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A force-limiting mechanism for needle insertions
A. Aktas, E. Franco

Abstract—Needle bending is a significant cause of error in
biopsies, leading to lesion missampling and consequent cancer
misdiagnosis. This paper presents the design of a new mechanism
that detects the needle bending as soon as it occurs and imme-
diately reduces the insertion force. Importantly, this is achieved
without employing external sensors or electromechanical actua-
tors. Experiments on a silicone-rubber phantom indicate that the
proposed device can help to avoid deep insertions with bent nee-
dles, thus potentially reducing the associated risks and improving
patient safety in biopsies and percutaneous interventions.

Index Terms—Needle insertion, Needle bending, Mechanism
design, Medical robotics, Minimally invasive surgery.

I. INTRODUCTION

OVER 1 million core-needle breast biopsies are performed
every year in the US alone [1], while gastrointestinal

and prostate biopsies are estimated in similar numbers. The
cost of core-needle breast biopsies ranges between $500 for
manual procedures to $6,000 for image-guided procedures [2].
A retrospective study indicated that approximately 2.5% of
breast biopsies fail [3]. Needle bending has been identified as
a significant cause of error in biopsies [4], and it is particularly
likely to occur at the insertion stage [2]. The associated risks
include: i) biopsy of the wrong site leading to misdiagnosis; ii)
puncture of sensitive areas in close proximity of the insertion
path; iii) repeated insertions, thus longer procedure duration
and increased patient discomfort. Biopsy needles are also
prone to buckling, which can damage the needle permanently.
Besides biopsy, needle insertion is common to various percu-
taneous interventions, including image-guided brachytherapy
[5] and image-guided laser ablation [6]. Extensive research has
been conducted to model needle bending by employing beam
theory or data-driven approaches [7], [8], [9], and to identify
the mechanical properties of the soft tissues contributing to
this phenomenon [10]. Recent works have also investigated the
use of FBG sensors to estimate the shape of the needle during
the insertion [11] and to measure the insertion force [12], [13].
While most needle insertions in clinical practice are conducted
manually, various robotic solutions have been proposed to
improve accuracy [14]. In parallel, training simulators have
been developed to reduce the learning curve for clinicians [15].

Established solutions to correct needle bending that are
routinely employed in clinical practice include: i) repeating
the insertion, which is, however, time-consuming; ii) using a
needle guide to minimize bending, which, however, reduces
the maximum insertion depth. In literature, axial rotation is
typically employed for steering bevel-tip needles [16], but it is
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less effective for needles with axial-symmetric tips [17]. Nev-
ertheless, recent works indicate that multi-bevel needles might
be better suited for biopsy compared to single-bevel needles
[4]. Additionally, straight insertions with single-bevel needles
require continuous axial rotation, which can damage soft
tissues due to the spinning of the bevel tip. This undesirable
effect can only be partially mitigated with bidirectional rota-
tion strategies [18]. Alternative approaches employ actuated
steerable needles [19] that are not yet part of clinical practice.
In our previous work, we have proposed control algorithms
that reduce the bending of multi-bevel needles by up to 70% in
closed-loop insertions without employing axial rotation [20],
[21]. However, the controllers require sensors and actuators
hence they are not applicable to manual insertions.

In this paper, we present the design and the experimental
evaluation of a novel mechanism for straight needle insertions
that can detect needle bending as soon as it occurs, and that
reduces the insertion force, thus preventing further bending
(see Figure 1A). Since the mechanism does not employ sensors
or actuators, it is MRI-compatible, it can be produced in
low-resource settings, and it can be used with a variety
of standard needles in open-loop manual procedures. The
working principle of the mechanism is illustrated in Section II
(see Figure 1B and Figure 1C), while the experimental results
are presented in Section III.

II. MECHANISM DESIGN

A. System model

In our previous works [20], [21], we have shown that the
dynamics of a slender metallic needle with mass m and length
L can be described with a pseudo-rigid-body model as

mq̈1 −ml sin (q2) q̈2 −ml cos (q2) q̇
2
2 = F, (1a)

−ml sin (q2) q̈1 +ml2q̈2 + ktq2 + cv q̇2 = 0, (1b)

where q1 is the axial translation of the needle base, q2 is
the bending angle of the needle, l = γL is the length,
kt = γκEI0/L the bending stiffness, and cv the natural
damping, while F is the insertion force (see Figure 1D). The
Young modulus E (i.e., E = 100 GPa for titanium) and the
moment of inertia I0 refer to the needle, while the parameters
γ and κ ensure kineto-static equivalence with the pseudo-rigid-
body model [22]. It follows from (1a), (1b) that the insertion
force is related to the axial displacement q1 and to the bending
angle q2 by the stiffness kt and, to a lesser extent, by the
damping cv . Computing q̈2 from (1b) at q̇2 = 0 for illustrative
purposes, which corresponds to quasi-static conditions, yields

mlq̈2 = m sin (q2)q̈1 − q2kt/l.

Substituting this expression in (1a) yields

mq̈1 cos (q2)
2
+ sin (q2)q2kt/l = F.
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Thus, a larger needle bending q2 (and corresponding deflection
σ = l sin(q2)) stores elastic energy and reduces the effect
of the insertion force in the axial direction. The aim of this
work is to counteract this undesirable effect by reducing the
insertion force as soon as the needle starts to bend.

B. Design implementation

The closed-loop controller presented in [20] reduces the
insertion force produced by an actuator when needle bending
is detected by an electromagnetic (EM) sensor. This feature is
implemented in this work by a new force-limiting mechanism
that reduces the insertion force applied by an operator in the
presence of needle bending. The key difference from [20] is
that the new mechanism does not require sensors, actuators,
or a control algorithm hence it can be employed in open-loop
manual procedures with standard needles.

The proposed device resembles a syringe in that it consists
of a piston, used to impart the insertion force, and of a main
body, which houses the force-limiting mechanism and supports
the needle. A check valve is embedded in the piston to refill the
internal chamber during retraction for repeated insertions. The
force-limiting mechanism consists of a spring-loaded relief
valve connected to the needle base. The working principle
entails the following steps: i) when the needle bends, its base
moves laterally and tilts the plunger of the relief valve; ii)
this reduces the compression of the O-ring mounted on the
plunger hence the internal pressure drops allowing the piston
to advance towards the needle base (see Figure 1B and Figure
1C); iii) consequently, the insertion force is reduced, and
the needle does not bend further. The design of the force-
limiting mechanism is conducted by employing a kineto-static
approach. The equilibrium to rotation for the plunger of the
relief valve in the xy plane around the point C yields

Fsh = F

(
Dv

Dc

)2
Do

2
+

kt|q2|
L

Hv + Eowπ
Do

4
h, (2)

where h = (Do

2 + 2Do

3π ) is the moment arm for the O-ring
and spring, Fs is the spring force, and F is the insertion force
transmitted by the piston of diameter Dc (i.e., F = PπD2

c/4,
with P the internal pressure). The parameters Eo, Do and w
are the Young modulus, mean diameter, and compression of
the O-ring, while Hv is the length of the plunger, and Dv the
orifice diameter of the relief valve. Note that the needle only
transmits lateral forces to the valve plunger (see Figure 1E).
If the needle remains straight (i.e., q2 = 0), the equilibrium to
translation of the plunger in the axial direction x yields

Fs = F (Dv/Dc)
2
+ EowπDo/2. (3)

It follows from (2) and (3) that a higher spring force Fs

results in a larger compression w of the O-ring. Therefore,
the relief valve remains closed while larger insertion forces
F ≥ 0 are transmitted to the needle. Conversely, a rotation
q2 ̸= 0 decompresses the O-ring causing the relief valve to
open at lower pressures P , thus limiting the insertion force.

A prototype has been manufactured with standard 3D print-
ing technologies, it is 172 mm long and weighs 85 grams.
Two different springs have been mounted on the plunger of
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Fig. 1. Photo of the prototype (A), exploded view (B) and section view of
the CAD model (C), schematic (D), and detail view of the relief valve (E).
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Fig. 2. Test setup for needle insertions in a silicone-rubber phantom.

the relief valve separately for comparison purposes: Spring 1
(i.e., outer diameter 7.92 mm, length 19.05 mm, stiffness 0.03
N/mm); Spring 2 (i.e., outer diameter 7.92 mm, length 15.88
mm, stiffness 0.213 N/mm). To allow for further adjustment,
the spring can be pre-tensioned by various amounts thanks to
a threaded connection on the relief valve (see Figure 1E).

C. Test setup

The test setup (see Figure 2) for needle insertions in a
silicone rubber phantom employs a double-acting plastic pneu-
matic cylinder (AC111-707-501, IPS Inc.) supplied by digital
pressure regulators (Tecno Basic, Hoerbiger, Germany). A PID
algorithm has been employed to control the position of the
pneumatic cylinder, which is measured with a linear encoder
(EM1-300, US Digital). For data collection purposes, needle
bending has been measured with an EM tracking system
(Aurora, NDI Europe) by using an 18G coaxial titanium
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TABLE I
EXPERIMENTAL RESULTS FOR SHORE A=10 PHANTOM

Spring 1 Spring 2 Fixed
Bending Angle

Speed [mm/s] 4 8 4 8 4 8
Mean q2 [deg] 3.82 3.52 15.18 10.22 34.76 30.34
STD q2 [deg] 1.11 0.43 3.39 2.87 7.45 6.33

Axial Displacement
Mean q1 [mm] 59 60 59 60 44 49
STD q2 [mm] 0.04 0.02 0.08 0.01 0.05 2.23

Insertion Force
Mean F [N] 1.46 0.83 2.62 1.96 0.75 1.35
STD F [N] 0.31 0.49 0.48 0.22 0.16 0.49

needle (1.3 mm OD, 0.8 mm ID, 150 mm long) instrumented
with an EM sensor (part number 610061, NDI Europe, RMS
accuracy 0.2 degrees). A force sensor (FSG15N1 A, Hon-
eywell) mounted on the piston measures the insertion force.
A micro-controller (mbed NXP LPC1768) communicates the
pressure set-point to the digital regulators. A Matlab script
logs data from the micro-controller and from the EM tracking
system. Multiple needle insertions have been conducted with
a silicone-rubber phantom (PlatSil GEL-10, Polytek), Shore A
= 10, representative of liver tissues [23].

III. EXPERIMENTAL RESULTS

Each insertion has been repeated five times setting the
needle perpendicular to the surface of the phantom. All results
are shown in Figure 3 and are summarized in Table I. For each
test, the mean (displayed in red) and the standard deviation
(displayed in shaded blue) have been computed for axial
displacement q1, bending angle q2, and insertion force F . The
prescribed axial displacement q1 = 60 mm corresponds to
an insertion depth of approximately 30 mm. The first two
columns of Figure 3 refer to Spring 1: in the first column the
mean insertion speed is 4 mm/s, while in the second column
it is 8 mm/s (i.e., the speed profile of the pneumatic cylinder
has been obtained empirically by tuning the PID gains). Both
speeds are representative of percutaneous interventions of the
liver (see [24]). In general, faster insertions result in larger
insertion forces and larger needle bending [24]. This is also the
case without force-limiting mechanism (see columns “fixed”
in Table I). Instead, the force-limiting mechanism results in
comparable or slightly lower insertion forces at higher speed of
insertion. The reason for this behavior is that the compressed
air generated by the piston and vented though the relief
valve introduces nonlinear damping [25], which become more
noticeable at higher speed. The third column of Figure 3
shows a further set of results using Spring 2. In this case, the
insertion force and the maximum bending angle reach higher
values. This indicates that needle bending can be limited to
a preset level by appropriately selecting the internal spring
in the relief valve. In particular, the decision of whether a
given needle bending is acceptable rests with the clinicians
and depends on the specific percutaneous intervention. Com-
puting the O-ring compression w from (2) at q2 = 10◦ and
F = 2 N (i.e., see fourth column in Table I) using Spring
2, Dv = 4.13 mm, Dc = 30 mm, Do = 6 mm, Eo =
2 MPa for NBR (Nitrile), Hv = 25 mm, L = 150 mm and

kt = 130 Nmm/rad, yields approximately w = 0.1 mm.
This value corresponds to the results of an FEA study of the
loaded O-ring, and highlights the sensitivity of the mechanism
to surface finish, which is typically limited when using 3D
printing technologies, resulting in noticeable force variability
(see Figure 3g). The fourth column of Figure 3 shows that
removing the force-limiting mechanism yields bending angles
q2 ≈ 30◦ and insertion forces F ≈ 1 N (see the columns
Fixed in Table I). Even though q2 is much higher, the insertion
force is not larger than with the force-limiting mechanism
since the needle is buckling. Consequently, the mechanical
work of the insertion force is employed to bend the needle,
which applies a lateral force to the phantom. This behavior is
characteristic of insertions where the needle is only supported
at the base, as discussed in Section IIA. For the same reason,
the standard deviation of the bending angle q2 is larger in the
last column of Table I. Note that in this case, the prescribed
axial displacement has been reduced to q1 = 50 mm to avoid
permanent needle damage. Compared to this condition, the
needle bending in the first two columns of Figure 3 is reduced
by over 80%, which is similar to the results achieved with our
controller [20] in automated closed-loop insertions. A video
of the experiments is provided as a supplementary file.

IV. CONCLUSION

The design and experimental assessment of a novel mecha-
nism for needle insertions, depicted in Figure 1, have been pre-
sented. The experimental results indicate that the mechanism
can effectively limit the insertion force and the needle bending
by different amounts by appropriate choosing the internal
spring, thus, helping to reduce the associated risks. Since the
mechanism does not require sensors or actuators, it could be
miniaturized and made disposable to suit a wide range of
percutaneous procedures, either manual or robotic-assisted, in
low-resource settings. Future work will aim to adjust the spring
pre-tensioning during the insertion, and will investigate the
possibility of adding a tuneable damper. We will also perform
a more extensive experimental study considering needles of
different geometry, various insertion depths, and different
insertion angles in clinically representative conditions.
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