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Abstract
Needles are advanced tools commonly used in minimally invasive medical procedures. The accurate manoeuvrability of flexible
needles through soft tissues is strongly determined by variations in tissue stiffness, which affects the needle-tissue interaction and
thus causes needle deflection. This work presents a variable stiffness mechanism for percutaneous needles capable of compen-
sating for variations in tissue stiffness and undesirable trajectory changes. It is composed of compliant segments and rigid plates
alternately connected in series and longitudinally crossed by four cables. The tensioning of the cables allows the omnidirectional
steering of the tip and the stiffness tuning of the needle. The mechanismwas tested separately under different working conditions,
demonstrating a capability to exert up to 3.6 N. Afterwards, the mechanism was integrated into a needle, and the overall device
was tested in gelatine phantoms simulating the stiffness of biological tissues. The needle demonstrated the capability to vary
deflection (from 11.6 to 4.4 mm) and adapt to the inhomogeneity of the phantoms (from 21 to 80 kPa) depending on the
activation of the variable stiffness mechanism.

Keywords Minimally invasive instruments . Steerable needle . Needle deflection . Tissue inhomogeneity . Variable stiffness

1 Introduction

Minimally invasive interventions are often based on percuta-
neous diagnosis and local therapies, in which needles, cathe-
ters or probes are inserted into soft and inhomogeneous tissues
to reach a target [1]. Needles are very common tools, which
can be used for biopsies [2], regional anaesthesia, fluid sam-
pling [3], neurosurgery [4], and brachytherapy [5] and for the
introduction of catheters, ablation electrodes or other instru-
ments into the body [6]. In many of these procedures, the final
tip placement accuracy is crucial for a successful clinical out-
come (i.e., biopsy taking, ablation). In a typical intervention,
the target lies in line with the needle, but several factors such
as human tremor; imaging limitations; displacement of the
target because of breathing, swelling or heartbeat [7]; tissue
deformation and needle deflection can lead to alignment

errors. Tissue deformation is directly dependent on the me-
chanical properties of the soft tissues, while needle deflection
is caused by the flexibility of a long needle when it passes
through the biological tissues [8, 9].

Due to needle tip misplacement, malignancies could not be
detected during biopsy, radioactive seeds could not be depos-
ited in the correct site during brachytherapy [10], adverse ef-
fects might occur from an inaccurate anaesthesia [8], re-
puncturing with additional damage to the tissue could be nec-
essary [11], or false negative cases could be detected.

A great deal of effort has already been made to improve the
accuracy of needles in percutaneous interventions. For exam-
ple, robotics and medical imaging can support needle proce-
dures [12–16]: computed tomography (CT), ultrasound (US)
and magnetic resonance (MR) are imaging techniques com-
monly used for planning, tracking and modelling an interven-
tion. In particular, real-time imaging and real-time force feed-
back permit monitoring of the needle, identify tissue deforma-
tion and target displacement [17–19]. Regarding the design, a
large number of needles have been conceived to allow physi-
cians to control the steering and deflection of the instruments
during insertion with the aim to accurately reach the target
[20]. Basing on the mechanical parameters of the tissue and
the needle, 3D steerable needles integrating real-time
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algorithms that automatically plan the path have been pro-
posed [21, 22], while several studies report control of the
needle deflection using duty-cycle modulation in combination
with a flexible bevel tip [23, 24]. In addition, passive and
active steering methods have been extensively tested to adjust
the needle shape during insertion [6]. A bevel tip has been
chosen in many studies that aim to predict and control the
needle behaviour using path planning and design optimization
[25]. Other types of programmable tips, in combination with a
tendon-driven system or FBG sensors, have been designed to
control the needle insertion and steering [26, 27]. Other ap-
proaches obtain precision of the path using pre-curved needles
in straight stylets or integrate the system in a tendon-driven
robot [28, 29]. Tissue deformation, needle deflection and
needle-tissue interactions have been extensively studied in
order to better control the insertion of needles [30] and esti-
mate the relation between the applied force and the movement
of both the needle and the tissue [31, 32].

Althoughmany efforts focused on the behaviour of the needle
in tissues, the differences in stiffness of biological tissues have to
be taken into account for needle design. Asmentioned before, the
mechanical properties of the tissues affect the needle-tissue inter-
action and thus produce needle deflection. Indeed, a major lim-
itation for all approaches is that extensive needle curvature de-
mands a highly flexible needle shaft. However, in non-
homogenous biological tissues, this could lead to path deviations
or even buckling when stiffer tissues are encountered.

The present work extends existing needle steering ap-
proaches with the design of an adaptable stiffness needle.
The aim of this study is to propose a possible solution for
compensating deflection using a mechanism able to vary the
stiffness in order to achieve fine adjustment and accurately
reach the target. The mechanism is intended to be integrated
into flexible needles for procedures in tissues where deflection
can easily occur. In this work, the mechanism has been

integrated into a general-purpose needle to allow needle
steering. A highly flexible shaft follows the behaviour of the
tip when puncturing various layers of tissue; as such, the nee-
dle is also able to maintain the intended direction when intro-
duced into a stiffer layer. In addition, the structure of the
mechanism allows for the omnidirectional steering of the tip,
making it easier to approach the target. Preliminary works
have been presented in [33, 34]. Here, an optimization of the
device is provided, and further experimental tests are reported
in order to demonstrate the working capabilities of the needle.

2 Materials

2.1 Concept and needle model

As hereinbefore mentioned, the insertion of a needle in a bio-
logical tissue depends on many factors such as the variations
in stiffness of the biological structures. These can affect the
needle-tissue interactions and thus the needle deflection.
Figure 1a shows how a traditional needle passing through
several tissues can be deflected and then misplaced with re-
spect to the target. The steerable needle presented here was
able to control the deflection and adapt its stiffness to the
tissue stiffness, allowing better maintenance of the trajectory
during the insertion, without missing the target (Fig. 1b). The
target can actually change its position during the insertion.
With a traditional needle, there is no possibility to change
the pathway during the procedure (Fig. 1c); on the other hand,
steerable needles allow the possibility of reaching the target
even if its position has changed (Fig. 1d).

The needle presented here was designed to compensate for
the additional deflection due to the passage through tissues of
different stiffness. Knowing the tissue stiffness, the variable
stiffness needle could compensate for the tissue stiffness

Fig. 1 Comparison between traditional needle and variable stiffness
needle behaviour. a Deflection and missing the target by a traditional
needle. b Behaviour of a variable stiffness needle through tissues of
different stiffness. c Change in position of the target during the insertion

with the negative deflection of the traditional needle. d Capability of the
steerable needle to reach the target even when its position changes during
the insertion of the needle
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variation by changing the stiffness of the mechanism. In this
early prototype, a pre-evaluation of the tissue properties was
performed, and all feedbackwas based on the visual and direct
visualisation of the tip. An overview of the device is shown in
Fig. 2. The outer diameter of the needle is 3 mm, which is a
value close to 3.048 mm, corresponding to an 11 gauge nee-
dle, suitable for procedures in soft tissues [32, 35, 36]. The
needle is composed of the tip, variable stiffness mechanism,
cannula and cables for driving the needle and tuning its stiff-
ness. The tip can be conical or bevelled, both with the possi-
bility of being opened or closed according to the needle ap-
plication; a screw mechanism in the distal part of the device
allows fixing the favoured tip. The variable stiffness mecha-
nism is 11 mm long, and it consists of three compliant seg-
ments connected to four rigid plates.

The cannula is a steerable hollow tube, which includes four
holes in the wall for the passage of the cables. Four tendons
are symmetrically placed at 90° in a 2.3-mm diameter
(Fig. 2b), and they pass through the variable stiffness mecha-
nism and the cannula.

By pulling one or a combination of the tendons, the needle
bends in different directions depending on the pulled cable
and thus will steer in the preferred direction.

To study the precision of the mechanism, a kinematic mod-
el was formulated, taking into account the quasistatic behav-
iour of the needle due to the low insertion speed. The model
aimed to analyse the radius of curvature of the variable stiff-
ness mechanism. In particular, the arc of the circumference
covered by the mechanism with different angles of curvature
was considered.

The length of the entire mechanism is 11 mm (L1), as
reported in Fig. 3a. L1 corresponds to the resting length of
the cable when it is not tensioned. If a cable is pulled
(Fig. 3b), the mechanism bends, and the arc of the cir-
cumference decreases in L2 due to the compression of the
compliant parts. The final length of the cable corresponds
to the part of the cable inside the mechanism (L2) and the
cable pulled outside (ΔL).

– Assuming that the middle line (L1) remains a constant
11 mm in length while one of the cables is pulled; and

– Knowing that the radius of the mechanism (r) is 1.5 mm
(Fig. 2b);

the radius of curvature (R1) and the angle of curvature (θ)
when a cable is pulled can be calculated (Fig. 3c).

Knowing the relation between R1, L2 and R2, it is possible
to derive ΔL as follows:

R1 ¼ 360� L1
2πθ

ð1Þ

L2 ¼ θ� 2πR2

360
ð2Þ

R2 ¼ R1−r ð3Þ

ΔL ¼ L1−L2 ¼ L1−
θ� 2π R1−rð Þ

360
ð4Þ

Considering different angles of curvature, the radius of
curvature and the displacement of the cables were calculated,
as reported in Table 1.

The tension is applied to the cables and thus to the mech-
anism, which depends on the displacement imposed to the
cables. Considering that the compliant parts are made of non-
linear material, the force can be approximated as:

F ¼ KnlΔL ð5Þ
where:

F is the tension exerted on the cable;
Knl is a parameter depending on the nonlinear

characteristics of the materials and geometry;
ΔL is the displacement of the tensioned cable.

In particular, the force is provided by:

F ¼ Knl L1−
θ� 2π R1−rð Þ

360

� �
ð6Þ

This demonstrates that, when increasing the tension on
cable, the radius of the curvature decreases.

To clarify the steering and the variable stiffness capabilities
of the needle, the main combinations of pulled cables are
reported in Table 2. If one cable (i.e., first and second cases
in Table 2) is tensioned, the tip bends towards that cable; if
two nearby cables are tensioned with the same tension, at 90°
to each other (i.e., third case in Table 2), the tip bends on the
intermediate plane between the cables, while if two nearby

Fig. 2 a Overall sketch of the needle. The rigid plates are made of
aluminium, while the compliant segments are made of Smooth-Sil 940
silicone (Smooth-On). b A cross-sectional view of the variable stiffness

mechanism, where the coupling of antagonist tendons indicates the two
cables, which are positioned 180 degrees from each other, inducing an
opposing action
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cables are tensioned with different tensions, the tip bends on
other planes.

With regard to the variable stiffness nature of the needle, when
two antagonistic cables are simultaneously pulled with the same
load (i.e., fourth case in Table 2), the compliant parts of the
mechanism are compressed producing an additional force; thus,
the axial stiffness of the needle increases. This observation is
because the property of the compliant material is nonlinear (as
discussed in Section 2.2); therefore, this nonlinear property in-
duces the variation of the stiffness in the overall system. When
the tendons are released, the axial stiffness of the needle de-
creases. Using this characteristic, the stiffness of the device is
actively changed by controlling the tendons.

One possible combination of the tendons could be the follow-
ing: the stiffness of the needle could be increased by pulling with
the same load on two antagonistic cables and then steering the
needle using the free driving cables. It is worth mentioning that
there are many possible combinations of cables that could be
used in order to increase the stiffness and steer the needle.
Stiffness and steering direction are coupled and cannot necessar-
ily be independently controlled; all four cables can be used to
reach the desirable stiffness and steering simultaneously. In this
work, the main possible configurations were studied, and the
performance in terms of stiffness were evaluated.

2.2 Fabrication of the needle

The rigid plates of the variable stiffness mechanism are
0.5 mm long, and they are made of aluminium, while the
compliant parts are 3 mm long cylinders, and they are made
of Smooth-Sil 940 silicone (Smooth-On). The cannula is
made by PEEK plastic (IDEX® Health & Science) and was
already assessed in previous works [20, 26]. For the cables,
Dyneema wires of 0.08 mm pass through the rigid and com-
pliant parts in which four dedicated guides have been de-
signed. Compliant and rigid parts are connected by silicone
glue (Momentive, 127,374). The needle tip is 4 mm long, and
it is made of aluminium. All components and specifications of
the final prototype are summarised in Table 3.

Fig. 3 Sketch of the variable
stiffness mechanism (VSM) used
for the kinematic model. a
Resting position. b Bending. c
Radius and angle of curvature

Table 1 Radius of curvature and displacement of the cables for
different angles of curvature

θ (angle of
curvature, deg)

R1 (Radius of
curvature, mm)

ΔL (displacement
of the cables, mm)

10 63.06 0.26

20 31.52 0.53

30 21.02 0.78

45 14.01 1.18

50 12.61 1.31

60 10.51 1.57

Table 2 Needle motion and stiffness specifications. Red points indicate
the pulled cables

Cables state Needle behaviour

Tip bends on x
direction

Tip bends on y
direction

Tip bends on xy
direction

Needle increases 

stiffness

2188 Med Biol Eng Comput (2018) 56:2185–2199



The Smooth-Sil 940 silicone used for designing the
compliant parts has a shore hardness of 40A, which rep-
resents a suitable material in terms of application and
fabrication process. Indeed, its liquid physical state before
the polymerisation process permits the solution to be
poured into a dedicated mould, obtaining the desired
s t ruc tu re . The s i l i cone has been mechanica l ly
characterised with compression tests in a tensile-
compression machine (model Z005 of Zwick/Roell) at a
speed of 10 mm/min. Samples were fabricated following
the regulations reported in International Standard ISO
37:2005 (E) regarding rubber materials. Test pieces were
tested up to a compression of 35% with respect to the
initial length, thus ensuring that the working range of
the variable stiffness mechanism was included. A load
cell with a 1-kN end scale permitted the derivation of
the force-compression curves from which the stress-
strain curve was calculated, as reported in Fig. 4.

From the stress-strain behaviour, the Smooth-Sil 940
silicone exhibits approximately 1.1 MPa @ 35% com-
pression. Considering the linear tract of the curve, the
elastic modulus of the Smooth-Sil 940 silicone is
3.8 MPa.

With regard to the mechanism in Fig. 2, the elastic modulus
(E) of the overall structure can be derived from composite
material rules and the Reuss model [37] as follows:

1

E
¼ 3

VAl

EAl
þ 3

VSil

ESil
ð7Þ

where

VAl and
VSil

are the volume fractions of the aluminium plates
and silicone cylinders, respectively, and both of
them correspond to 1/3 of the entire structure;

EAl and
ESil

are the elastic moduli of aluminium and silicone,
and they are 64 GPa and 3.8 MPa, respectively.

From (7), the elastic modulus, E, is mainly dependent on
the elastic modulus of the compliant parts; thus, it is close to
3.8 MPa, ensuring the possibility to steer and stiffen the tip.

The fabrication process of the needle includes the fabrica-
tion of the variable stiffness mechanism and then, the integra-
tion with a tip and a cannula.

The compliant parts are fabricated by pouring the silicone
in a dedicated mould composed of aluminium pieces shown in
Fig. 5a: two Shells, two Caps including one lateral and four
surface guides, and two Pins and four Channels to create ca-
bles guides.

The phases of the fabrication process are illustrated in
Fig. 5b. First, one Shell is connected to Cap_1 with a Pin
(phase 1); the silicone is poured in the central part of this
mould, and the second Shell is connected to the other one
through the Pin (phase 2); Cap_2 is inserted in the top side
of the mould, and the second Pin is used to affix Cap_2 to the
mould (phase 3). Finally, the Channels are inserted in the holes
of the Caps already aligned due to the Pins (phase 4). After the
polymerisation time, the aluminium pieces are removed, and
the final result is a compliant silicone cylinder with four chan-
nels inside (phase 5).

The same process is repeated two more times to fabricate
the other compliant parts.

Table 3 Needle components and features

Needle
component

# pieces Size
(length × diameter)
(mm)

Material

Tip 1 4 × 3 Aluminium

Rigid plates 4 0.5 × 3 Aluminium

Compliant
segments

3 3 × 3 Silicone Smooth-Sil
940 (Smooth-On)

Cannula 1 150 × 3 PEEK plastic (IDEX®
Health & Science)

Cables 4 300 × 0.08 Dyneema

Fig. 4 Stress-strain curve of
Smooth-Sil 940 silicone. In the
insets, the initial and final lengths
of the test piece are shown

Med Biol Eng Comput (2018) 56:2185–2199 2189



Afterwards, the cables are passed through the compliant
and aluminium parts, and then, the compliant segments and
rigid plates are attached by gluing. Finally, the cables are
passed through the cannula, while the tip is connected to the
rigid plate. The final prototype is shown in Fig. 5c.

3 Methods

To study the performance of the variable stiffness of the nee-
dle, first, the capabilities of the single variable stiffness mech-
anism were evaluated. Afterwards, the overall needle was ex-
perimentally tested with tests aimed to study how the different
stiffness of the needle influences the behaviour in gelatine.

3.1 Performance evaluation of the variable stiffness
mechanism

Two different working conditions were considered, straight
and curved positions, which represent two possible states of
the needle during interventions. In both of the cases, the force
developed by the prototype was experimentally measured,
and the deformation was modelled with a finite element model
(FEM).

3.1.1 Straight position

The setup used to evaluate the variable stiffness of the mech-
anism in the straight position is shown in Fig. 6. The prototype
was fixed in a support permitting the cables to be tensioned
from the bottom side. An S-beam load cell (LSB200-2 lbs,
model FSH00102, ± 0.1% FS accuracy, FUTEK Advanced
Sensor Technology Inc., CA, USA) was linked on a linear

guide, and it moved at 0.8 mm/s. The prototype was posi-
tioned in proximity to the load cell. A displacement of 2 mm
(2/3 of the prototype diameter) was imposed by the load cell
towards the prototype using a dedicated interface and soft-
ware. The load cell allowed acquisition of the force-
displacement behaviour from which the force of the mecha-
nism could be measured. Two antagonistic cables (stiffening
cables indicated by the red points in Fig. 6) were simulta-
neously tensioned with the same load in the range 0–17 N
with steps of 1 N, while the other cables were free to move
(grey points in Fig. 6). The stiffening cables coming out from
the bottom side of the prototype were tensioned by loads.
After each tensioning of the cables, the load cell moved to-
wards the prototype, and data were acquired with a sampling

Fig. 5 a Pieces of the mould used
to fabricate compliant parts. b
Fabrication process of a
compliant part. First, the shells,
Cap_1 and a Pin are connected,
and then, the silicone is poured
(phase 1 and 2). Cap_2, the other
Pin and Channels are inserted in
the mould (phase 3 and 4), and
after polymerisation, the
compliant part is ready (phase 5).
c Final prototype

Fig. 6 Experimental setup used to evaluate the variable stiffness of the
single mechanism. Cables come out from the bottom side of the
prototype. In the inset, the top view of the system is shown. The
stiffening cables are indicated by red points and the free cables by grey
points
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time of 0.1 s. Three repetitions were performed for each ten-
sion value, and then the results were averaged.

The same experimental cases were simulated using an
FEM. The simulations were performed with the static struc-
tural analysis option of the Ansys Inc. software. To make the
analysis coherent with the variable stiffness mechanism, the
proper mechanical properties of the materials were imported
in the model.

Regarding the compliant parts, the stress-strain behaviour
of the silicone discussed in Fig. 4 was imported in the
Bmaterials properties^ setting and then linked to the parts,
while for the rigid plates, the aluminium settings available in
Ansys Inc. software were used.

A structured quad-mesh with a minimum edge length of
0.50 mm was used to discretize the mechanism for an overall
number of 48,124 nodes and 9309 elements. Considering the
structural features of the model, bonded contacts were set
between every rigid plate and the related compliant part. All
tensioning states used in the experimental tests (17 tension
values) were simulated as a compression force on the
mechanism.

3.1.2 Curved position

Themechanismwas also tested in the curved position. Indeed,
during a needle intervention, the needle could bend to com-
pensate for path deviations. To evaluate the worst case, an
angle of 20° was considered (Fig. 7a); indeed, previous stud-
ies that used an actively bent tip in this range obtained high
curvature [26].

The setup used to characterise the mechanism in the curved
position is already shown in Fig. 6. In this case, the load cell
moved towards the mechanism, orthogonally to the bending
plane. One driving cable was used to set the bent position
(blue point in Fig. 7b), and it was tensioned until it reached
a position of 20°. The other driving cable (grey point in
Fig. 7b) was free to move, while the other two antagonistic
cables (stiffening cables indicated by red points) were ten-
sioned in the range 0–17 N with steps of 1 N, as in the straight
position. Additionally, in this case, the acquisition methodwas
based on repetitive acquisitions in each tension state.

Regarding the straight position, the curved case was simu-
lated with an FEM. The mechanical behaviour of the compli-
ant parts and rigid plates was imported in Bmaterials

properties^. A structured quad-mesh was implemented, and
the bonded contacts were set between every rigid plate and
the related compliant part. The prototype model was curved at
20°, and all tensioning states (17 values) were applied with a
step of 1 N.

3.2 Deflection and stiffness adaptability of the needle

Once the performance of the variable stiffness mechanismwas
evaluated, it was integrated in the needle. The overall device
was tested in two different working conditions: a one-layer
phantom to analyse how the deflection changes with respect
to the tension applied to the cables, and a phantom of two
layers with different stiffness to estimate the capability of the
needle to maintain the same trajectory in a stiffer tissue. In
both the experiments, the aim was to study the behaviour of
the needle when equipped with the variable stiffness mecha-
nism. For this reason, external factors such as the presence of a
membrane on the phantom surface or between phantom layers
were not considered.

1.1.1. One-layer phantom tests

The setup used for the one-layer phantom experiments is
shown in Fig. 8.

The needle was rigidly fixed with a support to a linear
vertical stage, which provides translation in vertical direction
(z-axis indicated in Fig. 8) at a constant speed. The needle
support consisted of two lateral arms on which four pulleys,
two for each arm, were fixed. Two antagonistic cables slid on
the pulleys while loads were laterally attached to the cables for
their tensioning. The other two cables were left free. Two
cameras (iSight Camera, 8 MPX, 30 frames per second) were
placed laterally to the phantom to acquire the needle motion
during tests.

The phantom used to test the needle tried to reproduce the
mechanical properties of biological tissues. It was made with a
5% (w/w) gelatine-water mixture at 70 °C and then stored at
2 °C until use [20]. Samples of 5% gelatine were mechanically
characterised with compression tests using a Zwick/Roell
Z005 tensile-compression machine (Zwick GmbH & Co,
Germany) at a speed of 10 mm/min to a 35% compression
with respect to the initial length. Figure 9 shows the stress-
strain curve of 5% gelatine (red line). The elastic modulus of

Fig. 7 a Curved position of the
mechanism was experimentally
evaluated. b Top view of the
system. The red points represent
the stiffening cables. The other
two cables are the driving
tendons: the blue one is tensioned
to set the position, and the grey
one is free to move
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5% gelatine was 21 kPa, which was a suitable value for the
elastic modulus (stiffness) of soft tissues [38]. In Fig. 9, the

stress-strain behaviour of the 7% gelatine (blue line) is also
reported. This gelatine was 80 kPa in stiffness, and it was used
for the two-layer phantom tests, as discussed in Section 3.2.2.

The speed of the linear stage used to test the needle in the
gelatine phantom was 3 mm/s, which is one of the speeds
generally used for needle characterisation in gelatine [39, 40].

The aim of these tests was to evaluate how the deflection of
the needle changes with different tensions applied to the var-
iable stiffness mechanism. As mentioned in Section 2.1, dif-
ferent tips can be integrated in the needle due to a screw
mechanism. For these tests, a bevel tip of 30° was selected
to ensure that the deflection of the needle was always on the
same plane and that the natural bending occurred upon inser-
tion into the soft tissue [41, 42].

The setup is designed to permit the insertion of the needle
with the cables already aligned with the pulleys, avoiding
deflection errors [41]. The stiffening cables have been ten-
sioned in the range 0–10 N with steps of 1 N, where 10 N
was considered the maximum value for the tests because the
force developed at this tension is sufficient for needle opera-
tions, as discussed in Section 4.1.2.

For each different tensioning state, three repetitions were
performed, and the needle was inserted in the gelatine at a
displacement of 100 mm in the vertical direction. The insertion
point of the needle into the phantom was changed for each
repetition so the data would not be affected. In fact, the insertion
of the needle forms a path that remains in the gelatine. Inserting
the needle at the same point means influencing the data, as the
needle would follow the previously established path.

At the end of each test (at a 100-mm depth), the images of
the needle were acquired, elaborated by zooming in on sec-
tions of interest, and then the deflections were calculated. A
scheme of the protocol tests is shown in Fig. 10a. For each
different tension (Fs) applied to the stiffening cables, the de-
flection (k) is calculated as the distance between the tip of the

Fig. 8 Setup used to test the needle motion inside one-layer gelatine

Fig. 9 Stress-strain curves of 5%
(red line) and 7% (blue line)
gelatine. In the insets, initial and
final states of the samples are
shown
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deflected needle and the vertical axis of the needle. It is ex-
pected that when tension increases, the deflection decreases.
The aim was to quantitatively evaluate the deflection for each
tension value in order to understandwhich tension value could
be suitable to approach the target.

1.1.2. Two-layer phantom tests

The setup used for two-layer phantom tests was the same as
that of the previous experiment. In this case, the phantom was
made of two 40 mm layers characterised by different percent-
ages of gelatine: 5% gelatine on the top and 7% on the bottom
(Fig. 10b), which was stiffer than the first layer.

The aim of these tests was to evaluate whether the needle
was able to maintain the trajectory in the stiffer layer and for
which tension of the variable stiffness mechanism this was
possible.

Only the stiffening cables were tensioned, while the driving
cables were free to move. Before introducing the needle into
the phantom, the stiffening cables were tensioned with 5 N,
which represented the minimum suitable value usable in
working conditions, as demonstrated by the one-layer phan-
tom tests (see Section 3.2.1). The needle was introduced in the
first layer at a speed of 3 mm/s. After the first 40 mm depth,
the linear stage was stopped, and the load on the stiffening
cables was increased by 1 N. Then, the needle was moved
through the second layer at the same speed. For each incre-
ment in load, three repetitions were performed at different
positions in the phantom so the data would not be affected
due to the presence of a previous path. The tests were per-
formed with up to 10 N tension in the second layer. The
motion of the needle in the phantom was acquired for each
test, and the adaptability of the needle to the stiffer gelatine
was evaluated considering the angles shown in Fig. 10b. θ is
the angle between the needle and the vertical axis when the
needle was inserted in the soft gelatine (first 40 mm), while α
is the angle when the needle was inserted in the stiff gelatine. θ
was calculated for 5 N tension; thus, it is the same for all tests.
α was calculated for each test in the range 5–10 N with steps

of 1 N. The aim was to compare the angles, α and θ, and to
identify the tension for which the angles were similar in order
to evaluate at which tension values the trajectory of the needle
was not deviated by the stiffer tissues.

4 Results

4.1 Performance evaluation of the variable stiffness
mechanism

4.1.1 Straight position

The force exerted by the variable stiffness mechanism was
evaluated for 18 values of tension on the stiffening cables in
the range 0–17 N with steps of 1 N and for a 2-mm lateral
displacement of the mechanism.

The results are shown in Fig. 11a. Each curve of the graph
represents the trend of the force exerted by the prototype for
different tensions applied to the cables.When the tension applied
to the stiffening cables increased, the force exerted by the proto-
type increased as well with an approximately linear trend.

When the mechanism was not tensioned, the force exerted
at 2 mm of lateral displacement was lower than 0.5 N. For a
tension of 9 N, the force exerted by the prototype was 1.3 N,
which is a value compatible with the puncturing of some bio-
logical tissues. For a tension of 17 N, the force exerted by the
prototype was 3.6 N.

In Fig. 11b, three representative positions of the prototype
are reported. They are relative to the tensioning states of 0 N
(no tension, Fig. 11b (1)), 9 N (first working value, Fig. 11b
(2)), and 17 N (the maximum value considered, Fig. 11b (3)).
For each case, the simulated deformed mechanism was com-
pared with the experimental one.

The FE simulations reproduced the working principle and
the deformations of the mechanism, which was validated by
the experimental tests.

Fig. 10 a Protocol for tests in one-layer phantom. The deflection, k, was
measured for each different tension state. b_left two-layer phantom com-
posed of two 40 mm layers made by 5 and 7% gelatine; b_right angles
calculated to evaluate the adaptability of the mechanism. θ is the angle

between the needle and the vertical axis when the needle is inserted in the
5%gelatine layer at 5 N tension;α is the angle between the needle and the
vertical axis when the needle is inserted in the 7% gelatine layer in the
range 5–10 N with steps of 1 N
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It is worth mentioning that when the stiffening cables
were tensioned, the mechanism was compressed, and its
length slightly decreased, while the width of the compli-
ant parts increased. From the experimental results in
Fig. 11b, at 9 N tensioning, the length of the prototype
decreased by 1.5 mm with respect to the rest position
(0 N), while at 17 N tensioning, the length decreased by
3.5 mm. The FE simulations showed the same behaviour

with slightly bigger deformations: a 1.7-mm decrease in
length @ 9 N, and 3.8 mm @ 17 N.

4.1.2 Curved position

For the straight position, the 20° curved state of the prototype
was tested for different tensions in the range 0–17 N. The
force-displacement curves are shown in Fig. 12.

Fig. 11 a Average force-lateral
displacement curves for the
straight position in the range 0–
17 N of tension of the stiffening
cables (STDMAX < 0.11). b Strain
behaviour of the mechanism in
the straight position when it was
tensioned with 0 N (1), 9 N (2)
and 17 N (3). In each case, the
experimental strain (left) and the
strain simulated with Ansys Inc.
(right) were reported

Fig. 12 a Average force-
displacement curves for the 20°
curved position in the 0–17 N
range of tension of the stiffening
cables (STDMAX < 0.15). b Strain
behaviour of the mechanism in
the curved position when it was
tensioned with 0 N (1), 9 N (2)
and 17 N (3). In each case, the
experimental strain (left) and the
strain simulated with Ansys Inc.
(right) were reported
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Each curve represented the trend of the force exerted by the
prototype at a different value of the tension on the stiffening
cables. As in the straight position and in this case as well, the
trend of the curves was roughly linear, and the exerted tension
increased when the stiffening tension increased.When the mech-
anism was not tensioned, the force exerted was lower than 0.5 N
as in the straight position. At 9 N, the force was 1.75 N, which
was higher than that in the straight position, while at 17 N, the
force was 2.85 N and lower than that in the straight case.

In Fig. 12b, three representative cases of the curved posi-
tion are shown. They were relative to the 0 N, 9 N and 17 N
stiffening tensions. Both the FE simulations and the experi-
mental configurations are reported. For the straight position,
the FE-simulated behaviour was validated by the experimental
tests. In this case, the strain of the prototype was greater than
that in the straight case due to the pre-compression used to
maintain the prototype at 20°.

To evaluate the stiffness variation, the elastic constants
were calculated as the slope of the linear tracts of the curves.
These constants were calculated for all the curves in both the
straight and the curved positions, as shown in Fig. 13.

The elastic constant of the curved state (red line) was slight-
ly higher than that of the straight state until 10 N tensioning.
After this tensioning, the elastic constants showed different
behaviours; the elastic constant relative to the straight position
continued to increase, while the elastic constant relative to the
curved state increased as well but remained below the curve of
the straight state.

The initial tract of the curves until 10 N could be consid-
ered the Bworking window^ of the mechanism. In this tract,
the elastic constants for both positions were similar, and the
trend was approximately linear. For values of tension higher
than 10N, the curve relative to the curved state increasedmore
slowly than that of the other curve, perhaps due to a negative
effect of a moment caused by the high tensioning state and the
action of the displacement.

4.2 Deflection and stiffness adaptability of the needle

The behaviour of the variable stiffness needle was evaluated
in one-layer and two-layer phantoms.

1.1.3. One-layer phantom tests

The needle was inserted in a 5% gelatine phantom, and the
deflection was calculated at a 100 mm depth. The results of
the deflection are shown in Fig. 14.

Overall, the deflection decreased when the tension on the
stiffening cables increased. The deflection was 17.34 mm
when the needle was tensioned with 2 N, and it decreased
up to 4.4 mm when tensioned with 10 N. For low tensions
comprised within the range 2–4 N, the tip did not follow the
motion of the cannula, and it seemed to move independently.
In addition, the deflection at low tensions had a large variabil-
ity as indicated by the standard deviations. At 5 N tensioning,
the tip moved together with the cannula, and the standard
deviation significantly decreased. For these reasons, 5 N ten-
sion can be considered as the first working value for the

Fig. 13 Elastic constants for the
straight (blue line) and curved
(red line) positions

Fig. 14 Deflection values of the needle in a one-layer phantom
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presented needle. For higher tension values, both the deflec-
tion and the standard deviation decreased, and the device
showed a stable behaviour for a needle application.

1.1.4. Two-layer phantom tests

In the case of the two-layer phantom, the needle was
inserted in a soft gelatine and then in a stiffer one to evaluate
its adaptability to a different stiffness. The θ angle (indicated
in Fig. 10b) was calculated at 40mm in the soft gelatine, and it
was 6.6°. To verify the tension at which the trajectory due to
the θ angle remained constant in the stiffer gelatine, α angles
(indicated in Fig. 10b) were measured for different tension
values, as shown in Fig. 15.

When the tension on the stiffening cables was 5N or 6N and
the tip was not able to follow the cannula into the stiffer layer,α
was close to 10°, and the standard deviationwas significant. For
higher tensions up to 8 N, the tip moved together with the rest
of the needle passing through the different layers. However, the
trajectory in the stiff layer was different from the trajectory in
the softer one; indeed, the α angle was different from θ. In the
range 8–9 N, the corresponding α values included the θ value
(6.6°), and the tip moved together with the cannula. In this
range, it was possible to manage the tension on the stiffening
cables so that the same angle was described when the needle
moved in the stiffer layer. This indicated a possibility to main-
tain the same trajectory in a stiffer layer and easily reach the
target without unexpected deviations of the needle. For higher
stiffening tensions, the values of α were smaller than 6.6°, the
trajectory of the needle in the stiffer layer was different, and the
deviation was reduced.

5 Discussion

In this work, a variable stiffness mechanism for needles has
been presented.

The mechanism was designed and tested to study a new
concept of adaptable stiffness to compensate for tissue inho-
mogeneity during the insertion of medical needles into the
human body. This work focuses on the characterisation of
the variable stiffness mechanism, which first was studied as
a single component and later, after its integration into the
needle, was tested in terms of overall behaviour.

The variable stiffness mechanism was integrated in a
general-purpose needle in order to assess the success of the
integration process. At this level of research, a specific appli-
cation scenario, such as breast, lung or thyroid, was consid-
ered. Optimizations could include a design and control system
aimed at a specific application.

Moreover, with regard to the kind of needle and the fabri-
cation process described in Section 2.2, it is worth mentioning
that, at this stage of research, the whole variable stiffness
mechanism is manufactured as a solid piece without any op-
erative channel. However, the fabrication process described
above allows making a hole through the overall mechanism
for use in needle biopsies or in fluid sampling procedures [43].
According to Eq. 7, the lumen into the prototype decreases the
stiffness of the whole variable stiffness mechanism. The re-
duction in stiffness can be balanced by pouring a stiffer sili-
cone or braiding the lumen with fibres. Moreover, the lack of a
hole in the mechanism makes the needle unusable for clinical
applications. Experiments have been carried out to assess the
behaviour of the prototype proving the working concept,
which has been assessed to work.

Indeed, from the experimental results reported in Section
4.1, it is possible to assess that when the variable stiffness
mechanism is tensioned, the developed force increases. As
shown in Fig. 11b, when the mechanism is compressed, the
length slightly decreases. With the aim to integrate the mech-
anism in a needle, the reduction in length means a displace-
ment of the tip. If the tip is already moving in the tissues or is
close to the target, the displacement of the tip means a loss of
position, but this is not an ideal condition during an interven-
tion. However, the mechanism is tendon-driven, and accurate

Fig. 15 α angles of the needle in
a two-layer phantom
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control of the cables and distance of insertion can allow com-
pensation for the displacement of the tip with some reposi-
tioning algorithms of the needle. Unlike the variation in length
that should be compensated, the radial increment does not
change the properties and the behaviour of the needle. The
compliance of the material used guarantees the safety of the
mechanism. Moreover, the use of a stiffer silicone would al-
low higher forces to be reached with less tension. Thus, the
compression of the mechanism and the displacement of the tip
are minimised, as well as the radial increment, and the bending
is assured.

With regard to the overall device, the experimental tests
(Section 4) assessed that the variable stiffness mechanism is able
to vary the performance of the needle. In particular, tests in the
one-layer phantom (Section 4.2.1) demonstrated that needle de-
flection can be varied, activating the mechanism, while tests in
the two-layer phantom (Section 4.2.2) showed that the needle is
able to adapt its stiffness, maintaining a trajectory.

It is worth mentioning that at this level of research, the
cables have been pulled manually. Future works could inte-
grate an encoder able to measure theΔL (the displacement of
the pulled cables) and send this information to a pulling sys-
tem. Moreover, the feedback of the variable stiffness mecha-
nism is actually based on direct visualisation of the tip. Future
research will take into account the possibility of integrating
control systems in the needle, such as imaging guidance or
real-time sensors, in order to finely adjust the stiffness and
accurately reach the target.

6 Conclusion

In this work, a variable stiffness mechanism for minimally
invasive tools has been presented and integrated in a medical
needle. The mechanism takes advantage of three cylindrical
compliant parts alternatively connected in series to four rigid
plates. Four cables, symmetrically placed at 90° along the
needle diameter, allow the omnidirectional bending of the tip
if sequentially tensioned and the tuning of the stiffness if two
antagonistic cables are simultaneously tensioned with the
same load.

Force tests allowed calculation of the forces developed by
the single mechanism at different tensioning states. A tension
of 17 N on the stiffening cables allows the mechanism to exert
3.6 N in the straight position and 2.85 N in the curved state.
The range of the developed force results was compatible with
some needle operations starting at 9 N tensioning states.

The insertion tasks of the overall device in gelatine phan-
toms, simulating the stiffness of some biological tissues, per-
mitted the evaluation of the behaviour of the needle in work-
ing conditions. Tests in a one-layer phantom assessed the pos-
sibility of varying the deflection of the needle by changing the
tensioning state of the stiffening cables. The deflection was

reduced from 11.6 to 4.4 mm in the range 5–10 N. Tests in a
two-layer phantom allowed the evaluation of the adaptability
of the needle to a different stiffness of the gelatine (from 21 to
80 kPa). Bymanaging the tension on the stiffening cables, it is
possible to maintain the same trajectory of the needle in a
stiffer layer.

The combined use of the cables to move the tip and to
stiffen the needle makes the target approach easier and avoids
the rotation of the needle inside the tissues and its removal and
re-insertion; thus, the damage to the tissues is reduced.

To perform clinical trials, future works will focus on the
introduction of an actuation system for cables and integration
of real-time control systems. Moreover, further studies could
optimise design and materials in order to improve the relation
between the pulling forces on the cables and geometrical var-
iations of the mechanism.
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