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Summary. In this article we define the criteria and present the methodology to choose a smart material
in order to actuate a soft neurosurgery robot. These criteria are defined with the experience of a neurosurgeon.
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Statement of the problem. So-called invasive neurosurgical robots, i.e. those
that penetrate inside the patient's brain, are developed to help the surgeon reach the treated
areas by progressing along paths that are not necessarily rectilinear. The specificity of
interventions in the brain compared to more general medical robotics is that the systems
designed must move within the heterogeneous organ's matter while minimizing the pressure
and damage exerted to preserve the organic functions for the patient (1, 2). The use of
smart materials, responding actively to external stimuli, is a promising way to actuate these
systems. However, there is a wide variety of materials that can a priori be used (several
dozen). Defining a methodology for evaluating these materials based on the clinical
experience of the neurosurgeon is an essential step towards the design of invasive
neurosurgical robots.

Analysis of the available investigations. A major obligation during a neurosurgical
operation is to minimize the impact of the operation on the brain as much as possible, in order
to improve the benefit-risk balance for the patient. It is therefore natural that robotics finds
its place in this field. Robots external to the patient, such as Tool Holder type robots, e.g. the
NeuroMate (3), make the neurosurgeon's work easier and safer by filtering out involuntary
movements, such as tremors. But despite the development and marketing of this type of
device for neurosurgery, some patients remain inoperable due to the difficult localization of
the fault zone. Indeed, although robotics has contributed to the progress of neurosurgery, there
is still no commercially available neurosurgical device that can follow paths other than
straight lines, making certain areas inaccessible. Furthermore, new information on the
architectural organisation of white matter, i.e. the connecting bundles, makes it sensible to
respect these highly functional elements that connect the grey, cortical and deep matter
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regions. Hence the need to develop a neurosurgical robot, capable of progressing in the brain
along non-straight paths, has arisen.

Various types of technologies have been recently investigated:

e The needles with bevel tip. The bevel allows the needle to follow a curved path
thanks to the contact forces with the surrounding material (4).

e The pre-curved concentric tubes (5). They have the advantage of having small
dimensions and being able to follow complex paths. They are pre-stressed tubes that are fitted
together at the initial moment before deployment, and bend when they are slid together. The
sensitive point for an application in neurosurgery is friction, which can create an unstable
energy accumulation. In addition, the offset motorization of the tubes upstream of the system
can take up a significant amount of space in the operating room, and the available internal
space is restricted due to the initial interlocking of the tubes.

e Using a magnetic tip (6). This concerns a guide with a magnetic distal end for
curved paths. It needs a magnetic generator to be actuated, taking a lot of space and still
expensive.

e Active cannula. This a kind of needle incorporating a shape memory alloy for arc
curved bend shapes (7).

To our knowledge, no studies have yet been carried out on the construction of different
material selection criteria in order to design optimally functioning systems for neurosurgical
tasks.

The objective of the work is to set a milestone by developing an experience-based
methodology for the evaluation of smart materials in this context.

Statement of the task. In this article, we will formalize the requirements resulting
from neurosurgical clinical experience. These requirements are then used to select smart
materials with high potential.

Neurosurgical task. The term neurosurgery refers to operations on the central nervous
system and peripheral. In our application we will focus mainly on the central nervous system,
and more specifically on the brain. For a neurosurgery operation, the patient must first
undergo an MR, in order to visualize the area to be reached, but also to define the path to be
taken to reach it. The main tool during a neurosurgery operation is the stereotactic frame,
which is screwed directly onto the patient's skull and which will create a coordinate marker
to be able to insert the neurosurgeon's tools precisely into the brain. These tools can be, for
example, electrodes, which are inserted deep into the brain to stimulate part of the brain and
stop tremors that some patients may suffer from. It is also possible to insert a clamp to perform
a biopsy.

Based on this, and in discussion with the personnel of the Clermont-Ferrand
University Hospital, we defined the systemic constraints (requirements) resulting from their
experience and that an interventional robot will have to fulfil once in clinical situation. These
are listed in the following table 1.
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Table 1

Requirements for invasive neurosurgical robotics

Biocompatibility

Possibilities for sterilization: one of these:
. 100°C temperature
o steam under 6 bars pressure
. uv
o sterrad (low-temperature gas)
o single use

No chemical exchange with brain

tissue
No lubrication
No internal angles
Technical specifications for the robot
External diameter 6 to 12 mm (same order of a drill hole)
Inner diameter left empty for biopsy 2.61t03.6 mm
tube
Aiming progression speed 0.5cm/s
Reactivity <ls
Operating temperature <40°C
Accuracy 1 mm width envelope from the

planned path

Manufacturing
Possibility to manufacture in any
desired shapes

Price
Easy mass production

In addition to these constraints are those related to the internal functioning of the robot:
the system must integrate its power and information transmission system. The problem of the
local curvatures that the system can reach is directly linked to path tracking and therefore to
the possibilities of trajectories offered to the surgeon. The maximum penetration force of 5N
(8) is provided by an external pushing actuator, smart material actuators then ensure the
positioning of the distal part in the correct direction and also the overall deformation of the
instrument to limit the contact forces with the tunnel wall created in the matter.

Smart material selection. The design of the robotic system can rely on a composite
silicon matrix that conducts electromagnetic signals carrying information and power to
precise positions (actuator, sensor, etc.). We reviewed and classified smart materials that
could be used as actuators, and it helped us to exclude some of them based on the way of
activation:

e Heat (shape memory alloys and polymers plus some liquid crystal elastomers),
since temperature is too high for the brain.
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e Chemical reaction (pH and ox-red reactive), because of risk of reaction with brain
matter.

e Fluidic, pneumatic-type actuators, whose volume variations may cause brain
damage, not to mention the risk of fluid exhaust or explosion.

A second selection based on mechanical properties was then done:

e Smart materials activated by light (polymers and gels, liquid crystals with
azobenzene and chromophores) (9):

o allow to save space because one could just use an optical fibre to lead the light,

o shape memory polymer with photoreactive molecules has good bending ability,

o but reactivity is too slow: 10 s to several min.

e Smart materials activated by magnetic field (polymers/gels with embedded
magnetic particles, magnetorheological,...) (10):

o good reactivity: 0,6s (11,12),

o good size: pum-mm (13),

o good bending ability (12),

o no need of wire to lead the energy of actuation,

o but need 0.5to 1.5 T (14). This is high for a utilization by the neurosurgeon, and
the magnetic generator takes a lot of space in the surgical room.

e Smart materials activated by power supply voltage:
piezoelectric: too small bending ability,
dielectric fluid: activation with a too high voltage of 1-10 kV,
lonic Polymer Metal Composite:
low voltage 1-5 V (15, 16),
high bending ability (16),

» size: um-cm (15-17),

= many possibilities to manufacture it, in any desired shape by 3D printing (18),

= possibility to use simultaneously as sensor (15).

With all these considerations, we chose lonic Polymer Metal Composite. It is a kind
of electroactive polymer, made of an ionomer or an ion exchange polymer (as Nafion): a
polymer reacting to electric potential difference, covered with noble metal (19).

Conclusions. We have established selection criteria to help us choose a smart material
from which to design a robotic system in the future. The specifications eliminated many of
the materials such as those that use heat, as most operate at 70°C or more. Light-activated
materials were also excluded because of their reaction time of more than several seconds.
Pneumatic-type actuators, whose volume variations and leakage may cause brain damage, are
not suitable for our application. Those based on liquid materials or operating by means of
acid-base or redox reactions cannot be used for our project because of the risk of leakage and
interaction with brain matter. For magnetically actuated materials, the problem is the order of
magnitude of the magnetic field required between 0.5 and 1.5 T. This leaves us with the
materials using potential differences, among which ionic polymer metal composites are a
promising candidate.
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METOAOJOI'IAA BABOPY PO3YMHOI'O MATEPIAJLY SIK
HNPUBOJA B HEUPOXIPYPI'TYHIN POBOTOTEXHIIII

JMumumpi I'vo'; ®peoepix lanenv'; Kepap Ipanem*;
Kan-2Kax Jlemep?; KOpii Jlanycma*

YVuisepcumem Knepmon Oeepun, CNRS, SIGMA Knepmon, Incmumym
Ilackans, F-63000 Knepmon-@eppan, Ppanyis
2Vuieepcumem Knepmon Osepnv, CHU Knepmon-®eppan, CNRS, SIGMA
Knepmon, Incmumym [lackana, F-63000 Knepmon-Peppan, @parnyis

Pe3tome. Tax 38ani in6a3usHi Helpoxipypeiuni pobomu, moomo mi, wo NPOHUKAIOMYb 8CePeOUH) MO3KY
nayienma, po3poobneni, wob donomoemu xipypey oicmamucsi 00 00pobieHux OLIAHOK, NPOCYBAIYUCH NO WIIAXAX,
AKI He 0008’13k060 npamoniniini. Cneyughika empyuans y MO30K NOPIGHAHO i3 Oinbli 3A2ANbHOI MEeOUUHOIO
POOOMOMEXHIKOI0 NONAAE 8 MOMY, WO PO3POONEHI cCucmeMu NOBUHHI PYXAMUCL Y PEYOBUHI 2emepO2eHHO20
Opeamy, MIHIMIZYIOUU MUCK MA NOUKOONCEHHS, WO 30IUCHIOIOMbCS Ol 30ePedCeHHsT OP2AHIYHUX (QYHKYIl
nayienma. BukopucmanHs pO3YMHUX Mamepianie, aKmMuGHO peazylodu HA 306HIWHI NOOPA3HUKU, €
nepcnekmueHum cnocobom axmusizayii yux cucmem. OOHAK ICHYE BEIUKA PI3HOMAHIMHICMb MAMePIanie, SKi
anpiopi moodicyms Oymu euxopucmaui. Busnauenns memooonocii OYiHIOBAHHA yux mamepianié Ha OCHOBI
KAIHIYHO20 00C8I0Y HEUPOXipypea € 8adCIUSUM KPOKOM 00 NPOEKMYSAHHS IHEA3UGHUX HEUPOXIPYPIUHUX POOOMIE.
Memoto pobomu € ananiz i 06TPYHMYBAHHA HA OCHOBT MEMOAON02TI 00C8I0Y 3ACMOCYBAHHS POZYMHUX MAmepiais.
YV yiti cmammi gpopmanizosano eumozu, wo SUNIUBAIOMb 3 HEUPOXIPYPIIUHO20 KAiHIUHO20 0ocsidy. I[lomim yi
8UMO2U BUKOPUCTNOBYIOMb 01 BUOOPY PO3YMHUX MAmMepianie 3 8UcoKum nomenyiarom. Bemanosneno kpumepii
8UOOPY PO3YMHO20 Mamepiany, 3 K020 8 MAUOYMHbOMY MOHCHA OyOe po3pobasimu pobomu3zo8any cucmemy. 3a
MEXHIMHUMU XAPAKMEPUCMUKamu bazamo mamepianié 8iOnanu, 30Kpema maki, wo GUKOPUCOBYIOMb MeNn.o,
OCKInbKY Oinvwicmy 3 HUX npaywiome npu memnepamypi 70°C abo bOinvwe. Mamepianu, wo axmugyiomscs
C8IMIOM, MAKodC OYIU GUKIIOUEHI Yepe3 4ac pedaly8aHHs, W0 CKIaoag Oinvbuie Kitbkox cexkyHO. Ilpueoou
NHEEMAMUYHO20 MUNY, KOIUGAHHS 00 €My Ma GUMIK AKUX MOJICYIMb CAPUHUHUMU NOUKOOICEHHS MO3KY, Medic He
nioxo0ams 011 maxoeo 3acmocyganus. Ti, o 6azyomsvca Ha piokux mamepianax abo Oilomv 3a 00NOMO2010
KUCIOMHO-OCHOGHUX AO0 OKUCHO-GIOHOGHUX PeaKyii, He MOJICYymb Oymu 6UKOPUCMAHI OJlA Yiei Memu uepe3 pusux
BUMOKY mMa 63a€MO0ii 3 pevosuHolo MO3Ky. [nsa mamepianié 3 MAacHIMHUM NpU6oOOM npobrema noja2ac 6
HE0OXiOHOMY BUCOKOMY 3HAYEeHHT 8enuyunu masnimmuozo noas, 6io 0,5 do 1,5 Ta. /[na npusoda 3anpononosano
3acmocogyeamu  Mamepian, wo GUKOPUCMOGYIOMb PIHUYIO NOMEHYianie, ceped AKUX NepcneKmuHuM
KAHOUOAmMoM € IOHHI NONIMEPHO-MeManesi KOMNO3UmMu.

Knruosi cnosa: posymui mamepianu, Heupoxipypeiyna pobomomexHika, mexHiuHi Xapakmepucmuxu.
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