflection relationships are plotted in Fig. 6. The flexural
stiffness was calculated by fitting the linear trend line to the
load—deflection curve and substituting the slope of the trend line
into (12). In Fig. 7, the flexural stiffness was found to increase
in the order of (0°, 0°), (60°, 0°), (90°, 0°), and (90°, 90°). The
results are listed in Table III.

IV. FABRICATION AND EXPERIMENT

The through-hole patterns were engraved on the nitinol tube
by nanosecond UV laser machining. To verify the stiffness
variability of the mechanism and the feasibility of the model,
the variation of the flexural stiffness predicted from the model
in Section II and simulation in Section III was compared with
the experimental results. Then, we set up a robotic system
to control the stiffness of the mechanism. Using the system,
continuous variation of the stiffness was demonstrated by a
simple load test. Also, an experiment on the potential application
of the mechanism in stiffness-controlled needle steering was
performed.

A. Ultraviolet Laser Machining

Based on the proposed mechanism, the tubes should have
nonuniform flexural stiffness to accomplish variable stiffness.
We engraved patterns on the nitinol tubes by ultraviolet (UV)
laser. Owing to its mechanical strength, superelasticity, and
excellent biocompatibility, nitinol is regarded as an outstanding
material for biomedical applications, and intensive study of
nitinol fabrication has been conducted [25], [26]. In our study,
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Fig.7. FEM simulation results of Type A (upper) and Type B (lower) structure
when (w17w2) € {(00> 00)7 (6007 OD)» (9007 00)7 (9007 900)}

we employed Nd:YVOy, laser system (wavelength of 355 nm,
linewidth of 20 pum, pulse duration of 30 ns, the repetition rate of
100 kHz) to engrave the patterns on the tubes. Due to the surface
curvature of the tubes, the maximum cutting depth of the tube
was approximately 150 pum with a maximum laser power of
3.1 W, scanner speed of 40 mm/s, and 50 repetitions.

The desired pattern, illustrated in Fig. 1, spanned the tube’s
surface along the radial and axial directions. A specialized
system was required to cut the pattern into the curved surface
with minimum distortion. Ideally, the rotation of the tube would
be synchronized with the laser scanner movement to allow for
continuous patterning along the perimeters of the tube, but
this is technically demanding. To simplify the procedure while
minimizing the error caused by the curvature of the tube surface,
the surface of the tube was divided into six equal regions and
each region was patterned at a time. The tube was then rotated
60° and patterned again, for a total of two (type A) or four (type
B) processing repeats according to its design. The surface can
be divided into smaller regions depending on the pattern design.
Also, the cooling system and enough cooling time reduce the
heat effect near laser-engraving spots.

Fig. 8(a) demonstrates the machining setup for the tubes. A ro-
tary motor stage (Unice E-O Service Inc., Taiwan) was installed
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Fig. 8. (a) UV laser machining setups. (b) Enlarged image of the engraved
tube surface. (c) Laser-patterned nitinol tube for Type A and (d) Type B.

to rotate the tube precisely. The tube was fixed by a collet chuck,
alinear guide set various lengths of the tubes, and a cone-shaped
bearing support prevented bending and twisting of the tube. A
CCD camera (Color SMP CMOS camera; Mightex Systems,
Pleasanton, CA, USA) was placed above the specimen tube
to monitor its dislocations after rotation, and an optoelectronic
displacement measurement system (Micro-Epsilon, opto-NCDT
1402) was used to calibrate the vertical position of the tube to
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match the focal length of the laser beam. Fig. 8(b) demonstrates
the enlarged image of the engraved surface. Due to heat affection,
the set up laser system engraves the pattern larger than its original
design. Twenty tests confirmed that the length increased by an
average of 29 pum over the design. We designed the pattern
to compensate for 29 ym to obtain more accurate fabrication
results. Fig. 8(c) and (d) shows the fabrication results for types
A and B, respectively. Type B has wider patterned area than type
A. The pictures were taken by a microscope (SZ61, Olympus,
Tokyo, Japan) with a digital camera (acqucam2, jnoptic Com-
pany Ltd, Seoul, Korea).

B. Three-Point Bending Test

To experimentally verify the stiffness variation of the mech-
anism, we performed a bending rigidity test. The result was
compared with that from the simulation. The mechanism with
two types of pattern, as shown in Figs. 1 and 2, was prepared for
bending tests.

The three-point bending method was chosen to examine the
bending rigidity of tubes. In this research, we tested specimens
with the Instron 5900 series, a high-precision system of mea-
surement. Fig. 6(a) and (b) shows how the bending test setups
were installed and a 2 kN load cell was connected. The system
measured the applied force and the vertical displacement to
calculate the flexural stiffness.

The test was repeated three times per specimen to check its
repeatability. The length between the two lower supporters is
38 mm (L = 38 mm) and a concentrated load P was applied
to the center; I was the second moment of the tube, and wy
was the deflection at the center of the tube. Then, the flexural
stiffness, (ET), is given by (22), where P/wy is the slope of the
load—deflection curve.

e (£) (£)

For the relative rotational movement, the three-point bending
test was performed for each of type A and B. The inner and
outer tubes were tested at 0° and 90° to test flexural stiffness.
The mechanism was tested for the selected configurations of
Fig. 2(b) and (c), where (wq,ws2) is an element of {(0°, 0°),
(0°, 60°), (0°, 90°), (90°, 90°)} and the results are shown in
Fig. 9. The load—deflection curve for each test was obtained in
the three-point bending test. The flexural stiffness was calculated
by fitting the linear trend line to the load—deflection curve and
substituting the slope of the trend line into (22). As with the
analytical modeling results, type B exhibits more changes in
flexural stiffness than type A; type A showed the 2.17 times
difference and type B showed 4.44 times difference. The detailed
results are summarized in Table III.

(22)

C. Comparison of the Flexural Stiffness Change

We obtained the flexural stiffness of the mechanism through
analytical modeling, FEM simulation, and three-point bending
experiments. For all three methods, the flexural stiffness changes
when (w1,ws) is an element of {(0°, 0°), (0°, 60°), (0°, 90°),
(90°, 90°)}, and are compared in Table III. In the table, the
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Fig. 9. Load—deflection plot from three-point bending experiment. The first and second columns indicate the inner and outer tubes for 0° and 90° rotation. The

third column shows the dual-tube mechanism for (w1, w2) € {(0°, 0°), (60°, 0°), (90°, 0°), (90°, 90°)}.

value in parenthesis indicates the ratio compared to the value
at (0°, 0°). We set the minimum value (0°, 0°) to the standard
value and compared the trends of flexural stiffness change. In the
results, three methods have the consistency in the tendency of
flexural stiffness: the flexural stiffness increases in the order of
(0°,0°), (0°,60°), (0°,90°), and (90°, 90°), where (0°, 0°) is the
minimum and (90°, 90°) is the maximum. Type B showed more
flexural stiffness change compared to type A. Comparing the
maximum and minimum experimental values, type A showed
2.10 times increase of stiffness and type B showed 4.23 times
for analytical modeling and similar increasing for other methods
as Table III. It demonstrates that the range of stiffness is wider
as more sections are patterned. Three-point bending experiment
results are relatively lower than other results. Overall, the results
show the consistency of the trend of stiffness change by all three
methods.

D. Demonstration of Continuously Variable Stiffness

A robotic system is built to vary the stiffness of the mech-
anism. The system has four degrees of freedom: translation
along and rotation about the insertion axis for each tube. The
collet chucks connected with motors hold the tubes; each tube
rotates or translates as each motor operates. The cantilever
load test was performed while the stiffness of the mechanism
varied. A weight was hung at the distal end of the mechanism
and vertical deflection of the distal tip was measured. The
flexural stiffness was calculated from the measured deflection.
The design parameter of the tube used in the load test was
(200 pm, 400 pm, 800 pm, 1500 pm, 60°, 90) of type B
patterning. Fig. 10 compares deflections and flexural stiffness
when 10 and 20 g loads are applied to the mechanism with
different rotational configurations (w1,ws2)= (0,0), (90, 90).

20g load (wq, w;) = (90°,90%)

20g load (w1, w,) = (0°,0%)

Fig. 10.  Cantilever load test was performed for the variable stiffness structure.
The tip position demonstrated continuous deflections while both the inner and
outer tubes had rotational angles varying with continuous sinusoidal wave.

The deflection at (0, 0) is the maximum while that of (90, 90)
is the minimum. The flexural stiffness increases from 1490.8
to 10766 Nmm? (about 7.2 times) when (0, 0) and (90, 90)
are compared. The complimentary video shows the change of
deflection while both the inner and outer tubes have rotational
angles that vary with a continuous sinusoidal wave. It demon-
strates the continuously variable stiffness change by relative
rotational movement. Additionally, the response time is only
a few microseconds as the motors directly rotate the coaxial
tubes. In the experiment, snapping is not observed. In addition,
using a counterrotation method introduced in Section II-D, we

Manuscript 3137 submitted to 2020 IEEE/RSJ International Conference
on Intelligent Robots and Systems. Received May 26, 2020.
Authorized licensed use limited to: The University of Toronto. Downloaded on May 26,2020 at 19:47:18 UTC from IEEE Xplore. Restrictions apply.



1484

Stiffness-controlled
steerable needle

Fig. 11.  (a) Stiffness-controlled steerable needle consists of the bevel-tip inner
tube and the nonuniform patterned outer tube. (b) Experimental setups for the
insertion of the stiffness-controlled steerable needle. The comparison of the
needle’s distal tip position at (¢) (w1, w2) = (0, 90) and (d) (0, 0).

observed that the out-of-plane deflection is negligible (less than
a few tens of micrometers).

V. STIFENESS-CONTROLLED STEERABLE NEEDLE

One of the possible applications of the mechanism is steering
bevel-tip needle. As a flexible needle with a bevel tip is pushed
through soft tissue, the asymmetry of the tip causes the needle
to bend. The tissue imposes a reaction force on the bevel that
deflects the needle tip, causing it to follow an arc [27], [28]. As
our variable stiffness mechanism enables the steerable needles
to change its directional flexural stiffness, it can control the
curvature of the bending, and, in other words, vary the radius
of the arc that needle follows. Thus, the mechanism grants
additional input to the steerable needle system. We proceeded
the demo test to control the curvature of the needle using the
mechanism.

The experimental setup used for inserting a stiffness-
controlled steerable needle into phantom tissue is shown in
Fig. 11(a) and (b). The inner tube has a bevel tip of 45 degrees
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Fig. 12.  Workspace comparison between (a) the needle with constant insertion
speed and (b) the stiffness-controlled needle with the constant insertion speed.
(c) and (d) Cross section of (a) and (b), respectively.

at the distal end and uniformly patterned. The outer tube is
nonuniform patterned as type B. Alternatively, the needle can
consist of a bevel-tipped outer tube and a nonuniform patterned
inner tube. It is also possible to have three or more coaxial tubes.

The controller controls the 2R-2T motion of the steerable
needle. The rotational and translational movement of each
tube (the inner and the outer) is controlled independently. The
rotational movement is controlled by Dynamixel using CAN
communication and the translational movement is controlled by
Maxon motor using RS-485 communication. Each Maxon mo-
tors’ rotational movement transits into translational movement
through lead screw while Dynamixel rotates each tube held by
collet chuck. Telecentric lens or camcorder is set to capture the
motion of the distal tip of the needle. The phantom tissue is
prepared with elastic properties similar to human tissues [29].
The needle is inserted in the homogenous phantom prepared
with a mixture of 83% water, 12% gelatin, and 5% sugar. The
control system with four degrees of freedom inserts the needle
with a velocity of 1 mm/s and the needle stops when inserted
50 mm. For the rotational configurations of (0, 0) and (0, 90),
the needle was inserted into the phantom and the position of the
distal tip compared. The needle tip deflected 11.6 mm along
x-direction at (0, 0) while it deflected 3.5 mm along x-direction
at (0, 90) from the insertion point as illustrated in Fig. 11(c) and
(d). The radii of curvature are 89.7 and 327 mm for (0, 0) and
(0, 90), respectively. The complementary video shows how the
needle bends depending on its stiffness. The smaller the stiffness
of the mechanism is, the smaller the radius of curvature of the
arc that needle follows becomes.

Thus, the variable stiffness mechanism adds an additional
degree of freedom to control the trajectory of the needle. The
current steerable needles use insertion speed change [30] or
duty-cycle method [31] to change its curvature of trajectory.
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Moreover, the results demonstrate that the proposed variable
stiffness mechanism allows an additional degree of freedom
(DOF) to change the radius of curvature. With the additional
DOF, the reachable area of the steerable needle can be expanded
while keeping its insertion and rotation speed low.

The difference of the workspace of constant insertion speed
needle (case ii) and constant insertion speed needle with stiffness
control (case i) is simulated in Fig. 12. In both cases, the insertion
speed was constant and the bevel tip tube does not rotate after
insertion started. In case i, the radius of curvature was fixed
to 60 mm due to constant stiffness, and in case ii, the radius
of curvature was variable from 25 to 60 mm due to variable
stifftness. For both cases, the needles are inserted for 35 mm.
Case i has the cone-like shell workspace with 9.92 mm radius
while case ii has the thick cone-like workspace with the radius
from 9.92 to 20.75 mm like Fig. 12(a) and (b), respectively.
The cross section of the case i’s workspace is only two curved
lines while that of case ii’s workspace has a wider area as
illustrated in Fig. 12(c) and (d). Thus, the proposed variable
stiffness mechanism expands the workspace of the steerable
needle, and it can also be applied together with current control
methods [30]-[32].

VI. DISCUSSION

In this article, we presented a mechanism for varying the
stiffness of a tubular structure by relative rotation and trans-
lation among a set of tubes with the anisotropic distribution
of the flexural stiffness (ET). In the presented mechanism, the
anisotropy is created by machining through-hole patterns on
selected surfaces of the nitinol tubes. Alternatively, it is able to
use localized annealing to induce the phase transition of nitinol
from martensite to austenite. In the research, to have a bigger
difference in flexural stiffness, the variable stiffness is primarily
achieved by material removal rather than phase transition.

An analytical model was formulated that describes the change
in stiffness as a function of rotation of two coaxial tubes. Also,
the relationship between the design parameters and the range
of stiffness variation was modeled. Using the relationship in
(6)—(21), design parameters can be selected to adjust the range
of stiffness variation according to target applications.

The directional flexural stiffness of the mechanism is a con-
tinuous function of relative rotational angle and translational
displacements between the tubes. This characteristic is distin-
guished from other previous variable stiffness mechanisms with
binary or discrete stiffness control. The flexural stiffness of the
mechanism can be set to any values between the maximum (90°,
90°) and the minimum (0°, 0°) through the relative rotation
between two coaxial tubes. The load test demonstrates the
continuously variable stiffness of the mechanism.

Furthermore, embodied intelligence of the mechanism leads
to a simple and scalable structure. The mechanism only consists
of two coaxial tubes without any bulky or complex external
connections such as pneumatic lines or heating wires. Therefore,
the mechanism is suitable for applications in minimally invasive
surgery and can be easily adapted to all types of tube continuum
robot. In this study, we were able to reduce the diameter of
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the mechanism to 1.8 mm, which is smaller than the current
minimally invasive surgical robot generally using 5-20 mm
diameter.

Additionally, unlike other variable stiffness mechanisms us-
ing heat, electric, and pneumatic stimuli, the response time of
the presented mechanism is immediate. The stiffness can be
instantly varied by directly translating and rotating the coaxial
tubes with motors. Fast response times are very useful in re-
ducing operative time and in responding to immediate surgical
conditions and intuitive control of operators.

The proposed mechanism has a relatively narrow range of
stiffness variation compared to other mechanisms that utilize
phase change materials such as liquid metals. Also, the base-
line of the range starts much higher than that using the phase
change materials, so the proposed mechanism aims at surgical
tasks that require relatively high stiffness. In future work, we
will profoundly study the range of stiffness for certain surgical
operations in order to adjust the mechanism accordingly.

The variation of the stiffness predicted from the model was
verified through three-point bending experiments and FEM sim-
ulation. Overall, the model, the experiment, and the simulation
showed a consistent tendency of the flexural stiffness change.
For type B, the FEM simulation results showed reduced flex-
ural stiffness ratio compared to those of other methods. The
FEM simulations demonstrate different results depending on the
meshing method, and in terms of simulation, type B is a more
complex structure than type A because of the increased number
of patterns. This leads to the difficulties of contact constraints
and meshing and possibly affects the simulation results.

The error between the modeling and experiments is mainly
based on the limit of fabrication. Due to its heat effect, the laser
cannot engrave the exact same pattern as its design. Even though
we compensated 29 pm to obtain more accurate fabrication
results as in Section IV-A, the results still have errors. Because
the pattern is micrometric in size, this error is caused by the
limitations of the in-house manufacturing process itself. Using
more precise machining and systems should reduce the error
between theoretical and experimental results. For example, to
reduce heat-affected zone and to increase precision, pico or
femtosecond UV laser is preferred rather than nanosecond one.
In addition, fine finishing and polytetrafluoroethylene (PTFE)
coatings reduce friction among the tubes and between the mech-
anism and contacting tissues.

One of the specific potential applications of the proposed
variable stiffness mechanism is needle steering. The preliminary
phantom experiment results in this article demonstrate that the
curvature of a needle insertion trajectory can be changed by
varying the stiffness of the needle using the proposed mecha-
nism. As its stiffness varies continuously, the mechanism grants
an additional degree of freedom (DoF) to the steerable needle
system to control the curvature of bending.

Currently, the curvature of the steerable needle is controlled
by changing the insertion speed [30] or by intermittent rotation of
the needle (duty-cycle method) during insertion [31]. The duty-
cycle method offers simple and low-cost solutions to control the
needle trajectory. Duty-cycle methods using flexure-based tips
have also been studied to reduce tissue damage [33]. In addition
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to the current methods, the steerable needle can provide an
additional DoF to control the trajectory of the needle by varying
its stiffness with the proposed mechanism. With the cost of an
additional actuator to rotate the nonuniform patterned tube, the
variable stiffness expands the curvature range of needle’s tra-
jectory. The mechanism can also be applied in conjunction with
the duty-cycle method. For example, if both intermittent rotation
and stiffness control methods are applied, higher curvature can
be achieved than if either is applied. In this context, the variable
stiffness mechanism can be combined with other methods [30],
[31] to have an additional DoF to control the needle’s trajectory.

Thanks to the variation of the flexural stiffness, the rotation
speed of the bevel-tip tube can be lowered while keeping the
same trajectory. Low rotation speed is preferred to reduce fric-
tion against surrounding tissue caused by the tube’s rotation.
Specifically, when the needle consists of a nonpatterned outer
tube with a bevel tip and a nonuniform patterned inner tube, the
flexural stiffness of the needle is determined by the rotational
configuration of the inner tube. As the rotation of the inner tube
occurs inside the instrument, the inner tube is not in direct contact
with the surrounding tissue.

For future research, we plan to explore the potential benefits
of this additional DoF in control of steerable needles. Since
it is possible to vary the curvature of trajectory continuously,
the stiffness-controlled steerable needle is expected to avoid
obstacles and address deeper in more easiness. It is expected
to optimize trajectories during various applications such as
radiofrequency ablation of liver tumors and prostate brachyther-
apy. The path-planning method will be studied to avoid obstacles
and the in vivo or cadaver test will be performed with medical
teams.

Additionally, the ability to vary the stiffness of continuum
robots expands the design flexibility of surgical instruments. To
adapt the instrument to carry specific interventional applications
such as biopsy, brachytherapy, and therapy delivery, it is possible
to utilize this mechanism to set the desired range of variable stiff-
ness. For example, operators lower the stiffness during naviga-
tion and increase the stiffness during operating surgical devices
or intervene process into the body. We plan to apply the mecha-
nism to variable stiffness backbones and combine them with the
stiffness control algorithms for continuum robots [34] to develop
other surgical instruments in minimally invasive surgery.
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