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Jérôme Szewczyk∗1, Emilie Marchandise∗2, Patrice Flaud∗3,
Laurent Royon∗3, and Raphaël Blanc∗4
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Surgeons performing endovascular interventions have
high expectations with regard to the improvement of
their operating tools and, more specifically, of their
catheters. Active catheters, in which the tip moves
actively using Shape Memory Alloy (SMA) actuators,
constitute a promising approach. In this article, we
review existing SMA-based active catheters present
in the literature. We analyze their performances re-
garding the requirements imparted to neuroradiol-
ogy. Then, we propose a new analytical model for
predicting the thermo-mechanical behavior of steer-
able catheters actuated through SMA wires. Particu-
larly, we give an expression for the maximal achievable
bending angle of the catheter tip. These results are fi-
nally applied to the design of single-use small-diameter
active catheters especially devoted to neuroradiology.
In particular, we present a 3.3-Fr catheter suited for
navigating into the Willis’ polygon and for accurate
positioning into aneurysmal cavities.

Keywords: active catheter, SMA actuator, neuroradiol-
ogy

1. Introduction

Surgeons performing endovascular surgery (interven-
tional cardiology or neuroradiology, etc.) have high ex-
pectations with regard to the improvement of their oper-
ating tools and, more specifically, of their catheters. Be-
cause of their length and great flexibility, these devices
appear to be significantly limited with respect to com-
mandability, precision, and stability. In neuroradiology,
in particular, the route through which the catheter must
travel from the insertion point (commonly the femoral
artery at the groin) to the pathology area (e.g., a cerebral
aneurysm) often involves very small vessels with tight
radii and large branching angles. Furthermore, neuroradi-
ologists still encounter difficulties in accurately position-
ing the catheter at the center of the aneurysmal cavity for
coil insertion (see Fig. 1).

Various solutions having the form of drivable active

Fig. 1. Route of the catheter in the arterial frame.

catheters were proposed in the literature. For example,
Guo et al. [1] imagined a micro-actuator based on the
Ionic Conductive Polymer Film (ICPF) technology for
controlling the bending of a catheter tip. In Ref. [2],
the electrochemical actuation of a catheter coated with
polypyrrole is studied. Ikuta et al. [3] produced a hydro-
dynamic active catheter driven by integrated micro valves.
Shape Memory Alloy (SMA) actuators were also widely
investigated. SMA actuators present a number of ad-
vantages when applied to active catheterism. They are
biocompatible and have an excellent density-to-power ra-
tio [4, 5]. The concept of SMA actuation for catheterism
is depicted in Fig. 2. The bending motion is obtained by
an electrical current i which generates heat by the Joule
effect, which induces a phase transformation of the SMA
actuator. More than one SMA actuator are generally inte-
grated at the tip of the catheter in order to fully control its
bending in the 3-D space. The cross section of a catheter
featured with three SMA actuators disposed at 120◦ from
each other is depicted in Fig. 3.

Wire-shaped SMA actuators were primarily exploited
in the design of active catheters for their simplicity and
their high stress capability. For example, Fukuda et al. [6]
and Takizawa et al. [7] have developed catheters with ex-
ternal diameters of about 1.5 mm and actuated by three
SMA wires distributed at interval of 120◦ around the
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Table 1. Performances of active catheters found in the literature.

Authors Ref External
diameter

(mm)

Shape Number
of

actuators

Bending
angle per unit

(deg)

Length of
the unit
(mm)

Radius of
curvature

(mm)

Fukuda [6] 1.65 Wire 3 32 15 27
Mizuno [8] 2.6 Wire 2 90 20 12.7
Takizawa [7] 1.5 Wire 3 > 45 20 25.5
Mineta [15] 0.9 Flat spring 3 14 3.1 12.7
Chang [14] 3.0 Flat spring 3 90 40 25.5
Fu [10] 1.3 Coil 3 90 92 59
Haga [11] 1.6 Coil 3 45 19 24.2
Lim [12] 2.8 Coil 3 13 3 55
Park [13] 2.0 Coil 3 50 5 5.7

Fig. 2. SMA actuated catheter (principle).

Fig. 3. Active catheter featured with three SMA actuators.

catheter. In Ref. [8], a similar device with a diameter
of 2.6 mm has been applied to peroral pancreatoscopy in
pigs. In Ref. [9], the principle of a catheter having a spiral
structure made of a flexible belt integrating SMA wires is
presented.

Coil-shaped SMA micro-actuators were also used for
their high strain capability [10]. In Ref. [11], the fabri-
cation of a 1.4-mm-diameter catheter using SMA coils as
actuators with bending, torsional, and extending control
capabilities is detailed. A multi-link active catheter which
fabrication is based on silicon micromachining is pre-
sented in Ref. [12], together with an interesting method

for the indirect heating of the SMA coils. In Ref. [13], a
multi-link active catheter including a polyimide-based in-
tegrated CMOS interface circuit for communication and
control is presented.

SMA actuators having the shape of flat springs have
also been used regarding the possibility to produce very
small actuators [14]. In Ref. [15], a 0.9-mm-diameter
catheter has been realized this way. More recently, Kubo
et al. [16] and Langelaar and Van Keulen [17] studied the
feasibility of active catheters cut from thin SMA tubes.
Table 1 summarizes the main characteristics of active
catheters with small diameters that have been presented
and evaluated in the literature.

To our knowledge, none of these devices entirely sat-
isfy the constraints imposed by neuroradiology. Apply-
ing the concept of active catheterism to neuroradiology
indeed raises particular requirements:

(1) Technological complexity and high cost of realiza-
tion are prohibited with respect to the principle of
single-use device.

(2) Diameters close to the millimeter are mandatory be-
cause of the thickness of brain arteries.

(3) Most of the time, placing the catheter tip at the center
of aneurysm cavities requires radii of curvature to be
smaller than 10 mm [18].

As we can see in Table 1, the prototype of Mineta [15]
is the only one that simultaneously satisfies the two con-
straints relative to the diameter and to the radius of cur-
vature. This prototype is shown in Fig. 4. It integrates
batch-fabricated small flat NiTi springs as actuators and
a three-dimensional super-elastic helicoidal coil as bias
spring obtained by photolithography and electrochemical
etching. This realization process is complex and poorly
compatible with the low-cost constraint.

In this article, we present a new approach for the de-
sign of simple, low-cost, and very small active catheters
suited for neuroradiology. Our method is based on a
deep understanding of the theoretical behavior of active
catheters and the experimental validation of several pro-
totypes. The structure of the article is divided into three
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Table 2. Notations.

σ radial stress applied by a SMA wire λ max length of the bendable portion of catheter
T axial force applied by a SMA wire θ (λ ) bending angle along the neutral axis
r distance from SMA to the neutral axis θ max total bending angle of the catheter
d diameter of the SMA wire θ̃max measured value of the total bending angle
EA SMA Young modulus in austenite state τmin strain rate starting the martensite plateau
EM SMA Young modulus in martensite state τmax strain rate ending the martensite plateau
EC Young modulus of the catheter structure τ init rate of pre-strain
λ local coordinate along the neutral axis τ̂init optimal rate of pre-strain

Fig. 4. The active catheter of Mineta [15].

parts: (i) first, we present and validate a new kinemato-
static behavior model for active catheters featured with
SMA wire actuators. (ii) Simple conceptual rules useful
for the optimal design of active catheters are derived from
this model and two active catheters having the required
characteristics for neuroradiological applications are real-
ized. (iii) The performances of these two prototypes are
qualitatively evidenced through in-vitro experiments em-
ulating navigation in arteries and embolization of small
cerebral aneurysms.

2. Mechanical Behavior of SMA-Based Active
Catheters

The following kinemato-static model of an active
catheter aims to establish the mathematical relations exist-
ing between its physical parameters and its main mechan-
ical performances. For clarity purposes, we will focus on
the maximal bending angle the catheter can achieve. Ta-
ble 2 summarizes our notations.

In Ref. [13], the mechanical behavior of an active
catheter featured with SMA micro-coils is analyzed re-
lying on the circular bending assumption. In Ref. [10],
a more precise model, independent from this assumption,
is presented. However, in this model, SMA actuators do
not bend with the catheter structure but remain linearly
stretched between their fixing points. In Ref. [6], Fukuda
et al. address the more realistic case of SMA actuators
that always follow the curvature of the catheter. However,
the derived expression for the maximal bending angle of
the device is not independent from the unknown stress that
the SMA wires undergo.

In this section, we give a reliable model for the SMA-

Fig. 5. Interaction between an SMA wire and the catheter
structure.

based active catheter depicted in Fig. 5. It is featured with
three wire-shaped SMA actuators having the stress-strain
characteristics of Fig. 6. In this figure, we also qualita-
tively indicate the functioning point of each SMA wire
in the stress-strain plane when the catheter is at rest and
when it is bended.

The mechanical load applied by an SMA wire (either
activated or not) to the structure has two components:
(1) a compression force T applied at the two fixing points,
and (2) a shear stress σ distributed along the structure be-
tween the two fixing points and located into the bending
plane (see Fig. 5).

The shear stress σ(λ ) applied by an SMA wire (either
activated or not) to the catheter uniquely depends on the
axial force T it produces and on the local curvature of the
structure:

σ(λ ) = T · ∂ θ(λ )
∂ λ

. . . . . . . . . . . (1)

where λ and θ are respectively the curvilinear coordinate
and the bending angle at a specific point of the neutral
axis.
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Fig. 6. Thermo-mechanical behavior of the SMA actuators.

In the following, it is assumed that among the three
SMA wires, only one is activated and fully austenite trans-
formed while the two others remain in their martensite
state and resist to the flexion. Using Eq. (1), one can also
demonstrate (see Appendix A) that the bending moment
applied by an SMA wire is constant along the structure
and proportional to the difference between the force TA
applied by the activated wire and the force TM applied by
one passive wire:

M = r · (TA −TM) . . . . . . . . . . . . (2)

Assuming that the catheter material is homogenous, this
implies that the curvature ∂ θ(λ )

∂ λ is constant and that the
shape of the bended catheter is circular.

Using Eq. (2) in the context of large deflexions, one can
derive an expression for the maximal bending angle θmax
a catheter featured with three SMA wires can reach. The
expression of θmax depends on the pre-strain τinit identi-
cally imposed to the three SMA wires during the assem-
bly process. Assuming that the distance r is close to the
catheter radius, it can be seen that (see Appendix B):

Fig. 7. Experimental validation of the model.

If τinit ≤ τ̂init then:

θmax ≈ λmax

r

(
τinit − EM

EA
τmin

)(
1+ τinit +

r2EC

d2EA

)−1

(3)

If τinit > τ̂init then

θmax ≈ λmax

r

(
τmax − EM

EA
τmin

)(
3
2
(1+ τinit)+

r2EC

d2EA

)−1

. . . . . . . . . . . . . . . . . . . (4)

Here, τ̂init is the largest rate of pre-strain τinit that permits
to keep the functioning point of the two stretched passive
SMA wires on the martensite plateau during the catheter
flexion (i.e., their strain τ remains lower than τmax (see
Fig. 6)). One can see (see Appendix C) that τ̂init also con-
stitutes an optimal choice for τinit that maximizes the an-
gle θmax. A close approximation for τ̂init is:

τ̂init ≈ K +1
K +1.5

τmax with K =
r2EC

d2EA
. . . . (5)

Note that Eqs. (3) and (4) have been derived assuming
that the activated SMA wire in its complete austenite state
undergoes an internal stress that remains under the super-
elasticity threshold of the material.

Equations (2) and (3) were experimentally validated by
assessing the bending shape and magnitude of the proto-
type shown in Fig. 7. Its geometrical and physical pa-
rameters are presented in Table 3. In this table, we have
also reported the theoretical expected value of θmax and
its maximal uncertainty deduced from the uncertainties on
the model parameters. Note that the prototype is featured
with a unique SMA actuator. For this reason, we set the
parameter EM to zero in the above expression of θmax (no
passive SMA wire).

We powered this first prototype with an electrical cur-
rent whose intensity varied from 0 to more than 1.1 A. In
Fig. 7, we have reported the successive bending config-
urations reached by the catheter for five different current
intensities. As we can see, all these configurations are
very close to perfect circles as predicted by our model.
The maximal bending angle for this prototype was found
to be θ̃max = 3.90±0.20 rad. On the other hand, Eqs. (3)
and (5) lead to θmax = 3.51±0.76 rad.
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Table 3. Characteristics of the first prototype.

r D EA EM EC λmax τmin τmax τinit θmax

(mm) (mm) (GPa) (GPa) (GPa) (mm) (rad)
Nominal values 1.2 0.25 30 0 0.9 158 0.015 0.06 0.046 3.509
Uncertainties 0.02 0.005 2 0 0.05 2 0.005 0.005 0.005 0.756

3. Two Active Catheters Specially Designed for
Neuroradiology

Regarding Eq. (5), it appears that the bending angle
θ max can be maximized by observing some simple design-
ing rules. Indeed, for a catheter structure with a given size
and material, one should:

– Minimize r (i.e., the embedded SMA actuators
should lie as close as possible to the neutral axis of
the catheter).

– Choose an SMA material that maximizes the param-
eters τmax and EA.

– Choose the SMA wires’ diameter d to be as large as
possible, taking into account the limit imposed to the
device external diameter.

– Pre-strain the SMA wires with a rate close to τ̂init .

Eq. (5) also implies that:

– Applying a scale factor α < 1 to r, d and λ max will
result in a decrease of the catheter radius of curva-
ture by the same scale factor but will conserve the
maximal bending angle θ max.

– Applying a scale factor α < 1 only to r and d will
conserve the radius of curvature but will result in an
increase of θ max by a factor 1/α .

These recommendations and considerations were ap-
plied to the production of two active catheters. The first
one is a 2.0-mm external diameter catheter with an in-
ternal lumen of 1.4 mm (Fig. 8(a)). It emulates a 6-Fr
standard guiding catheter useful for navigating from the
insertion point to the carotid artery. Its dimensions are
compatible with the use of a standard introductor and
guide wire. The second one is an ultra-fine catheter hav-
ing an external diameter of 1.2 mm and an internal lumen
of 0.5 mm. It emulates a 3.3-Fr standard micro-catheter
suited for the navigation in the tiny brain arteries and the
positioning into aneurysmal cavities. The assembly pro-
cess for both prototypes (Fig. 8) relies on the cramping
method described in the French patent application [19].
It does not require any soldering nor complex electrical
connexion and enables to perfectly align the SMA wires
fixing points and beads with the catheter axis. The beads
keep the SMA wires attached to the catheter’s surface dur-
ing the flexion. The distances between two consecutive
beads for both prototypes were chosen empirically. Insu-
lation can be obtained by covering the distal part of the
catheter with a thin sheath of silicone elastomer like the

(a)

(b)

Fig. 8. Details of the assembly and partial view of a 6-Fr
active catheter (before overcoating).

Fig. 9. Experimental set-up for temperature assessment.

SilibioneTM for example. The SMA wires are 50-µm and
100-µm cold worked, straight annealed NiTi wires made
by the Memory R©GMBH company (http://www.memory-
metalle.de).

4. Experimental Validation of the Prototypes

First, the thermal biocompatibility of these devices was
verified using the set up shown in Fig. 9. This experi-
mental device consists of a hydrodynamic loop where the
catheter is placed inside a linear straight test section and is
and fixed to its ends to remain straight. The water temper-
ature is maintained at 37◦C and the water mean velocity
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Fig. 10. 6-Fr prototype going through the aortic arch.

is taken to be 20 cm/s, as this value is close to blood flow
velocity in the aorta. The SMA wires are then connected
to a generator which can deliver a constant current in the
range 500 mA to 2000 mA. In order to measure the sur-
face temperature of the catheter, a Cu-constantan T-type
thermocouple wire of 700 µm diameter is glued onto the
outer surface of polyester film just above the SMA wire.
Results show that the surface temperature never exceeds
41◦C for a constant current intensity up to 2 A. More
details on this thermal characterization can be found in
Ref. [20].

Then, the performances of the two prototypes were
qualitatively evaluated using two realistic 3-D and 2-D
anatomical models. Fig. 10 shows how the 6-Fr (2 mm)
prototype allows passage through the aortic arch and en-
trance to the carotid artery. This task was performed with-
out difficulties by a non-initiated operator.

Figure 11 shows the 3.3-Fr (1.2 mm) prototype pro-
gressing into the fine arteries of the Willis’ polygon. This
experiment shows how SMA actuators can also be used
to precisely place the catheter distal extremity at the cen-
ter of cerebral aneurysms (see 2nd and 4th pictures of
Fig. 11). As depicted in Fig. 11 (4th picture), its maximal
bending angle is greater than 70◦ and its minimal radius
of curvature is about 9 mm.

Note also that these two prototypes have sufficient
bending rate regarding the targeted medical application.
For example, the second prototype can bend to 70◦ in less
than 2 s.

5. Conclusion

Drivable catheters actuated through shape memory al-
loy are a promising approach for the endovascular treat-

Fig. 11. 3.3Fr catheter navigating through the Willis’polygon.

ment of pathologic conditions involving cervical and in-
tracranial vessels. In this article, we have evaluated this
concept both analytically and experimentally.

An original kinemato-static model for this kind of de-
vice has been presented and tested. It relies on a realistic
description of:

1. The mechanical interaction between the SMA wires
and the catheter structure.

2. The thermo-mechanical behavior of the NiTi mate-
rial.

Two different prototypes of active catheters were de-
signed based on information derived from the proposed
model. They were experimented on realistic anatomical
phantoms. Particularly, a 1.2-mm-diameter catheter actu-
ated by SMA wires was realized and proved to be suited
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for distal extremity controlling and positioning.
In future works, in-vivo evaluations of our prototypes

will be conducted in pig and rabbit. Additionally, we will
improve our design approach by considering other crite-
ria such as energy consumption and dynamical behavior.
For this purpose, a fluid-thermal simulation program de-
scribing active catheters evolving in blood is currently un-
der development [20]. Besides, the control issue will be
addressed. To this purpose, a new scheme specially de-
voted to position control of antagonist SMA actuators has
been proposed in [21] and tested within the framework of
endoscopic applications. At the supervision level, we are
currently studying the possibility to combine pre-acquired
CT angiography and in-line catheter pose reconstruction
to provide a 3D road mapping for active catheters [22].
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Appendix A.

We first consider a catheter featured with only one
SMA wire. As depicted in Fig. 12, this wire applies to the
structure an axial tip force T = −Tx0 and a distributed
shear stress σ(λ ) =−σ(λ )yλ all along the line it is con-
nected to the catheter. Fig. 13 illustrates the local rela-
tion between the stress σ(λ ), the curvature of the catheter
∂ θ(λ )

∂ λ and the axial force T . As we can see, the static
equilibrium at any point of the SMA wire implies:

σ(λ ) =
2T · sin(δ θ/

2)
δ λ

≈ T · ∂ θ(λ )
∂ λ

. . . (A-1)

Let S1 be a planar transversal section of the bended
structure at curvilinear coordinate λ1. S1 crosses the neu-
tral axis of the catheter at a point G1. The static equilib-
rium of S1 is described by:

δ MMM(λ1)

δ λ
+x1 ×NNN(λ1)+mmm(λ1) = 0 . . . (A-2)

where MMM(λ1), NNN(λ1) and mmm(λ1) are the resulting bending
moment, the resulting force and the density of external
moment applied to S1 at G1, respectively.
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Because the stress σ(λ ) is purely radial, mmm(λ ) = 0 and
then:

δ MMM(λ1)

δ λ
=−x1 ∧NNN(λ1) . . . . . . . . (A-3)

The resulting force NNN(λ1) at G1 is obtained by sum-
ming the actions of the SMA wire on the catheter for λ
ranging from 0 to λ 1:

NNN(λ1) = TTT +

∫ λ1

0
σσσ(λ )δ λ

= −Tx0 −
∫ λ1

0
T · ∂ θ(λ )

∂ λ
yλ δ λ . . (A-4)

By expressing the unit vectors x0 and yλ in the base
frame attached to the section S1, Eq. (A-4) becomes:

NNN(λ1) = T


 −cos(θ1)

sin(θ1)
0




−
∫ λ 1

0
T
(

δ θ(λ )
δ λ

)
 sin(θ1 −θ)

cos(θ1 −θ)
0


δ λ

NNN(λ1) = T




 −cos(θ1)

sin(θ1)
0




−
∫ θ1

0


 sin(θ1 −θ)

cos(θ1 −θ)
0


δ θ




NNN(λ1) = T


 −1

0
0


=−T x1 . . . . . . (A-5)

Finally, Eq. (A-5) into Eq. (A-3) yields:

δ MMM(λ1)

δ λ
= 0 . . . . . . . . . . . . (A-6)

When the catheter is featured with three SMA wires
(as the one depicted on Fig. 3), the same result can be ob-
tained accounting for the fact that each SMA wire inter-
acts with the catheter the same way as described in Fig. 12
whatever it is active or passive. In this case, if only one
SMA wire is activated while the two others remain pas-
sive, the set of axial tip forces applied at the catheter ex-
tremity has the configuration shown in Fig. 14. Here, TM
stands for the tip force applied by a passive wire and TA
stands for the tip force applied by the active one. Thus,
the resulting bending moment applied to section S0 is:

M = r · (TA −TM) . . . . . . . . . . . (A-7)

Appendix B.

The tip force TA is related to the axial strain τA under-
gone by the active SMA wire by:

TA = EAτA
π
4

d2 . . . . . . . . . . . . (B-1)

Fig. 14. Tip forces applied to the catheter when one SMA
is active and two others are passive.
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= EA

� 0

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15. Two cases regarding the location of the functioning
point of a passive wire on its martensite curve.

As depicted on Fig. 15, the relation between the tip
force TM and the axial strain τM undergone by a pas-
sive SMA wire depends on the location of the functioning
point of this passive wire on its martensite curve:

TM = EMτmin
π
4

d2 . . . . . . . . . . (B-2)

if τM ≤ τmax (case (i)) and:

TM = EMτmin
π
4

d2 +EA(τM − τmax)
π
4

d2b . (B-3)

if τM > τmax (case (ii)).
Moreover, the strains τinit , τA and τM are related to the

catheter bending angle θmax as illustrated in Fig. 16. If
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Fig. 16. Relations between the strains undergone by the
SMA wires when the catheter is bended and their initial pre-
strain.

L0 is the original length of the SMA wires (no strain), we
have:

θmax =
L0(1+ τinit)

R
=

L0(1+ τA)

R− r
=

L0(1+ τM)

R+ r/
2

(B-4)

and thus:

τA = τinit − r
R
(1+ τinit)

and

τM = τinit +
r

2R
(1+ τinit) . . . . . . . . (B-5)

Finally, combining Eq. (A-7) and Eqs. (B-1) to (B-5),
the constant bending moment applied to the catheter by
the three SMA wires can be rewritten as:

M = r · πd2

4
·
[
EA(τinit − r

R
(1+ τinit))−EMτmin

]
(B-6)

in case (i) and:

M = r · πd2

4
·
[

EA(τmax − 3r
2R

(1+ τinit))−EMτmin

]
(B-7)

in case (ii).
Besides, this moment is related to the catheter constant

radius of curvature

R =
λmax

θmax
by :

ECIC
θmax

λmax
= M . . . . . . . . . . . (B-8)

For thin catheters, a current upper bound of the ratio
internal radius / external radius is 0.5. In this case, the
quadratic momentum IC can be approximated by:

IC ≈ πr4

4
. . . . . . . . . . . . . . (B-9)

At least, if we set Q = EM
EA

and K = Q r2

d2 , combining
Eqs. (B-6) to (B-9) to gives:

θmax =
λmax

r
(τinit −Qτmin)(K +1+ τinit)

−1 (B-10)

in case (i) and:

θmax =
λmax

r
(τmax −Qτmin)

(
K +3/

2(1+ τinit)
)−1

. . . . . . . . . . . . . . . (B-11)

in case (ii).

Appendix C.

For fixed geometrical and physical parameters, the se-
lection between case (i) and case (ii) only relies on the
choice of the pre-strain τinit of the wires. The transi-
tion value τ̂init between these two cases can be derived
by equalising Eqs. (B-10) and (B-11). It leads to:

τ̂2
init +bτ̂init + c = 0 . . . . . . . . . . (C-1)

with

b = 1− 2
3
(τmax +

1
2

Qτmin −K)

and

c =−2
3
(τmax +

1
2

Qτmin +K)

This second order equation has a unique solution regard-
ing the positivity of τinit :

τ̂init =
1
2
(−b+

√
b2 −4c) . . . . . . . (C-2)

which can be closely approximated by:

τ̂init ≈ 2K+2
2K+3

τmax . . . . . . . . . . (C-3)

by neglecting some second order terms.
Moreover, the partial derivatives of Eqs. (B-10) and

(B-11) with respect to the pre-strain τinit are:

δ θmax

δ τinit
=

λmax

r
K +1+Qτmin

(K +1+ τinit)
2 . . . . . (C-4)

in case (i) and:

δ θmax

δ τinit
=

λmax

r
−3/

2(τmax −Qτmin)(
K +3/

2(1+ τinit)
)2 . . . (C-5)

in case (ii).
The first of these derivatives is always positive while

the second one is always negative accounting for the fact
that Q < 1. Remarking that cases (i) and (ii) correspond
to the cases τinit ≤ τ̂init and τinit > τ̂init respectively, proves
that τ̂init constitutes an optimal choice for the SMA wires
pre-strain τinit which maximizes the catheter bending an-
gle θmax.
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