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ABSTRACT
Linear actuation is a basic need in robotized manipulation

of surgical instruments, that must comply with a challenging en-
vironment in terms of safety, compactness and now often com-
patibility with imaging modalities like CT or MRI. In this paper,
we focus on needle manipulation for interventional radiology.
We propose a needle driver, i.e. a linear actuator for needle in-
sertion, based on the inchworm principle combined with pneu-
matic energy. Our first contribution is to propose, model and
implement the device using a so-called auxetic structure. Its use
increases achievable displacement under pressure and provides
sufficient off-axis stiffness to use the actuator without additional
guidance. Simplified modeling is introduced for the actuator syn-
thesis. Our second contribution is to implement the actuator with
multimaterial additive manufacturing combining rigid and flex-
ible materials to increase compactness. As a third contribution,
initial assessment of component sterilization and compatibility
with X-ray and MRI imaging modalities is presented.

1 INTRODUCTION AND RELATED WORK
Linear actuation is a basic need in robotized manipulation

of surgical instruments. In minimally invasive surgery, motor-
ized translation is being used for surgical instruments and en-
doscope [1]. The design of actuators is then challenging since
it must comply with the operating room environment in terms
of safety, compactness, asepsy. In hybrid surgery and interven-
tional radiology (IR), compatibility with imaging devices such
as CT or MRI scanners is now also often mandatory. Several de-

FIGURE 1: PROTOTYPE OF THE NEEDLE DRIVER.

signs have been introduced in particular in the context of IR to
perform remotely needle insertion in percutaneous procedures,
using rotary actuation and friction-based transmision [2,3], pneu-
matic [4,5] or electric actuation [6] with graspers to insert a nee-
dle step by step, providing unlimited range of motion. Pneumatic
actuation offers then compatibility with imaging devices. Step
by step motion is also adopted with inchworm kinematics [7]
as implemented in [8] using piezoelectric actuation. Inchworm
kinematics are of particular interest for the compactness they can
provide. Their use in conjunction with pneumatic energy was
proposed in [9] using additive manufacturing for implementa-
tion. Safety with inchworm kinematics was then highlighted, as
the maximum displacement by step can be adjusted by design.
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Additive manufacturing is indeed of interest for the free-
dom of shape in part design. In addition, new design solutions
for robotics can be introduced when considering now available
custom [10] or commercial [11–13] multimaterial additive man-
ufacturing (MMAM) techniques, such as compliant joints [14]
or brake and sensing solutions [15]. Considering MMAM for
actuator design, it is then in particular possible to consider
meta-materials that offer non conventional behavior as described
in [16] and yet scarcely exploited in robot design [17]. Our
proposition is therefore to use MMAM to develop a linear ac-
tuator based on the inchworm principle with pneumatic energy,
shown in Fig. 1. In particular, we describe here the introduction
of an auxetic structure [16] to increase actuator kinematic perfor-
mance and ensure its stiffness properties, so it can be used to cre-
ate motion and perform guidance at the same time. By keeping
off-axis stiffness satisfactory, no additional prismatic joint is thus
needed. In the following, the actuator development is presented
for IR with the introduction of a needle driver. The provided
design can however be adapted to other surgical instruments as
well.

In section 2, the driver principle, its design and simplified
model for synthesis are introduced. In section 3, implementa-
tion and initial characterization is presented to evaluate the ac-
tuator performances. Section 4 is dedicated to design evolution,
with special attention to the possibility of performing steriliza-
tion and avoid needle contamination during insertion. Finally,
conclusions on the new actuator and further applications in med-
ical context are discussed in section 5.

2 ACTUATOR PRINCIPLE AND DESIGN

2.1 Specifications for a needle insertion actuator

Biopsy for diagnosis is one of the most frequent tasks in IR.
Needle insertion in liver or kidney is then characterized by max-
imum insertion forces around 2 N [18]. It has to be performed in
about 2 minutes for a 60-mm insertion according to radiologist
feedback. Such a duration is long enough to monitor safely the
progression, and it means the desired needle average velocity is
about 0.5 mm/s.

Stiffness in directions perpendicular to the needle, desig-
nated in the following as off-axis stiffness, is of importance to
maintain accuracy. Since we want to use the actuator without
additional guiding element, its stiffness needs to be significantly
higher than the needle one. We set the actuator stiffness to be at
least 6 times the needle stiffness. Biopsy is usually performed
with a 19G needle (diameter of 1.07 mm), made out of stainless
steel (Young’s modulus of 200 GPa). This means the off-axis
stiffness of the actuator must be greater or equal to 14.8 N/mm.

Phase 1 Phase 2

Phase 3 Phase 4 Phase 5 Phase 6

Needle
Mobile grasper (MG)

Fixed grasper (FG)
Main chamber (MC)

Outer
envelope

Inner tube

FIGURE 2: DIFFERENT PHASES OF MOTION FOR THE
INCHWORM CYCLE.

a) p = 0 b) p > 0 c) p > 0

Top
surface

FIGURE 3: SECTION VIEW OF THE MAIN CHAMBER:
a) WITHOUT PRESSURE; b) WITH PRESSURE, CON-
VENTIONAL OUTER ENVELOPE; c) WITH PRESSURE,
AUXETIC-BASED OUTER ENVELOPE.

2.2 Overall structure and control
Three elements are needed to implement inchworm kinemat-

ics: two graspers and one main chamber, that generates a transla-
tion between the two graspers, as depicted in Fig. 2. Since the ac-
tuator has to guide properly the needle, a symmetry of revolution
of the actuator about the needle axis appears naturally of interest
to control the off-axis stiffness. This means the main chamber
(Fig. 2) is of annular shape, defined by two planar surfaces per-
pendicular to the needle and two cylindrical surfaces, one that
defines the outer envelope of the actuator and the other one that
creates what we designate as the inner tube around the needle.
The sequence for motion generation is presented in Fig. 2: the
needle is advanced by successive grasping/releasing of the nee-
dle and inflation of the main chamber. Blue arrows indicate the
actions performed during each phase of the sequence. Actuator
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dynamics and thus needle insertion velocity are then linked to the
behavior of the main chamber and the graspers.

During inflation (Phase 2), the inner surfaces of the main
chamber are submitted to pressure to create motion as repre-
sented on Fig. 3. On that figure, a single color is used to model
the pressure applied on one surface (triangle symbols) and the
corresponding induced axial displacement (arrow sign) of the
chamber top surface. If we analyze independently the contribu-
tion of the different surfaces, we can see that the pressure on the
top surface (in grey) generates an axial elongation of the cham-
ber. Similarly, pressure on the inner tube (in blue) tends to create
an elongation due to Poisson effect. On the contrary, the radial
pressure on the outer envelope creates a radial expansion, if con-
ventional materials are used. This radial expansion induces an
axial contraction of the chamber, as shown in Fig. 3b). Contra-
dictory motions are thus generated, which is not in favor of the
actuator efficiency. With an auxetic material [16], a reverse ef-
fect can be obtained thanks to its negative Poisson’s ratio. This
means we propose to create the outer envelope using an auxetic
pattern, so that this surface also contributes to the axial displace-
ment instead of creating axial compression, as shown in Fig. 3 c),
the auxetic outer envelope being represented by the red hatched
surface.

2.3 Design of graspers and outer envelope

2.3.1 MMAM specifications The Polyjet technology
(Stratasys Ltd, USA) allows the production of monolithic parts
composed of several materials. It was successfully considered
in previous works for the design of compliant joints [14], and
robotic structures [15,19]. We therefore select this MMAM pro-
cess for implementation in the following and use Verowhite and
TangoBlack Plus materials, following their commercial denom-
inations. Their mechanical properties have been characterized
previously, as presented in [14]. The first material is an elastic
material, with Young’s modulus equal to 2000 MPa and yield
stress equal to 25 MPa. The other material has properties similar
to elastomers, with a quasi-incompressible behavior in compres-
sion. It will thus be designated as a rubber-like material. When
small deformations are applied to this material, a linear approxi-
mated model can be used with Young’s modulus of 0.8 MPa.

The Polyjet process is based on photopolymerization. In ad-
dition to the two previous materials, a support material is being
used during production. This impacts the design of the actuator
when hollow cavities need to be created. Using a Connex 350
system, thickness of material layers is equal to 30 microns, and
in-plane resolution to 42 microns. Internal experiments show
the manufacturing accuracy is between 10 and 100 microns in
standard conditions, with a minimal size of geometrical features
equal to 1 mm.

Air inlet

Rubber-like
material

Needle axis

Elastic material

15 mm

2 mm

8 mm 13 mm

FIGURE 4: SECTION VIEW OF THE GRASPER.

2.3.2 Grasper design. Grasper design is constrained
by the needle size and the required forces for needle insertion and
extraction. Its dynamics also affect the needle motion as men-
tioned in section 2.2. Grasping by friction is thus preferred com-
pared to solutions based on linkages as described in [6]. With
pneumatic actuation, the dynamics are influenced by the volume
of compressed air. The volume of the chamber created around
the needle is therefore minimized as presented in the design of
Fig. 4. Dimensions are here constrained by the size of minimum
geometrical features that can be obtained with the MMAM pro-
cess. The rubber-like material is selected for the inner surface
of the grasper: its low stiffness helps to minimize the pressure
level needed to grasp the needle, and it provides friction with the
needle comparable to silicone.

The geometrical profile of the inner surface is composed of
a linear section for contact with the needle, and two curved sec-
tions at the ends to ease the surface deformation during grasping.
The thickness of the flexible part is set to 2 mm and the length of
the linear section is set to 8 mm, values determined using initial
development for MR elastography [20].

2.3.3 Outer envelope design This envelope is de-
signed to close the main chamber with use of the auxetic effect.
Several patterns have been proposed to get this effect [21, 22].
We here focus on the inverted honeycomb pattern. It is indeed
simple to build a cylindrical shape using the unit cell represented
in Fig. 5 a). The cell can be circularly repeated to create a ring,
and then several rings connected to obtain the cylindrical auxetic
structure depicted in Fig. 5 b). Thanks to the configuration of
the struts, once the unit cells are placed in a circular configura-
tion in the actuator structure, an expansion of the circumference
of the tube involves its elongation along its axis. In addition, the
truss that is created in this way is in favor of the off-axis stiffness,
thanks to the continuity of the structure.

For implementation, the auxetic structure is realized with the
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FIGURE 5: DESIGN OF THE AUXETIC STRUCTURE: a)
UNIT CELL, b) OVERALL STRUCTURE.
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FIGURE 6: GLOBAL a) AND CUTAWAY b) VIEWS OF THE
OUTER ENVELOPE.

elastic material, while a rubber-like material is added between
the struts of the auxetic structure to seal the envelope for pressur-
ization, as represented in Fig. 6 b), with a cutaway view of the
actuator. The outer envelope (Fig. 6 a)) can be produced in one
part taking advantage of the considered MMAM process.

2.4 Modeling of the outer envelope
For synthesis, it is needed to establish relationship between

the actuator geometry and the desired performances, in terms of
force, velocity that is linked to the displacement provided by the
main chamber, and the off-axis stiffness. A simplified modeling
is therefore developed, using a quasi-static analysis.

2.4.1 Parameterization. The inverted honeycomb
unit cell is defined (Fig. 5) by l, θ , respectively the length and
inclination of slanted struts, h the length of vertical struts, d the
diameter of struts. The structure is built by repetition of the
unit cell with Nc and Nv circumferential and axial repetitions
to create a structure of length L0 and diameter D0. Because of
the inverted honeycomb shape and the way the unit cells are
assembled, two relationships exist between the parameters, so

that the structure is described by six independent parameters:

h =
L0

2.Nv
+ l.sin(θ) (1)

l =
π.D0

2.Nc.cos(θ)
(2)

2.4.2 Behavior of the auxetic structure. In [21],
the structural stability of a similar structure under compression
has been studied. It was shown that it is possible to describe the
structure behavior by considering this latter as a continuous tube
made of an homogeneous orthotropic material. Its properties are
directly linked to the unit cell geometry and the number of cells
in the tube, with four coefficients to describe the behavior of the
equivalent tube when submitted to the internal pressure [21]:

1. the Young’s modulus in the axial direction Ez
2. the Young’s modulus in the circumferential direction Ec
3. the Poisson’s coefficient νcz = − εz

εc
, the ratio between tube

axial and circumferential strains when submitted to an an
axial load

4. the shear modulus Gcz describing the ratio between the shear
stress in the tube wall and the corresponding shear strain.

We consider small deformations for the material of the structure.
In addition, the inverted honeycomb shape provides an auxetic
effect only if the slanted struts have a slender shape (d � D0)
and if their flexion is the main source of deformation [23,24]. In
such a situation, the four coefficients can be expressed as below
with E the Young’s modulus of the elastic material used for the
auxetic structure:

νcz = −
cosθ( h

l − sinθ
)
. tanθ

(3)

Ez =
3.E.

( h
l − sinθ

)
2.π2 .

(
d.Nc

D0

)3

(4)

Ec =
3.E.cos2 θ

2.π2.
( h

l − sinθ
)
. tan2 θ

.

(
d.Nc

D0

)3

= ν
2
czEz (5)

Gcz =
3.E.

( h
l − sinθ

)
.cos2 θ

2.π2.
( h

l

)2
.
(
1+ 2.h

l

) .

(
d.Nc

D0

)3

(6)

2.4.3 Derivation of envelope elongation. The en-
velope elongation under application of the pressure P in the main
chamber, with the force F generated by the actuator at its end, is
obtained using the virtual work principle as used for McKibben
actuators [25–27]. We therefore consider the static equilibrium
of the actuator, and the balance of input and output works respec-
tively denoted as dWin and dWout . The input work can be decom-
posed between radial and axial elongations [25], with (r,L) re-

4 Copyright c© 2018 by ASME



spectively the structure radius and length and (dr,dL) their vari-
ations:

dWin = (2.π.P.L.r).dr+(π.r2.P).dL
= P.dL.(2.π.L.r. dr

dL +π.r2)
(7)

From the definition of νcz, one can derive with εz = dL/L0 the
axial strain and εc = dr/r0 the circumferential strain:

dr
dL = − r0

L0
. 1

νcz
r = r0(1− εz

νcz
)

(8)

so that after simplifications, the input work is equal to:

dWin = P.
πr2

0L0

ν2
cz

.εz.
[
3ε

2
z +(2−4νcz)εz +(ν2

cz−2νcz)
]

(9)

The output work is the sum of radial and axial works follow-
ing [25]:

dWout =−Fa.dL−Fr.dD (10)

with Fr and Fa the resulting radial and axial forces. The axial
resulting force is the sum of the force F and the elastic force due
to the stiffness of the inner tube and outer envelope. The inner
tube is designed to fit around the needle. This means it is of
small section compared to the auxetic structure, and we assume
its stiffness can be neglected during the actuator synthesis. Given
the Young’s modulus of elastic and rubber-like materials, we also
consider the axial stiffness denoted Kz is only due to the auxetic
structure in the outer envelope and do not model the influence of
the rubber-like material in this latter. Then one has:

Fa = F +Kz.dL = F +
St .Ez

L0
.dL (11)

with St the surface in a plane perpendicular to its axis of the con-
tinuous tube made of homogeneous material with properties de-
fined in section 2.3.2: St =

π

4 .
(
(D0 +d)2− (D0−d)2

)
. Simi-

larly, the radial resulting force Fr is due to the radial stiffness of
the auxetic structure and is equal to:

Fr =
(

2.Ec.d.L0
D0

)(
−D0.εz

νcz

)
(12)

Expressing the balance between input and output work we finally
obtain

3.ε2
z +B(P).εz +C(F,P) = 0 (13)

with
B(P) = 2−4.νcz− π+2

π/2 .
2.d
D0

.Ec
P

C(F,P) = ν2
cz−2.νcz−

4.ν2
czF

π.D2
0.P

(14)

The discriminant D(P,F) of the quadratic equation is

D(P,F) = B(P)2.
(

1− 12.C(F,P)
B(P)2

)
(15)

The term B(P) is a function of Ec/P. The Young’s modulus Ec
is typically in the order of several hundreds of MPa, whereas
internal pressure is a few bars, i.e. less than 1 MPa. The absolute
value of B(P) is therefore governed by the third term in Eqn. (14),
which is very large compared to the terms in C(F,P), and a first-
order approximation of D(P,F) can be used to express εz:

εz =−
C(F,P)

B(P)
=

(
ν2

cz−2.νcz−
4.ν2

czF
π.D2

0.P

)
(

π+2
π/2 .

2.d
D0

.Ec
P .+4νcz−2

) (16)

This relationship allows us first to see the impact of the auxetic
effect. Indeed, if the value of νcz is becoming negative, as it is the
case for an auxetic structure, the numerator and denominator in
Eqn. (16) are respectively increasing and decreasing. As a result,
the value of the reachable axial strain εz is being increased. For
a given length, using an auxetic structure allows us to increase
the motion generated by pressure application. Second, it is now
possible to predict the actuation elongation as ∆L = εz.L0.

2.4.4 Off-axis stiffness. Thanks to the introduction
of an homogeneous equivalent material in section 2.4.2, simple
beam theory results can be employed to obtain the lateral actu-
ator stiffness in the actuator initial configuration. Its expression
is reported in Eqn. (17) with I = π/64((D0 + d)4− (D0− d)4)
the second moment of inertia of the cylindrical homogeneous el-
ement equivalent to the auxetic structure.

Kx =
3.Ez.I

L3
0

(17)

2.5 Determination of actuator geometry
Using Eqn. (16) and Eqn. (17) it is now possible to perform

the synthesis of the actuator. Three limits need to be taken into
account. First, geometrical constraints exist on the geometry of
the auxetic structure. The structure is feasible only if the value
of θ belong to ]0,θmax] in degrees, with θmax being defined in
Eqn. (18).

θmax =
180
π

.arcsin
(

h−d
2.l

)
(18)
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Second, the elastic material has a limited stress domain. Maxi-
mum stress σmax is encountered in the slanted struts of the auxetic
cells, submitted to bending with an overall displacement of the
structure that equals εzL0. Using results from beam theory, it is
then possible to obtain the condition in Eqn. (19).

σmax =
3.E.d.L0.εz

2.Nv.l2 (19)

Finally, limitations are related to the manufacturing process, as
described in section 2.3.1.

Synthesis is performed by considering first the application
constraints. The outer diameter of the actuator is chosen to keep
it compact and compatible with an integration in a robotic device
such as the one presented in [15]: D0 = 27 mm and L0 = 25 mm.
The pressure is chosen equal to 1 bar, a low value for safety.
The selection of the geometry is performed by computing the
elongation ∆L / stiffness Kx domain for designs obtained after
discretization of parameters: Nc ∈ [4,8], step: 1; Nv ∈ [2,5],
step: 0.5; θ ∈ [5,45], step: 1◦; d ∈ [1,3], step: 0.1 mm. For
each combination of geometrical parameters, the model is ap-
plied in order to compute the value of ∆L. It is then verified that
θ < θmax, σmax < 25 MPa, and that the stiffness Kx is at least
6 times the needle stiffness in order to guide properly this latter.
All the geometries that respect the three constraints are compared
and the geometry that presents the most important value of ∆L
is chosen. Final geometry is defined by (D0,L0,Nc,Nv,θ ,d) =
(27mm,25mm,4,2.5,10◦,2.2mm), which allows to generate
1.1 mm of displacement under 2 N, and it provides a stiffness
Kx = 16.1 N/mm.

3 Implementation and initial characterization
3.1 Integration and manufacturing

The graspers and outer envelope are integrated as repre-
sented in Fig. 7. The three air inlets are integrated on the same
side, to avoid pneumatic tubes arriving close to the tissues. The
three chambers are materialized in color on the figure: in green
the fixed grasper (FG) chamber, in red the chamber of the mobile
grasper (MG) and in blue the main chamber (MC). Inner tube
dimensions are chosen to maximize the surface supporting axial
pressure, beneficial to the axial displacement. Rings of elastic
material are added to the inner tube to avoid any contact between
the inner tube and the needle during pressurization.

Since the support material for printing needs to be removed,
the actuator cannot be printed all-at-once. It is composed of five
parts shown in Fig. 8: the fixed grasper (1), the upper flange (2),
the outer envelope (3) the inner tube and mobile grasper (4),
and the cap (5). The support material is removed mechani-
cally with tools and then with pressurized water. To ease the re-
moval of support material in the inner chambers of the graspers,

Elastomer
jaw

Auxetic
structure

Elastomer
membrane

Inner tube

Needle axis

FG chamber

MG chamber

MC

Air inlets

a) b)

FIGURE 7: CAD DESIGN OF THE ACTUATOR: a) CROSS
SECTIONAL VIEW, b) FULL VIEW.

(1) Fixed grasper
(2) Upper flange

(3) Outer envelope
(4) Inner tube and

mobile grasper
(5) Cap

Holes for
support removal

Pneumatic tube
for mobile grasper

FIGURE 8: EXPLODED VIEW OF THE ACTUATOR.

holes have been added on the periphery of their outer cylindrical
walls, as shown Fig. 8. The components are glued together using
cyanoacrylate adhesive. The actuator overall length is equal to
40 mm, with external diameter of 29.2 mm (Fig. 1).

3.2 Control
The scheme of the pneumatic circuit is represented in Fig. 9.

It is composed of a pump and a reservoir, two servo-valves
(VPPM-6L, Festo AG), three fast switching valves (MHE2-
MS1H-3/2G, Festo AG) and three pressure sensors (SPTWP6R,
Festo AG). The servo-valves are used for pressure regulation.
Pressure is set to 3 bars for fixed (FG) and mobile (MG) graspers
while a pressure of 1 bar is used for the main chamber (MC).
Time evolution of pressure is controlled using control signals
CV1, CV2 and CV3. The pressure measurements are not manda-
tory for the control and are here used for monitoring. Control
software is run on a PC with RT Linux Xenomai kernel.

3.3 Characterization

6 Copyright c© 2018 by ASME
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FIGURE 9: SCHEME OF ACTUATOR PNEUMATIC CIR-
CUIT.

Laser sensor

Needle

Actuator

Load

Pneumatic unit

FIGURE 10: SETUP FOR EXPERIMENTAL DISPLACE-
MENT/FORCE EVALUATION

3.3.1 Protocol and experimental setup. The setup
visible on Fig. 10 is used to evaluate the displacement/force char-
acteristics. The actuator is positioned vertically. The displace-
ment of the needle tip is measured with a laser-based contactless
sensor (Opto NCDT 2300, MicroEpsilon, 0.8 µm resolution). A
flat target surface is fixed on the tip of the needle to ease the laser-
based measurement. Loading is performed by attaching weights
to the bottom part of the needle. First, only the displacement
provided by the main chamber is measured when the needle is
grasped without and with a 2 N load. Second, the needle mo-
tion is recorded when the actuator control sequence of Fig. 2 is
applied, again without and with a 2 N load. Third, the off-axis
stiffness of the actuator is determined by placing the actuator in
an horizontal configuration, so that loading is performed using
different weights suspended at the free end of the actuator. Cor-
responding displacements are then measured by vision (Canon

Time in seconds

D
is

pl
ac

em
en

ti
n

m
m

FIGURE 11: MEASUREMENT OF ACTUATOR NO-LOAD
DISPLACEMENT.

EOS 700D camera, 18 MPixel resolution) and stiffness is deter-
mined as the slope of the force-deflection characteristic.

3.3.2 Results and discussion. Prior to evaluation,
the control sequence was adjusted experimentally: minimal time
for grasper pressurization is identified to be equal to 80 ms to
ensure a correct needle grasping and the inchworm cycle is set
to 1.2 Hz. This means according to Fig. 2 that the pressurization
in the main chamber lasts 250 ms.

Experiments show that pressurization of the main chamber
generates a displacement of 0.92 mm after 4 seconds. This value
is close to the value of 1.1 mm computed with the simplified
modeling. The influence of the rubber-like material in the outer
envelope and in the inner tube is probably here observed. In
250 ms, reachable displacement is equal to 0.56 mm, which can
indicate an influence of viscoelastic behavior of the materials.
Application of the load does not produce measurable difference
on the displacement of the main chamber.

Needle displacement with the inchworm sequence leads
to a no-load velocity of 0.64 mm/s, with displacement pro-
file represented on Fig. 11. Velocity with a 2N-load lowers to
reach 0.34 mm/s. As the load does not affect the main chamber
displacement, as mentioned above, the velocity reduction may
be explained by the flexibility of the graspers. The reduction of
actuator velocity is however observed here in a worst-case sce-
nario, since the load is constant during the whole inchworm cy-
cle. In the applicative context, resistive forces of tissues are in-
deed mostly applied during needle advance steps, corresponding
to Phase 2 on Fig. 2. In any case, with the proposed implemented
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FIGURE 12: IMPROVED DESIGN: (a) CAD SECTION VIEW;
(b) ACTUATOR AFTER STERILIZATION.

solution, a velocity of 0.34 mm/s, close to the targeted value, can
still be achieved with the selected severe conditions.

Finally, evaluation of flexural stiffness yields an off-axis
stiffness of 8 N/mm, which is 3 times the needle stiffness, but
only half of the value computed with the auxetic structure mod-
eling. We probably observe the contribution of other parts used
in the assembly depicted in Fig. 8.

Experimental characterization shows that after some time,
fatigue cracks tend to appear on the outer surface, with the sub-
sequent appearance of leakage in the main chamber. The lifetime
of this initial design is thus not optimal. At this stage, steriliza-
tion is also not yet validated, and the contact between 3D printed
material and the needle can cause biocompatibility issues. These
three aspects are thus investigated in a second step.

4 DESIGN IMPROVEMENT
4.1 Improvement of actuator endurance

In order to improve the component lifetime, a 0.5-mm thick
envelope of rubber-like material is added on the outside of the
actuator. In addition, the design of the inner tube is modified
with a 4◦ tilting of the interfaces between the two materials to
suppress risks of tearing at the junctions. A section view of the
improved actuator is shown in Fig. 12 a).

Endurance of the modified component is assessed using the
previous experimental setup. The actuator lifts a needle submit-
ted to a 2-N load to reach a cumulated needle displacement of
600 mm, with continuous recording of needle position. After
such overall needle displacement, no significant variation of ac-
tuator behavior is observed. This means satisfactorily that the
actuator can at the moment be used either as a single-use com-
ponent or for repetitive use for at least 10 typical insertions of
60 mm.

Laser sensor

Needle

Sterilized
actuator

Biomechanical
gel

FIGURE 13: INSERTION IN A BIOMECHANICAL GEL.

4.2 Design update for medical use
The materials being used are not today certified as biocom-

patible. To avoid any contamination of the needle, the actuator
is modified as shown on Fig. 12 with integration of a silicone
tube (inner diameter 1.5 mm, outer diameter 2.3 mm, Deutsch
& Neumann GmbH, Germany). At both ends of the actuator, a
short annular shape is also added, to help gluing the tube with
silicone to the rigid material.

Few information can be found concerning the sterilization
of the VeroWhite and TangoBlack Plus materials in the litera-
ture. Sterilization by gamma irradiation was successfully imple-
mented for VeroWhite parts [28], with doses between 25 and 35
kGy. This method is therefore chosen and sterilization is per-
formed on specimens for material testing and on the whole nee-
dle driver.

Standard tensile tests (ISO 527-1) on both materials are per-
formed before and after sterilization of samples for characteriza-
tion purpose. After a radiation dose of 34 kGy, Young’s modulus
of elastic material is increased from 1830 MPa to 2810 MPa.
Conversely, no significant difference is observed for the rubber-
like material. As an initial assessment, the component after ster-
ilization is also characterized using the previous protocol. First,
it is observed that the whole component is functional after steril-
ization. Second, the no-load velocity is not significantly affected
by the sterilization. This needs to be more investigated, in par-
ticular at the level of the main chamber behavior, as the material
stiffness increase could impact the component behavior.

To be closer to the applicative context, additional evaluation
is performed by achieving needle insertion in a biomechanical
phantom, preferred to a constant load given the previous remark
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Gel

Needle

Actuator

FIGURE 14: X-RAY IMAGE OF ACTUATOR WITH NEEDLE
POSITIONED ON A GEL.

Water

Needle
Actuator

FIGURE 15: MRI IMAGE OF ACTUATOR WITH NEEDLE
IMMERSED IN WATER.

on force variation in tissues. A 5% PVA gel phantom reproduc-
ing properties of liver tissue [29] is being used. The experimental
setup is shown on Fig. 13. The sterilized actuator is able to insert
a needle at a speed of 0.4 mm/s, which is similar to the speed
without sterilization, and acceptable for the considered proce-
dure.

Finally, compatibility with imaging devices is being evalu-
ated. Figure 14 represents an X-ray image of the actuator with
needle placed in the phantom, acquired with a Cone Beam CT
system (Allura FD20, Philips Healthcare, The Netherlands). Fig-
ure 15 represents the actuator with a MR-compatible needle im-
mersed in water as observed in a MRI scanner (BLADE se-
quence, MAGNETOM Aera 1.5 T, Siemens Healthineers, Ger-
many). In the first case, the actuator does not create any artifact
in the images and can be considered radio-transparent compared
to the needle. In the second case, the actuator causes no defor-
mation either: the diameter of the actuator as computed from the
images is equal to its real value, whereas the needle size appears
in the image four times its real value.

5 CONCLUSION
In this paper, a new pneumatic needle driver is introduced,

that is based on an auxetic structure and the inchworm princi-
ple. Its analytical modeling, synthesis, experimental characteri-
zation have been introduced as well as its implementation with
MMAM. Combination of MMAM, inchworm kinematics and
pneumatic energy leads to a compact component, able to move
and guide a needle in IR. The auxetic-based design is interesting
for improving the use of pressure inside the component to gen-

erate the motion. This was outlined qualitatively and from the
provided auxetic structure model. The performances observed
experimentally are relevant for the medical task in terms of ve-
locity and stiffness for guidance. In addition, the usability of the
component in the medical context was investigated, with demon-
stration of needle insertion in biomechanical phantom of a steril-
ized version which endurance is also promising.

Experimental characterization outlines two interesting de-
velopments to conduct. First, the prediction accuracy of the
actuator model could probably be improved by considering the
contribution of rubber-like material. Second, the grasper design
should be improved since it impacts the motion characteristics.
The variation of velocity when load on the needle increases is
however today not a strong issue, since the control of the nee-
dle progression is anyway performed by the radiologist from the
medical images.

It will now be interesting to consider the integration of the
proposed needle driver in a robotic tool holder for IR. Another
axis of development will be to derive other drivers using the same
principle for manipulation of surgical tools in the context of min-
imally invasive surgery.
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naud, P., de Mathelin, M., and Breton, E., 2016. “In vivo
monitoring of percutaneous thermal ablation by simultane-
ous MR elastography and thermometry”. In 24th annual
meeting of the International Society for Magnetic Reso-
nance in Medicine.

[21] Karnessis, N., and Burriesci, G., 2013. “Uniaxial and buck-
ling mechanical response of auxetic cellular tubes”. Smart
Materials and Structures, 22(8), p. 084008.

[22] Azimian, H., Francis, P., Looi, T., and Drake, J.,
2014. “Structurally-redesigned concentric-tube manipula-
tors with improved stability”. In IEEE/RSJ International
Conference on Intelligent Robots and Systems, pp. 2030–
2035.

[23] Masters, I., and Evans, K., 1996. “Models for the elastic
deformation of honeycombs”. Composite structures, 35(4),
pp. 403–422.

[24] Gibson, L. J., and Ashby, M. F., 1997. Cellular solids:
structure and properties. Cambridge university press.

[25] Tondu, B., and Lopez, P., 2000. “Modeling and control of
mckibben artificial muscle robot actuators”. IEEE Control
Systems, 20(2), pp. 15–38.

[26] Kerscher, T., Albiez, J., Zöllner, J., and Dillmann, R.,
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