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Abstract: This work studies the control of a pneumatic actuator for needle insertion in soft tissue
without using axial rotation or additional needle supports. Employing a simplified rigid-link model
description of an axial-symmetric tip needle supported at the base, two energy shaping controllers are
proposed. The friction forces of the pneumatic actuator are compensated adaptively and the stability
conditions for the closed-loop equilibrium are discussed. The controllers are compared by means of
simulations and experiments on two different silicone rubber phantoms. The results indicate that the
proposed controllers effectively compensate the actuator’s friction, which is comparable to the
insertion forces for the chosen pneumatic actuators. The first controller only depends on the actuator’s
position thus it achieves the prescribed insertion depth but results in a larger tip rotation and
corresponding deflection. The second controller also accounts for the rotation of the needle tip on the
bending plane, which can consequently be reduced by over 70% for this specific system. This is
achieved by modulating the actuator force and, in case of harder phantoms, by automatically limiting
the insertion depth.

Keywords: Underactuated systems, Force Control, Adaptive Control, Pneumatic Systems, Medical
Robotics.

1. Introduction

Needle insertion is common to several minimally invasive surgical procedures, including
biopsies and brachytherapy. Although in clinical practice the majority of needle insertions are still
conducted manually, the benefits of employing robotic systems in terms of repeatability and accuracy
have motivated a considerable amount of research. Robotic systems that assist or automatically
perform needle insertions are deemed particularly beneficial for image-guided surgery, for which
access to the patient is severely restricted by the imaging equipment [1,2]. A particularly prominent
class of robotic systems for needle insertion employs the so-called remote centre of motion (RCM)
structure [3]. This configuration allows reorienting the needle while maintaining the position of the
insertion point thus reducing the size of the robot. In addition, RCM robots keep their mechanism and
actuators away from the patient to avoid collisions and interferences [4]. Besides incorrect needle
placement, needle deflection is one of the main causes of error in percutaneous interventions and it is
associated with an increased risk of damaging healthy tissue. In conventional manual procedures the
error is typically corrected by removing the needle and by repeating the insertion, thus causing patient
discomfort and increasing the duration of the clinical procedure [5,6]. Needle deflection can occur at
any point during the insertion, depending on the needle geometry and on the forces acting on it.
Considering that insertion forces typically peak during the initial puncture [7] and that the free length
of the needle is then at its maximum, deflections are particularly likely to occur in this condition.
Slender needles, such as those used in biopsy, can also exhibit buckling, which might permanently
damage the needle and could compromise the clinical procedure. Taking inspiration from nature, a
number of design principles that can reduce the risk of needle deflection have been highlighted in [8].
However, their implementation is often limited by manufacturing capabilities. Various actuation
strategies have also been proposed to control needle deflection [9]. One of the most popular
approaches is the controlled axial rotation of bevel-tip needles [10]: since the asymmetry of the bevel
results in a lateral force on the tip, the deflection can be modulated by rotating the needle around its
axis. This approach can be used for the purpose of needle steering, thus achieving curved insertion
paths to avoid obstacles. Conversely, following a straight insertion path requires a constant axial
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rotation, which can damage soft tissues [11]. To overcome this problem different strategies have been
devised, including: a programmable needle tip consisting of multiple segments pushed independently
at the back [12]; a multi-segment needle consisting of nitinol wires [13]; a steerable needle actuated
by heat transmitted with an optic fibre [14]; concentric tube robots used as steerable needles [15]. In
spite of these remarkable advances, conventional metallic needles remain ubiquitous in clinical
practice, thus the study of control strategies for the insertion of standard needles is an active area of
research [ 16]. Important results in this sense include: sliding-mode control algorithms [17,18]; model-
based optimal control of flexible needles [19,20]; an optimized path planning procedure for insertions
in multi layered tissues [21]; an adaptive output-feedback controller [22]; an integrator backstepping
approach to reduce needle deflection in 3D [11]. Notably, these approaches aim to influence the
needle deflection as the insertion progresses by means of axial rotation of bevel-tip needles. However,

a recurring problem in clinical practice corresponds to performing a straight needle insertion

employing multi-bevel needles or needles with axial-symmetric tip [23]. Compared to the insertion

of bevel tip needles, this problem has remained relatively unexplored. In particular, axial rotation has
almost exclusively been employed for bevel-tip needles, while its effectiveness for axial-symmetric

tip needles is scarcely documented. Finally, while needle deflection can be reduced with the aid of a

needle guide, this approach might not be viable in some procedures due to space restrictions or to

risks of collision with the patient, and it might not be appropriate for some RCM robot designs. Thus
the investigation of an alternative solution is of particular practical relevance.

In this work two new adaptive nonlinear controllers for the insertion of a needle with axial-
symmetric tip employing a linear pneumatic actuator are designed by using an energy shaping
methodology. We have chosen this control approach since it is widely applicable to underactuated
mechanical systems and since it provides a convenient interpretation of the control action in terms of
the energy of the closed-loop system. In summary the main contributions of this work include the
following points.

1. Two nonlinear control laws are designed, and a direct physical interpretation is provided in terms
of mechanical energy of the closed-loop system. The controllers extend our preliminary work [24]
by including an adaptive observer designed with the Immersion and Invariance methodology
[25,26] to compensate the unknown friction forces of the pneumatic actuator

2. The corresponding stability conditions are studied with a Lyapunov approach and tuning
guidelines for the controller parameters are discussed.

3. Simulations and experiments using a needle with axial-symmetric tip and two silicone rubber
phantoms of different hardness representative of two types of soft tissues are presented. The
results demonstrate that both controllers can compensate the actuator’s friction. The first
controller achieves the desired insertion depth with both phantoms but at the cost of larger tip
rotations. Instead, the second controller limits the tip rotation by modulating the actuator force
and, in case of harder phantoms, by automatically limiting the insertion depth.

The rest of the paper is organized as follows. Section 2 presents the problem formulation, Section 3

the controller design, Section 4 presents the experimental results and Section 5 the conclusions.

2. Problem Formulation
2.1. System overview

The system considered in this work employs a single linear actuator that applies a force along
the neutral axis of the needle, see Figure 1. This configuration is common to several surgical robots
for percutaneous intervention [3,4] and it can also be part of a teleoperation setup [27]. The use of a
single actuator allows to reduce the complexity of the mechanism, its weight and size, and its cost,
but results in an underactuated system which is more difficult to control, since typically not all degrees
of freedom (DOFs) can be regulated to the prescribed value. In general, underactuation can result
from actuator failure or from structural compliance [28], thus investigating the proposed system could
also be beneficial to the study of robotic needle insertion in more complex setups. We employ
pneumatic actuation because of its suitability to force control and its compatibility to medical imaging
modalities [1]. The system consists of a double-acting plastic pneumatic cylinder (AC111-707-501,



IPS Inc.) powered by two proportional valves (Tecno Basic, Hoerbiger). Each valve contains an on-
board pressure sensor and regulates the output pressure with an internal PID control loop. Figure 2
shows the system schematic. The piston position g, is measured with an optical encoder (EM1-300,
US Digital). The insertion force consists of the axial component F parallel to the actuator, which is
measured with a force sensor (FSG15N1A, Honeywell), and of the lateral component F' orthogonal
to the actuator. A 18G coaxial titanium needle with an internal electromagnetic sensor (Aurora 5 DOF
sensor with 0.5-mm diameter and 8-mm length, part number 610061, Northern Digital Inc.) is
mounted on the piston with a specially designed adapter so that the base of the needle rests on the
force sensor. In this study the angle g, between the needle tip and the axial direction x is measured
with an electromagnetic tracking system (Aurora, Northern Digital Inc.) that has a root mean square
(RMS) accuracy of 0.2 degrees [29]. In clinical practice this could be achieved with medical imaging
modalities, such as MRI, using a standard MRI-safe needle and a bespoke localization algorithm,
such as [30]. The clinical setup would also require a bespoke MRI-safe force sensor, such as [31].

Figure 1. Photograph of the experimental setup showing the main components of the system.
2.2. System model

For controller design purposes the needle is treated as a cantilever beam and is modelled as a
planar rigid-link system with a virtual elastic joint of stiffness k; located at a distance [ from the tip
(see Figure 2). This approach is based on the pseudo-rigid-body model methodology [32] which
provides a simplified method for modelling the force/deflection relationship in compliant
mechanisms. Our prior work [28] indicates that this approach is sufficiently accurate for controller
design purposes, provided the deflection of the cantilever beam corresponds to the first mode shape.
The length [ of the virtual link and the elastic constant k; of the virtual joint are defined as

l = )/QL,
k, = yokeoEl/L. (M

The parameters yg, kg depend on the loading conditions of the cantilever beam and are defined to
ensure kineto-static equivalence between the flexible beam and the rigid-link model. Their value can
be computed with an optimization routine that approximates the closed-form solution of the elliptic
integral corresponding to the deflection path (see [33] for further details). The terms E and [ are the
Young’s modulus and the area moment of inertia of the beam, and L is its length. The equations of
motion for the coordinate axes x and y are thus

(M + m)g, — mlsin(q,) G, — ml cos(q,) CI% = (2.2)
P;A; — PyAy — Ftanh(gy) — Fs — F,q; — F,
ml?g, — mlsin(q,) 4, = —k¢q, — c,G, + Fl sin(q,) + F'lcos(q,). (2.b)

The coefficient ¢, > 0 represents the mechanical damping of the cantilever beam and it is typically
obtained experimentally [34]. A simplified friction model is employed for the actuator: tanh (*) is a
continuous approximation of the sign function; the Coulomb friction F_, the static friction F;, and the



viscous friction F, of the pneumatic actuator are typically unknown. The pressure P; in the left
chamber of the cylinder of area A; is the control input, and the pressure P, in the right chamber of
area A, is kept constant for simplicity. Considering the high flow rate and the fast response of the
valves (10 ms) and the comparatively low insertion speed in percutaneous interventions (i.e. less than
10 mm/s [7]), the pressure dynamics is not accounted for in this work. This approximation introduces
a small modelling error compared to the uncertainty associated to the friction forces of the pneumatic
cylinder. The mass of all translating parts (i.e. piston, force sensor, adapter) is M, and the mass of the
passive link m is concentrated at the tip. The model has 2 DOFs but only the translation q; is actuated.
Assuming negligible twist, which is reasonable if the axial rotation is not actuated and if there are no
external twisting moments, the angle g, determines the needle deflection o = Isin(q,) on any plane
of bending, thus (2) represents the system dynamics in 3D. Introducing a needle guide to reduce the
tip deflection equates to reducing the free length L of the needle and consequently the length [ of the
rigid link, and to increasing the stiffness k; of the virtual joint according to (1). As a result, the
proposed model and the resulting controllers remain valid even in the presence of a needle guide
provided the system parameters are appropriately modified.

Figure 2. Schematic of the actuator and of the rigid-link model of the needle on the bending plane.
3. Main results

This section presents the controller design for the underactuated system (2) with the aim to
approach the prescribed insertion depth g7 in soft tissues with arbitrarily small tip rotations g, and
corresponding deflections. Thus the regulation goal is (g4, q2) = (g3, g5) with |g;| < 1.

3.1. Adaptive friction compensation

The first step in the controller design aims at compensating the friction of the pneumatic
actuator, which is typically unknown and can degrade the system performance. An adaptive law is
constructed by employing the Immersion and Invariance methodology [25,26] for the general case
of n additive linearly parameterized disturbances. Thus the following assumptions are introduced.

Assumption I: the sum of the friction forces acting on the piston is defined as p = f7¢, where f(q;)
is a vector of n known continuous functions, and ¢ is a vector of n unknown constant parameters.

Assumption 2: all remaining model parameters in (1) and (2) are exactly known. The axial force F >
0, its derivative F, and the states g4, q,, 41, §, are measurable and bounded, with |q,| < w/2 and q; >
0 by construction. Instead, the lateral force F' is assumed to be zero for controller design purposes.
The effect of a lateral force F' # 0 on the system dynamics is discussed separately in Remark 2.
Finally, the needle twist is assumed to be zero.

In practice Assumption 1 is verified by choosing an appropriate friction model (see Section 2.2). In
addition, Assumption 2 is typically verified considering the following points: the axial force F is
directed against the actuator; the insertion is stopped if |q,| = m/2 to avoid permanent deformation
of the needle; in this study the states g4, g, and the axial force F are directly measured (see Section
2.1); the setup does not include axial rotation and the phantom is stationary, thus twist is null. The
design of the adaptive nonlinear observer is detailed in the following proposition.

Proposition I: Consider system (2) under Assumptions I and 2. Let the vector of estimation errors for
the unknown parameters be z = { — ¢, where { = (f + ﬁ) is the adaptive estimate of {, consisting



of the estimator state { and of the state-dependent function B (see [25,26] for further details on this
notation). Consider the adaptive law

{ = af(P,A; — PyAy — Fcos(q,)? + micos(q,)d3)

1 -
—af <7 (keqz + c,q2) sin(qy) + fT(( + B)) — adm sin(2q;)q, 3)
f = —ad(M + mcos(q,)?),

where f = d®/dq, and @ > 0 is a tuning parameter. Then the scalar quantity f7 z converges to zero
exponentially.

Proof: Computing the time derivative of z and substituting ¢, obtained from (2.a) and (2.b) yields

.3, 4B, df (P1A; — PyAy + mlcos(q2)q3)
z=¢ + 42 + =
dq, dq, M + mcos(q,)?

dB ((keqz + cyd2) sin(q2)/L+ f7({ + B — z) — F'sin(q)cos(qz) + Fcos(qz)z)
dq1 M + mcos(q,)?

“4)

Defining the Lyapunov function candidate W = 5 ZTZ, computing its time derivative and substituting

(3) and (4) where F' = 0 by hypothesis (see Assumption 2) gives
W=-az"ffTz<0. 5)
Thus fTz converges to zero exponentially forall @ > 0 m

For the friction model in (2) we have (T =[F. FK FJ], fT=[tanh(q,) 1 ], p=
F.tanh(q,) + F; + F,q;, and ®T = [log (cosh(q;)) ¢, ¢%/2]. While Proposition 1 ensures that
the cumulative estimate of the friction forces converges to p, the individual estimates of F,, F, F,
might not converge to the actual values of the corresponding parameters. In theory, an unknown and
constant lateral force F' could be treated in a similar way as the friction forces by including in f a
further term dependent on g,. The study of this aspect goes beyond the scope of this paper and it is
part of our future work.

3.2. Controller 1

Without loss of generality, the open-loop dynamics (2) in the presence of the unknown actuator
friction p and of the known external forces § is expressed in port-Hamiltonian form

qgl_10 1 7[VeH ] 01, 10
[p] = [_ I - D] [va + [G] (v —p = Pody) [5]' (6)
The system states are the position ¢ € R? and the momenta p = M q. The Hamiltonian is defined as

H =T(q,p) + V(q), with kinetic energy T(q,p) = %pTM"lp, inertia matrix M'(q) = M'T(q) >
0, and potential energy V(q). The damping matrix is D = DT > 0 and I is the identity matrix. The
remaining terms are the control input v, the input matrix G € R?*!, and the back pressure P,. The
expressions of M, V, D, G and &, which depends on F and F', are provided in the Appendix. The two
symbols V,(+) and V,(-) represents the gradient with respect to q and p of a scalar function. The
control law v is designed according to the Interconnection and Damping Assignment Passivity Based
Control methodology (IDA-PBC) [35], which aims to conveniently shape the kinetic energy and the
potential energy of the system in closed loop. A different energy shaping approach was employed in
our prior work [28] and relies on a more restrictive set of assumptions, which are not verified for
system (2). The IDA-PBC methodology consists in defining the control law in such a way that the
resulting closed-loop dynamics is representative of a new mechanical system with total energy H,
e o | |

7
GMY |, —Gk,GT — DM M) IVpHal ™



where J, = —JI is a free matrix, and k, = kI > 0 is a tuning parameter. The new total energy is
defined here as H; = %pTMd_ 1+ V;+ W such that it has a strict minimizer at the desired
equilibrium (g,p) = (q%,0) by enforcing the constraints V,H;(q*,0) = 0 and VZH,(q* 0) > 0.
This is an essential step in the energy shaping procedure for the purpose of achieving the regulation
goal (q,p) = (q*,0). The inertia matrix M,; = M,J > 0 and the potential energy V,; are the main
design parameters, while W is the work of the external forces F and F’ in the closed-loop system.

Equating (6) and (7) and defining the pseudo inverse of G as GT = (GTG) G the expression of the
energy shaping control law for the case of known external forces § becomes

v =0, + v + (fT({ + B) + PoAo) /Ay,
Vos = GT(VoH — MgM ™'V Hy + [, M7 'p + 6), (8)
Vai = —kaTvad.

In order for the control law (8) to be implementable, the matrices My, J,, and the potential energy V,
should satisfy the partial-differential-equations (PDEs)

GH(V(" M) = MMV, (p" MG D) + 2, M5 p) = 0 (9.2)
G+ (VaV = MM (V4Va)) = 0, 9.b)
GH(6 — MyM IV, W) =0, (9.c)

where G* is a full-rank left annihilator of G, that is G*G = 0 and rank{G"} = 1. Since V,¥ depends
on the external forces &, this contribution is not accounted for within V; but is instead treated
separately in (9.c), similarly to [36]. Setting M, = k,, M, with k,,, > 0 and J, = 0, verifies (9.a),
while (9.b), (9.c) become linear PDEs. Solving (9) for system (2) with M, = k,,, M yields

_ kt 2 kp * 2
Va = TR T h(q1 — a1)%, (10.2)
l
Y = — (F cos(q,) — F'sin(qy)), (10.b)
m

where the function h(-) should be chosen to enforce the minimizer conditions. Selecting

h(q; — q1) = (q¢; — q1) and computing (8), where P, = v and { and f8 are defined in (3), results in
the control law corresponding to Controller 1

1 ky, . 5
v = (i~ a0~ g+ Podo + £7(C + B) + F). (in

Proposition 2: Consider the system (2) under Assumptions I and 2 in closed-loop with the control
law (11). In particular, assume F < k./l, F' = 0, and |F| < k(¢"G)? for some k > 0. Then q* =
(q1,0) is a strict minimizer of H; and a locally asymptotically stable equilibrium of the closed-loop
system provided 2ak,, > 1 and k,, > 2klk,,.

Proof: Computing the minimizer conditions at g* = (q;, 0), which corresponds to the straight needle
and to the prescribed insertion depth g7, yields

V,Ha(q",0) = [_ F’(l) /km] =0, (12.2)
V2ZHy(q",0) = k, (k. — FI)/(mkZ) > 0, (12.b)

which are verified for F' = 0 and F < k;/l, thus proving the first claim.

To prove the second claim note that, since W is positive definite for all F > 0 and all |g,| < g
provided F' = 0, then also Hy is positive definite and radially unbounded thus it qualifies as a
Lyapunov function candidate. Since (11) contains the adaptive estimate (f + ﬁ), the estimation error



f Tz propagates to (6) and to (7) through the input matrix G. Thus the stability analysis should account
for the error dynamics. Defining the new Lyapunov function candidate W' = H; + W, computing its
time derivative, and substituting (5) and (7), where M; = k,, M yields

, Dk, + Gk,GT . cos(q,) fT
w'= - Fl TffTz 13
q ( 5 >q+ K +4'G P ffz (13)
Refactoring the terms in (13) gives
2Dk, + Gk,GT

: 2k2 2k m ky 0s(q2)
w'=—[g" 2ZT m [ qgTG)> + F 14
R I ]fT e WO I (4

2k,

Computing the Schur complement in (14) shows that W' < 0 provided a(2Dk,, + Gk,GT) —
GGT /2 > 0, which is verified if 2ak, > 1, and provided k, (47 G)? > 2Flk,,, where k,, and « are
tuning parameters. In addition, recalling that |F | < k(g7 G)? by hypothesis, the second inequality
yields k,, > 2klk,,. It follows from (14) that ¢ € L2 N L* and p € L*, thus ¢ converges to zero
asymptotically according to Barbalat’s Lemma, while f7z converges to zero from Proposition 1.
Computing (7) at the equilibrium by setting p = p = 0 yields V,Hy(q", 0) = 0 which implies q =
q" from (12.a). Consequently, the equilibrium g* is locally asymptotically stable m

3.3. Controller 2

For comparative purposes, a nonlinear control law is constructed by using a partial feedback
linearization, that is

_ M +mecos(q;)? + (keqz + cvq3) sin(qy)
1= 4, v 14,

1 ., s
+A—1(—mlq2cos(q2) + Podo + fT(C + B))
Substituting (15) into (2) yields again (6) but with different parameters M’,G', D', V' defined in the

Appendix. Solving (9.b) and (9.c) with M; = k,, M yields in this case

! kt kp * 2
Va = 2miZk,, q3 + 2k, h((g; — gl + cos(qy))’, (16.a)

(15)

1
Y = mik —— (F cos(q,) — F'sin(q,)). (16.b)
Choosing h(n) = log(n), where n = (q; — q1)! + cos(q;), verifies the minimizer conditions at ¢* =
(q1,0) provided F' = 0. Instead, setting h(n) =n as in (11) would not verify condition (12.a).
Substituting (16) in (8) and into (15) yields the control law corresponding to Controller 2

_ PoAy | (keqz + Cv‘lz) mlg5cos(q,) fT(f + ﬁ) F'
L= + Al in(qz) A A, 2A1 sin(2q,) -
lo T — l + cos k, (lg;+
+kplA g((q*1 q1) (%)) A( 41 + sin(qz) 4,) + o~ S(qz)z ,
A, ((q; — gl +cos (q2))  km 14, a;

where A= m cos(q,)? + M, and {, § are defined in (3).

Proposition 3: Consider the system (2), under Assumptions I and 2 in closed-loop with the control
law (17). In particular, assume F < k./l, F' = 0, and |F| < k(4T G")? for some x > 0. Then q* =
(g3, 0) is a strict minimizer of H; and a locally asymptotically stable equilibrium of the closed-loop
system provided 2k,aM? > 1 and k,, > 2kk,,/(ml).



Proof: To prove the first claim we compute the minimizer conditions from (16) recalling that F' = 0
(see Assumption 2), which yields again (12). The proof of the second claim follows closely that of
Proposition 2. Computing the time derivative of the Lyapunov function candidate W' = H; + W,

where we define Hj; = %pTM’glp + V; + W', yields in this case

2Dk, + G'k,G'" G’

. , 2k2 2k, Al G ky . . cos(qz)
nm_ _ 14T T m m _ T 12
W [T 2zTf] o7 [sz] 2E @G> +F il (18)
2k, A *

Computing the Schur complement in (18) yields W' < 0 provided a(Zka+G’ka’T) -
G'G'" J20%> 0 and k,ml(gTG")% > 2Fk,,. Since A> M, the first inequality is verified for all
2k,aM? > 1, while recalling that |F| < k(¢TG")? by hypothesis the second inequality yields

k,ml > 2k, k. Using similar arguments as those in Proposition 2, it follows that the equilibrium q*
is locally asymptotically stable m

Remark I: Note that Controller 1 does not account for the flexibility of the needle thus it treats the
system (2) as a single DOF model. Consequently, the tuning guidelines in Proposition 2 do not
depend on the states g, and ¢,. In particular, the assumption |F | < k(gTG)? corresponds to
accounting for nonlinear viscous friction between needle and tissue. Instead, Controller 2 accounts
for the states g, and g,, which also appear in the tuning guidelines provided in Proposition 3. Note
however that, if g, = 0, the assumption |F | < k(gTG")? in Proposition 3 is equivalent to |F | <
k(T G)? in Proposition 2. In addition, (18) also depends on the mass of the piston thus the stability
conditions translate into higher values of k,, and a if M < 1. For both controllers, the prescribed
equilibrium becomes unstable if F > k;/l. Computing k; from (1) with kg = 2.4 from [33], the
value k;/l corresponds, with good approximation, to the first Euler-Bernoulli buckling load for a
cantilever beam with tip force, thatis F = (/2)?EI/1?. Thus the condition F > k. /I corresponds to
the elastic instability of the Euler-Bernoulli beam. In this case, comparing the minimizer condition
V4,Ha(q",0) = 0 for Controller I and the corresponding condition V,H;(q",0) = 0 for Controller 2
reveals the existence of additional equilibria even if F’ = 0, that is

k

(@~ a)
Vqu(q’ O) = kt Flm F'l ) (193)
qu - Esm(%) - ECOS(Qz)
_ kpllog(n)
Vv, H,(q,0) = fm 11 (19.b)
@A F () F' (@) + ke ky log(m) | '
ik, Sin(a2) = e c0s(G) + e — e = 3 —sin(az) —

where n = ((q{ —q)l + cos(qz)). For small tip rotations g, = 0 the trigonometric functions in the
second element of (19.a) can be approximated with truncated Taylor series. Equating the resulting
expression to zero yields the quadratic equation ((k; — F1) + Flq%/6)q, — F'l(1 — q3/2) = 0.
Solving the former equation for F' = 0 gives the straight-needle equilibrium g, = 0 and the
additional equilibria g, = +,/6(1 — k;/Fl), which only exist if F > k;/l and correspond to the tip
rotation according to the first buckling mode. Comparing the first element of (19.a) and (19.b) shows
that with Controller I the insertion depth q; = q; remains a strict minimizer of H,; even if q; # 0.
Conversely, if g5 # 0 the strict minimizer of H} is located at a shorter insertion depth g; which
corresponds to 7 = 1. In other words, with Controller 2 the insertion might be automatically stopped
at q if the tip rotation is not zero, where q; = q; + (cos(q,) — 1)/l (see Section 4). Equating the



second element of (19.b) to zero and approximating the trigonometric functions with truncated Taylor
series yields ((kt — Fl — kyml*log(n)/n) + qu§/6) g, — F'l(1 —q5/2) = 0. Thus the straight-
needle equilibrium g, = 0 is still present if F* = 0 and corresponds to q; = q;. Instead, an analytical
expression of the additional equilibria cannot be provided in this case since g is also contained within
1. In case g, < 1, we can approximate n = ((q{ —q)l+ 1) thus the additional equilibria would
coincide in practice with those computed from (19.a). Note finally that employing a needle guide
would result in a smaller I < [ and a larger k; > k; according to (1), thus the equilibrium would
remain stable for larger axial forces F < k;/l’, where k{/l' > k. /L.

Remark 2: Note that Controller 1 does not account for the lateral force F'. If the latter is also omitted
in the observer (3) two additional terms appear in the Lyapunov function time derivative (14), that is

cos(qz) k(:ln( I; If):; o-:, (r;l;r)l(qz)ql) _ %azT FFTE'sin(2ay). (20)

W =W+

Introducing the Young’s inequality %aszfTF’sin(Zqz) < %alszI2 + % |fTF'sin(2q;)|* and
computing the corresponding sufficient stability conditions in proximity of the equilibrium yields

7 1
—a(2Dk,, + Gk,GT) —=GGT > 0,
8 . 2 @1)
m m

ko > 2t + 2F ko (7 (57 + 1) 2 + 351002044 ) + KaLFTF'sin(2q) 2,

which are more stringent than those expressed in Proposition 2. Instead, Controller 2 does include
the term F'. However, in case F' is omitted from (17) and from (3), its effect on the Lyapunov
derivative is the same as in (20) resulting in more stringent stability conditions than those expressed
in Proposition 3. This indicates that neglecting large lateral forces can have a destabilizing effect on
the system. In our simulations and experiments the lateral force F' is small compared to the axial
force F and to the friction forces (see Section 4) thus the tuning parameters have been chosen
according to Proposition 2 and Proposition 3. This approach might not be appropriate for larger
lateral forces which might occur within the context of deeper needle insertions. This scenario shall
be investigated in more detail as part of our future work.

Remark 3: Substituting (17) into (3) yields the explicit expression of the adaptive law

5 log((qi — gl + cos(qz))  ky (11 + sin(qy) §)
= Al k., 1 - —
¢=af < " (g =Dl +cos@) K l

which is nonlinear and depends on the position error of the piston, on the needle tip rotation q,, and
on the velocities q; and g,. Substituting (11) into (3) yields a similar expression to (22), which in
addition also contains the terms k; and c,,. In summary, (22) shows that combining Controller 2 with
the nonlinear observer (3) results in a nonlinear control law that requires full state feedback (see
Assumption 2), which is also the case for Controller 1. Thus employing the nonlinear observer (3)
goes beyond industry-standard controllers, such as the PID, in which the integral action would only
account for the position error of the actuator. In addition, the proposed controllers allow for a physical
interpretation in terms of mechanical energy of the closed-loop system.

) —admsin(2q,)q,, (22)

4. Experimental results
4.1. Simulations

The system (2) has been simulated in Matlab using the parameters m = 0.001 Kg; M =
0.05Kg; A; = Ay = 1 cm?;1 = 180 mm; k, = 0.130 Nm; ¢, = 1; P, = 0. For illustrative purposes,
the friction forces of the actuator are set as F, = F; = F, = 0.05N, and the axial force is modelled as

F = (Co + C1YVtip + Cztanh(0337tip)) ke/l, (23)



where Y., = q1 + 1(cos(qz) — 1) is the needle tip position and Y., = ¢; — sin(q;) lq, is the
corresponding velocity, and ¢, ¢4, ¢,, c3 are scalar coefficients representing respectively the fracture
energy of the tissue, its elasticity, and its viscous friction, while c5 is a scaling factor. The values ¢, =
0.75,¢4 = 2.5,¢c, = 0.25,¢c3 = 100, which refer to an ideal phantom, have been used for the
simulations in this section. Further simulation results with different parameters that correspond to the
experimental setup are presented in Section 4.2. The tuning parameters are k, = 2;k, = 15and a =
50 for Controller 1, denoting the control law (11) with the observer (3), and k,, = 20; k,,, = 1; k,, =
3 and a = 50 for Controller 2, denoting the control law (17) with the observer (3).
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Figure 3. Simulation results without lateral force: piston position (a); tip rotation (b); axial force (c);
cumulative estimation error on a logarithmic scale (d). Controller 1 denotes the control law (11) with
the observer (3), while Controller 2 denotes the control law (17) with the observer (3).

The simulation results in Figure 3 show that the Controller 1 drives the needle to the desired
depth rapidly but with a noticeable tip rotation. The insertion speed is approximately 2 mm/s, which
is comparatively low in clinical practice. Simulation results and experimental results for faster
insertions representative of percutaneous interventions are presented in Section 4.2. Conversely, the
Controller 2 allows reaching the desired insertion depth with a smaller tip rotation. The corresponding
tip deflection according to the model (1) and (2) is o = Isin(q,). Figure 3.c shows that, for the
Controller 2, the axial force increases at first but then drops rapidly as soon as the needle starts
deflecting. Figure 3.d shows that in both cases the estimation errors converge to zero. Figure 4 shows
the effect of a small and known lateral force F' = Fe that becomes active at time 30 seconds, where



€ = 0.001 can be interpreted as an asymmetry in the phantom. With Controller I the piston still
reaches the prescribed position but with a larger tip rotation. Conversely, Controller 2 stops the
insertion before reaching the prescribed depth as discussed in Remark 1. It must be noted that the
sudden change in the tip rotation at time 30 seconds is due to the step change of € at that instant. This
scenario is valuable from a theoretical point of view, but it is not necessarily clinically representative.
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Figure 4. Simulation results with a known lateral force F' = Fe acting on the needle after time t =30
seconds: piston position (a); tip rotation (b); axial force (c); cumulative estimation error on a
logarithmic scale (d). Controller 1 denotes the control law (11) with the observer (3), while
Controller 2 denotes the control law (17) with the observer (3).

Figure 5 shows that setting &« = 0, which corresponds to our preliminary work without friction
compensation [24], the actuator friction is not compensated and the regulation goal is not achieved
even though no lateral force is present. In particular, with Controller 1 the piston position stops at
approximately 75 mm, while with Controller 2 the piston does not move at all employing the current
tuning k, = 20. This occurs because the proportional gain k,,, which modulates the control input
depending on the position of the piston, is multiplied by the terms [ and A in (17) resulting in a smaller
actuator force that is not sufficient to overcome the actuator friction. Employing k,, = 1000 with
Controller 2 the piston position converges to a similar value to that achieved using Controller 1. In
either case the tip rotation g, converges to zero however the insertion is not completed.

Figure 6 shows the simulation results for a baseline controller consisting of a PID algorithm
with feed-forward compensation of the axial force F and of the back pressure P, resulting in the



control law v = (K, (g7 — q1) — K,41 + K; [(q5 — q1)dt + PyAy + F)/A;. The PID represents a
valuable term of comparison since it is widely employed in surgical robotics and it constitutes the
basis of recent controllers for robotic needle insertion [17]. The tuning parameters have been chosen
iteratively as K, = 4, K;, = 15, which are comparable to k,, k,, used for Controller I, and K; = 0.1.
The system response is qualitatively similar to that of Controller 1 however the tip rotation reaches
higher values. Decreasing K, or increasing K;, reduces the maximum tip rotation q,, but q; shows a
noticeable overshoot, which is typically undesirable in clinical practice. Instead, increasing K; causes

oscillations on g, and q,.
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Figure 5. Simulation results without lateral force and without friction compensation: piston position

(a); tip rotation (b).
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Figure 6. Simulation results for baseline PID controller without lateral force: piston position (a); tip

rotation (b).
4.2. Experiments
Needle insertion experiments have been conducted using a 18G coaxial titanium needle with
axial-symmetric tip (1.3 mm OD, 0.8 mm ID, 150 mm long) to minimise interference with the
tracking system, using two silicone rubber phantoms (PlatSil GEL-10, Polytek) of different hardness
(Shore A =1 for the softer phantom; Shore A = 10 for the harder phantom). Silicone rubber has been
widely used to investigate needle insertions [37] since it has mechanical properties similar to those
of soft tissues. In particular, Shore A = 10 is representative of liver tissues [38], while Shore A =1 is



representative of breast tissues [39]. Nevertheless, silicone rubber phantoms represent only a
simplified approximation of physiological tissues, which are characterized by complex internal
structures, such as blood vessels. The tests have been repeated three times for each phantom with
different puncture locations providing comparable results. The maximum deviation between trials at
insertion completed (time = 3 seconds for illustrative purposes) is 0.1 mm for g; and 0.5 degrees for
q, with Controller 1, and 1.9 mm for g, and 0.9 degrees for q, with Controller 2.
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Figure 7. Experimental results on the softer phantom (Shore A = 1) for one trial: piston position (a);
needle tip rotation (b); axial force (c¢); control pressure P; (d). Controller 1 denotes the control law
(11) with the observer (3), while Controller 2 denotes the control law (17) with the observer (3).

The control laws (11) and (17) and the adaptive law (3) have been implemented on an embedded
microcontroller (mbed NHP LPC1768) mounted on a specially designed PCB. The microcontroller
provides a pressure setpoint to the valves and acquires data from the force sensor and from the optical
encoder. The measurements from the magnetic tracking system are communicated to the
microcontroller via serial link employing a Remote Procedure Call protocol (RPC). The parameters
of system (2) are m = 0.01 Kg; M = 0.05 Kg; A; = 792 mm?; A, = 508 mm?; [ = 0.135m; k, =
0.173 Nm; ¢, = 6. The value of ¢, has been estimated experimentally by manually deflecting the
needle to induce lateral vibrations and by recording the tip rotation over time. The values of k; and [
are computed from (1) with E = 120 GPa, I = 0.1 mm*, L = 0.15m, yg = 0.9, kg = 2.4, which
refer to a 18G titanium needle mounted as a cantilever beam and subject to an axial tip force. The
parameters of Controller I have been manually tuned to complete the needle insertion during 3
seconds without overshoot: k, = 304y; k, =204;; k,, =2; a=50; Py =2. The tuning



parameters for Controller 2 have been chosen to produce a similar response to that of Controller 1
with the softer phantom: k,, = 300044; k, = 40Ay; ky, = 2; a = 50; Py = 2. The former values
verify respectively the inequality 2ak,, > 1 and the inequality 2ak,M? > 1 (see Proposition 2 and
Proposition 3). The difference between the tuning parameters in both controllers is due to the terms
[ and A in (17) which multiply k,, and k,,. Instead, the friction forces and the pressure P, contribute
in the same way to the Controller 1 and Controller 2 thus the same value of a has been used in both
cases. In all experiments the phantom was positioned 10 mm away from the retracted piston thus the
prescribed insertion depth is 30 mm, which is representative of our phantom trials for laser ablation
of the liver under MRI guidance [1]. Deeper insertions highlight the effect of the surrounding tissue
on the needle in terms of a lateral force F' # 0 and will be investigated as part of future work. The
prescribed position q; = 40 mm is reached in 2.5 seconds in all experiments, thus the insertion speed
is approximately 10 mm/s, which is representative of percutaneous liver interventions [7].
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Figure 8. Experimental results on the harder phantom (Shore A = 10) for one trial: piston position
(a); needle tip rotation (b); axial force (c); control pressure P; (d). Controller I denotes the control
law (11) with the observer (3), while Controller 2 denotes the control law (17) with the observer (3).

The results of the needle insertion in the softer phantom are shown in Figure 7, which refers to
one trial. In this case, the system reaches the desired equilibrium (g3, q5) = (40,0) using either
Controller 1 or Controller 2. Although the pressure P; is comparable in both cases, the axial force
and the tip rotation are clearly lower if Controller 2 is used, which is similar in principle to the
simulation results. The tip deflection o of a cantilever beam of length L with tip load can be computed



from the tip rotation q, as 0 = 2Lq,/3. The final value of the tip deflection with Controller I is
approximately 5 mm, while the corresponding value with Controller 2 is approximately 0.5 mm. This
is a significant difference considering that the lesions normally treated with laser ablation have a
minimum diameter of 10 mm [40], while early diagnosis aims to detect even smaller lesions. The
different performance of Controller 1 and Controller 2 is due to the nonlinear function h(n) = log(n)
employed in (16.a), which modulates the control input depending on the tip rotation g,. In addition,
the axial force in equation (17) is multiplied by the factor cos(g,)? < 1 thus it decreases with larger
q»-. As observed in the simulations, setting « = 0 the piston fails to reach the prescribed position with
both controllers since the friction forces are not compensated. The cumulative estimate of the friction
forces computed with the observer (3) is approximately 15 N, thus its magnitude is comparable to the
axial force in this set of experiments.
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Figure 9. Comparison between simulation results and experimental results: piston position for softer
phantom and simulation without lateral force (a); and corresponding needle tip rotation on the
bending plane (b); piston position for harder phantom and simulation with a small lateral force F' =
Fe (c); and corresponding needle tip rotation on the bending plane (d).

The test results for the harder phantom are shown in Figure 8, which refers to one trial. With
Controller I the piston reaches the prescribed position at the cost of a larger tip rotation. Instead, with
Controller 2 the piston stops before reaching the prescribed position at q; = q; + (cos(q) — 1)/l =
36 mm, but results in an 80% smaller tip rotation. The final tip deflection o is approximately 14 mm
with Controller I and approximately 3 mm with Controller 2. Comparing the tip rotation at the same



position q; = q; = 36 mm shows that q, = 6.6° with Controller 1 and the corresponding tip
deflection is approximately 11.5 mm, while g, = 1.8° with Controller 2 and the corresponding tip
deflection is approximately 3 mm. Thus the tip deflection for this specific system is reduced by more
than 70% with Controller 2. This behaviour is similar in principle to the simulation results in the
presence of a small lateral force which suggests that Controller 2 could yield comparable performance
for the same type of system and for different experimental setups. In the experiments, the lateral force
is applied to the needle by the surrounding material and it is more pronounced with the harder
phantom. This point is confirmed prescribing a larger value of q; corresponding to a deeper insertion:
in such a case, the Controller I leads to an even larger tip rotation and corresponding deflection, while
the Controller 2 yields similar results as those in Figure 8.

For comparison purposes, the simulation results employing the same model parameters for
system (2) and the same tuning parameters ky, k,, K, @ as in the experiments are shown in Figure 9
overlaid to the experimental results of Figure 7 and Figure 8 respectively. In addition, the parameters
of (23) have been setto ¢y = 0.5,¢c; = 12,c, = 0.25,¢c3 = 100 in an attempt to match the response
of the real system. To this end the simulation results in Figure 9.c and Figure 9.d also account for a
small lateral force F' = Fe, where € = 0.002, that becomes active at t =1 second. This suggests that
the lateral force in the experiments is approximately two orders of magnitude smaller compared to
the axial force and to the friction forces for this specific actuator. Controller 1 and Controller 2 yield
qualitatively similar results in simulations and experiments, indicating that the rigid-link model of the
needle (2) is appropriate for controller design purposes. Nevertheless, the simulations results are not
exactly the same as the experiments because the simplified model (23) of the axial force does not
account for the nonlinear stiffness of the phantom. In particular, the discrepancy becomes more
noticeable at larger values of g,. A possible explanation might be that the model F' = Fe does not
capture with sufficient accuracy the effect of the lateral forces which are applied by the phantom
along the whole length of the needle. Consequently, the first mode shape might not describe the
needle deflection with sufficient accuracy in this case. As a result, the needle tip rotation measured
in the experiments is generally higher compared to the simulation results.

Increasing k., /k., and reducing k,, the movement of the piston becomes slower, which can
result in lower axial forces with both controllers. However, a slow needle insertion might be
undesirable in clinical practice, as it is the case for percutaneous interventions conducted under breath
hold, which must be completed within a few seconds. In addition, the insertion force during the
puncture stage is less sensitive to the insertion speed, since it is predominantly dependent on the
stiffness of the tissue and on the fracture toughness [41]. Subsequently, the friction between needle
and surrounding tissue contributes to the insertion force, thus a lower speed might be particularly
beneficial for deeper insertions [7]. Note finally that Controller 1 and Controller 2 employ a constant
predefined value of the target position q; which corresponds to a step command. This approach is
commonly used for assessing and comparing the performance of different controllers, but it might
not be suitable for clinical use. As part of our future work we intend to introduce a planning algorithm
that computes g; at any instant depending on the system state and on the external commands provided
by clinicians, thus resulting in more complex insertion trajectories. Although the proposed controllers
do not rely on axial rotation, they could in theory be combined with it. In this respect, axial rotation
could become part of the planning algorithms. This approach could help to further reduce the needle
tip rotation and the corresponding deflection for deeper insertions and shall be investigated in
conjunction with different medical imaging modalities employing a wider range of phantoms.

In summary, the simulation results and the experiments suggest that Controller 2 is preferable
to Controller 1 for the softer phantom (Shore A = 1, representative of breast tissues [39]). The results
for the harder phantom (Shore A = 10, representative of liver tissues [38]) highlight a trade-off which
is related to the underactuated nature of system (2). In particular, Controller 1 achieves the prescribed
insertion depth at the cost of a larger needle deflection, while Controller 2 stops the insertion at a
shorter depth but reduces the needle deflection. From a theoretical point of view both behaviours are
a direct consequence of the proposed energy shaping approach (see Remark 1). From a clinical point
of view we believe Controller 2 to be preferable since it corresponds to clinical practice (i.e. manual



insertions are typically stopped if the needle deflection becomes noticeable) and it could reduce the
risks associated to deep insertions with high needle deflection, namely the risk of accidentally
puncturing sensitive structures in proximity of the needle path. We intend to investigate this
hypothesis in a clinically representative setting as part of our future work.

5. Conclusions

This paper presented two adaptive nonlinear controllers for the insertion of a conventional
metallic needle with axial-symmetric tip in soft tissues employing a single pneumatic actuator.
Differently from established solutions, the proposed approach does not rely on the axial rotation of
the needle and does not require additional needle supports. Nevertheless, it could also be used in
conjunction with a needle guide or as part of a more complex system that includes axial rotation.
While a pneumatic actuator has been chosen in this study, we believe that the proposed solution can
be applied to different actuation strategies. An adaptive observer has been designed to estimate the
unknown friction forces of the pneumatic actuator without introducing assumptions on their
magnitude. A port-Hamiltonian formulation and an energy shaping approach have been employed for
the controller design, and the corresponding stability conditions have been expressed for the desired
equilibrium. To this end we assumed the lateral force acting on the needle to be zero, which is
reasonable for relatively short insertion depths in soft tissue conducted with needles that have an
axial-symmetric tip. Nevertheless, the effects of a non-negligible lateral force in terms of stability of
the closed-loop equilibrium have been discussed in detail.

Simulations and experiments on a softer silicone rubber phantom showed that with both
controllers the piston reaches the required insertion depth with a small needle deflection. This result
suggests that the lateral forces are considerably smaller than the axial force in this particular case, as
initially hypothesized. Instead, the experiments on a harder phantom highlight the detrimental effects
of the lateral forces which are not negligible in this case, as also confirmed by the simulation results.
In particular, the first controller allows reaching the required insertion depth at the cost of a larger tip
rotation. Instead, the second controller allows reducing the needle tip rotation by modulating the axial
force and, in case of harder phantoms, also by limiting the insertion depth. This behaviour might serve
the purpose of preventing deep insertions with large deflection thus it could help to reduce the risk of
puncturing sensitive structures, such as blood vessels, located in proximity of the insertion path, and
it could be used in conjunction with different needle-insertion robots. Confirming this hypothesis in
a clinically representative setting is part of our future work. To this end, we intend to investigate the
use of advanced planning algorithms, which we expect will bring the largest improvement in
performance within clinical settings. We shall study this aspect in conjunction with medical imaging
modalities. Finally, we aim to investigate the effect of lateral forces in the context of deeper insertions
and to validate our results with extensive testing on a wider range of phantoms considering different
insertion speeds.
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Appendix
The matrices G, G, D, M, the potential energy V, and the external forces § for system (2) are given
by the equations

N L [0 o ke
G=a)) 6= 1 D_[O cv]’ V=23
2 .
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The matrices G, G'*, D', M’ and the potential energy V' after the partial feedback linearization (15)
are given by the equations
1 :
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