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Abstract—Many interventional procedures, e.g., biopsies and
tumor ablation, imply the insertion of a needle into soft tissues.
The interaction force at the needle tip can convey information
important for the accuracy of needle placement and the patient’s
safety. This information is essential when feedback from an
imaging system is missing or only available at a low rate. To
isolate the force exchanged at the needle tip during the insertion,
it is necessary to remove other components from the needle-tissue
interaction force. In particular, the friction along the needle shaft
becomes more and more relevant as the needle penetrates deeper
into the tissues. In this paper, we propose a method for the
identification of the friction component during needle penetration
into a multi-layered target. The proposed online identification
procedure allows, at the transition from one tissue layer to the
next, to subtract the friction contribution from the previous layers
and isolate the force relative to the layer where the needle tip is
currently located. We call this an enhanced force signal because
it improves the ratio of the useful information about the force at
the needle tip to the total force rendered. This result can be used
in teleoperated needle insertion schemes, or other robot-assisted
architectures, with the aim of facilitating the user perception of
variations in tissue properties. In the proposed implementation,
the force at the base of the needle can either be measured
or estimated by using a model-based approach. An originally
developed simulation framework provides a tool for procedure
planning and online monitoring.

Index Terms—needle insertion procedures, needle-tissue inter-
action estimation, force enhancement, 3D surgical simulator.

I. INTRODUCTION

EEDLE insertion in soft tissues is today routinely exe-
N cuted in many interventional procedures with diagnostic
or therapeutic purposes. The insertion is very often executed
blindly or with a feedback from imaging devices at a low
refresh rate. Poor visual feedback can, in principle, be com-
pensated by haptic information [1]. In particular, the force ex-
changed at the needle tip conveys important information about
puncturing or cutting of layers encapsulating critical structures
or pathological targets. This force, however, is difficult to
perceive without a finely trained sense of touch. In fact, as
the needle penetrates deeper into tissues, the friction along the
needle shaft becomes more and more relevant and can prevent
the correct perception of the interaction state at the needle tip.
This problem has led to the development of devices, e.g., [2],
for manual needle insertion, that mechanically decouple the
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needle-tissue interaction force component due to friction from
the force exchanged at the needle tip.

The appropriate rendering of the force at the needle tip is
even more important if it is inserted through a remotely op-
erated robotic manipulator because, in this case, other factors
may concur in degrading the transparency of teleoperation.
In fact, the introduction of robots and robotic technologies
in interventional procedures is today the subject of a lively
research and innovation activity because they are useful to
protect the medical staff when imaging techniques based on
ionizing radiations are used (e.g., computerized tomography
or fluoroscopy), to comply with the narrow workspace of
the imaging devices bore, and to provide to the operator
an enhanced and augmented information. Teleoperation is
key to address the above mentioned requirements. Currently
available commercial systems [3]-[5] exploit only partially the
potentialities of robotics technologies. Even though featuring
automatic needle alignment guided by images, all of them lack
in the use of real-time imaging and require manual, blind,
needle insertion. Recently, a fully automatic system for needle
insertion has reached the market [6] which, however, does not
allow real-time correction of the needle path and cannot be
operated remotely.

The motivation of this work is to provide an enhanced force
feedback in teleoperated systems. To pursue this objective, it
is necessary to properly model the needle-tissue interaction
force, along with its relevant and dominant contributions. One
of the first modeling efforts is due to the seminal work [7]
that distinguishes three main components within the needle-
tissue interaction model: a stiffness force, defined through a
nonlinear spring model and mainly due to tissue puncturing
by the needle tip; a friction force, collecting static, dynamic
and damping friction along the needle shaft; a cutting force
at the needle tip, modeled with a constant term. Validation
and experimental studies have been conducted to accurately
describe these force components [8], [9]. An analytical for-
mulation of the biomechanics underlying the needle insertion,
has been proposed recently [10]. The provided formulation
extends the categorization of the force components in order to
explicitly determine tissue puncturing and rupture phenomena,
as well as deformation forces acting on the needle shaft. The
puncturing force is expressed by a visco-elastic model, while
a nonlinear model accounting for pre-sliding, break-away and
sliding effects is considered to describe the friction force.
Energy-based formulations are exploited to formalize tissue
ruptures and to determine the cutting force component.

The models presented in the above cited works offer a



strong and robust reference in the description of the interaction
forces, obtained through an extensive analytical effort and a
large number of available insertion datasets that are processed
offline. This setup is obviously unfeasible if the needle inser-
tion state (e.g., interaction force, needle deflection) needs to
be predicted in an online fashion during the execution of a
percutaneous procedure. In this case, simpler models should
be preferable, and the effort in determining the appropriate
ones may differ in the methodology used for their derivation,
in the intended use of models, and in the assumptions taken.

Analytical models are suited to online identification of
model parameters for real-time force prediction and rendering.
Within this perspective, models describing the interaction force
as a combination of an elastic and a damping component are
typically employed [1], [11], [12].

In [11], visco-elastic models are used to define control
schemes for the interaction between robots and soft bodies
considering only contact forces, without puncturing or cutting
events. An interaction force model suitable to needle insertion
in multi-layered volumes, i.e., taking into account needle
penetration into layers, has been proposed in [1]. In this model
the elastic component is associated to puncturing phenomena
occurring at the needle tip, while a friction term accounts for
needle shaft penetration inside tissues.

In [12], the problem of online identification of the interac-
tion force model in percutaneous needle insertions is solved
with the objective of producing a reliable prediction of the
interaction force. No guarantee about the physical plausibility
of the identified model parameters is, however, provided. This
is structurally implied by the adopted identification procedure
aiming at predicting the total force only, with the ultimate
goal of detecting tissue ruptures. The work in [13] extends
the procedure to a multi-layer tissue model but shares the
limitation of [12] in the physical accuracy of the identified
parameters value. The very recent work [14] addresses the
problem of estimating the friction along the needle shaft, but
does not consider the multi-layer tissue model, relies on US
imaging and offline preliminary insertion experiments aiming
at identifying an average friction force per unit length.

In this paper, we present an identification procedure pro-
viding not only an accurate prediction of the total force due
to the interaction of a rigid needle with multi-layered tissues,
but also of the main components of this force. Adopting a
visco-elastic interaction model, this will enable to render the
force exchanged at the needle tip by removing the viscous
component, arising along the needle shaft, from the total force.
We propose the implementation of this procedure using either
measurements from a force/torque (F/T) sensor at the base
of the needle, or model-based interaction force estimation
methods [15]. With respect to [13], we provide in the present
study a refined identification model based and a new identi-
fication procedure improving the adherence of the identified
components to the real ones. The proposed approach does
not need information from imaging nor a preliminary offline
estimation of the friction per unit length because it exploits the
information from rupture events in an original way, as will be
explained in Sect. III-B.

The original contribution of the presented work can be
summarized in the following points: i) a new online iden-

tification procedure providing physically plausible values of
the force model parameters; the procedure takes advantage
of the information provided by rupture events and does not
require additional information from imaging devices and/or
prior information about the friction characteristics of the tissue
to be punctured; ii) an extensive experimental validation and
comparison of dynamic needle-tissue interaction models in
synthetic multi-layered environments; iii) experimental vali-
dation of the identification procedure using information about
the interaction force coming either from a F/T sensor or from
a momentum observer of the robot executing the insertion;
iv) the development of an integrated environment including
a 3D simulator that integrates the different technological
components of the setup.

The paper is organized as follows: in Section II two visco-
elastic interaction models are analysed, resorting to a system-
atic offline analysis, with the aim to provide a ground truth
reference for the online identification, described in Sec. III.
Section IV summarizes a method for the estimation of the
total interaction force based on the robot model. When used
in combination with the proposed identification procedure,
this estimate of the force is shown to represent a valid
alternative to force measurement. In Section V, the software
architecture of the whole framework is described. Section VI
discusses the experimental results obtained in the validation
of the proposed force identification and enhancement method.
Finally, Section VII concludes the paper and draws directions
of future research.

II. OFFLINE IDENTIFICATION OF NEEDLE-TISSUE
INTERACTION DYNAMICS

This section presents the results of preliminary experiments
for offline parameter identification of two different interaction
models. The identified parameters will be used as reference
values for the validation of the online identification algorithm
described in the next Sect. III. Note that, both the offline and
the online procedures rely on the following assumptions: i) the
needle-tissue interaction force is described by a linear visco-
elastic model; ii) the force arising in the i-th layer depends
only on the stiffness and the friction characteristics of tissue in
1. Interaction
with layer i+ 1 arise only during the puncturing phase of this
layer as a damping component. This contribution is collected
in the friction of the layer i. If the puncturing occurs at the
first layer, this will result in the definition of a fictitious layer,
as will be explained later; iii) the biomechanical properties of
the traversed tissues are homogeneous over the geometry of
the target; iv) the interaction force cannot grow unbounded:
force growth is either followed by a sudden force drop or the
needle is completely inserted into the tissue, and the procedure
stops. Layer thickness and tissue rupture events are instead
assumed to be known in the offline analysis, while no a priori
information about the target geometry is available online.

In the considered operative setup, a surgical rigid unbeveled-
tip needle is mounted at the end-effector of a robotic manip-
ulator and inserted through different tissue layers stacked on
each other (see Fig. 1a). The interaction force can be expressed
through a linear visco-elastic relationship as [12]:
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Fig. 1: (a) Schematic representation of a needle insertion through different tissue types,
with the expression of the force components acting on the needle in each layer; (b)
Four examples of isinglass phantoms used in the proposed analysis. From top-left, in
clockwise order: targets with 25%, 50% and 70% isinglass solution and a composed
multi-layer gel phantom.

where T (t) and fg (t) are respectively the elastic and friction
components of the force. In vector notation it is expressed
through the input vector ” and the parameter vector
Denoting by z(t) the needle tip position along the insertion
axis, and by v(t) the corresponding velocity, the generalized
Kelvin-Voigt (KV) model specifies Eq. (1) as [12]:

)= K®z(t) B(Hv(Y)
= z(t) v(t)

where K(t) is a time-varying stiffness coefficient collecting
elastic contributions of the interaction and B(t) is the time-
varying viscous friction coefficient of the tissue in contact with
the needle. In this model, the friction force fg(t) = B(t)v(t)
does not depend on the needle tip position z(t) and the
damping components of the force due to the interaction of the
needle shaft with the penetrated layers of tissue are neglected.

The KV model formulation (2) can be adapted to allow
the consideration of a multi-layer target tissue. To this end, a
damping component, which depends on the penetration depth,
is introduced in the force [1]:
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where we have dropped time dependencies in the second line.
In the above model, zj(t) = z(t) z; 1 is the needle tip
relative penetration inside the i-th layer Lj which starts at z; 1,
Kj and Bj are the stiffness and friction coefﬁcwn[ﬁ, dI is the
layer thickness along the insertion axis and By = -_1 ! B; idj
is the constant cumulative friction term due to contact of the
needle shaft with the previous layers Lj, with j = 1;:::; 1.

Differently from Eq. (2), the friction force in Eq. (3) is a
function also of the needle displacement Zz; , representing
the amount of needle shaft in contact with the layer L; of the
tissue. Furthermore, current and cumulative friction terms are
kept separated to preserve the model linearity with respect to
its parameters. Henceforth, we will denote Eq. (3) as multi-
layer (ML) model.

The result of the following offline analysis suggests that
ML has a better descriptive potential with respect to KV.
The experimental setup includes a set of isinglass phantoms
that have been realized in such a way to preserve — at
best — density homogeneity for each of the different layers.

The objective is to acquire a priori information on the B;
parameters to be used later, as a ground truth, in the validation
of the online procedure. We prepared gel phantoms with 25%,
50% and 70% isinglass solution and considered stacks with
different combinations of these three layers. Stacks have been
placed over a pair of separated panels, to allow the needle to
completely traverse the phantom (see Fig. 1b). In this way,
the force measured when the needle tip exits the phantom, at
the opposite point of the entry, is dominated by the friction
component due to the adherence of the shaft to the tissue [7],
[91, [16].

For each stack, we performed autonomous insertions with
constant and time-varying (sinusoidal profile) velocity through
a KUKA LWR 4+ robot manipulator, equipped with an ATI
Mini45 6D Force/Torque sensor and an unbeveled-tip needle at
its end-effector. For each insertion, we observed the entire F/T
sensor force signal F(t) over time and manually determined
the instants tj corresponding to transitions from layer L 1 to
L;, such that z(t;) = z;. Hence, we built the input signals:
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where the second case collects in ", also the contribution
of the preceding layers that falls in Bq in the ML model (3).
Note that, it is straightforward to derive a similar expression
of 7 g, for the KV model (2), by letting 5. =vfort tisg.
i “ the number of layers of the target
multi-layer tissue, the input signals of Eq. (4) are collected to
build the following regression matrix:

- K, B, --- K- B- )

and the vector = (Ky;By;:::;K<;B- )
square fashion as

is found in a least-

"= *F (6)

where # denotes the matrix pseudoinversion operator.

Figure 2 reports the identification and force prediction
results for four experiments. In the upper panels, we compared
the measured force (green line) with the force predicted by
KV and ML models (blue and red lines, respectively). Bottom
panels show the reconstruction errors for the two models, with
the corresponding Root Mean Square Error (RMSE). In the
upper panel of Fig. 2a, the needle enters with constant insertion
velocity and completely traverses a 70% isinglass phantom,
before the needle tip exits the layer and is completely extracted
(with the same velocity, opposite in sign); in Fig. 2b, the same
needle motion is repeated with a stack of three layers of 25%,
50% and 70% isinglass phantoms. Analogously, Fig. 2c¢ and
Fig. 2d report the result of two experiments for the same pair
of phantoms, with sinusoidal motion of the needle. The force
signals (a)-(b), related to constant insertion velocity, present
similar features: a linear increase — with different slope for
each layer — of the measured force (green line) is present as
long as the needle traverses the layers, being the tip inside the






