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Abstract 

Surgeons performing endovascular interventions have high expectations with regard to the 15 

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 regarding the requirements 

imparted to neuroradiology. Then, we propose a new analytical model for predicting the 20 

thermo-mechanical behavior of steerable catheters actuated through SMA wires. Particularly, 

we give an expression for the maximal achievable bending angle of the catheter tip. These 

results are finally 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. 25 

 

Keywords : active catheter, SMA actuator, neuroradiology. 
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1 Introduction 45 

Surgeons performing endovascular surgery (interventional cardiology or neuroradiology, 

etc...) have high expectations with regard to the improvement of their operating tools and, 

more specifically, of their catheters. Because of their length and great flexibility, these 

devices appear to be significantly limited with respect to commandability, precision, and 

stability. In neuroradiology, in particular, the route through which the catheter must travel 50 

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, neuroradiologists still encounter difficulties in accurately 

positioning the catheter at the center of the aneurysmal cavity for coil insertion (see Fig. 1). 

 55 

Figure 1: Route of the catheter in the arterial frame. 

 

 



 

Various solutions having the form of drivable active 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 60 

electrochemical actuation of a catheter coated with polypyrrol is studied. Ikuta et al. [3] 

produced a hydrodynamic active catheter driven by integrated micro valves. Shape memory 

alloy (SMA) actuators were also widely investigated. SMA actuators present a number of 

advantages when applied to active catheterism. They are biocompatible and have an excellent 

density-to-power ratio [4], [5]. The concept of SMA actuation for catheterism is depicted in 65 

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 integrated 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 Figure 3. 70 

 

Figure 2: SMA actuated catheter (principle). 
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Figure 3: Active catheter featured with three SMA actuators. 75 
 

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 external diameters of about 1.5 mm and actuated by 

three SMA wires distributed at interval of 120° around the catheter. In Ref. [8], a similar 80 

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 fabrication of a 1.4-mm-diameter catheter using SMA coils as actuators with 85 

bending, torsional, and extending control capabilities is detailed. A multi-link active catheter 

which fabrication is based on silicon micromachining is presented 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 integrated CMOS interface circuit for 

communication and control is presented. 90 

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 95 

been presented and evaluated in the literature. 

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 

 

To our knowledge, none of these devices entirely satisfy the constraints imposed by 100 

neuroradiology. Applying the concept of active catheterism to neuroradiology indeed raises 

particular requirements: 

(1) Technological complexity and high cost of realization are prohibited with respect to the 

principle of single-use device.  

(2) Diameters close to the millimeter are mandatory because of the thickness of brain arteries. 105 

(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 constraints relative to the diameter and to the radius of curvature. This 110 



prototype is shown in Figure 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. 

 115 

 

Figure 4: The active catheter of Mineta [15]. 
 

In this article, we present a new approach for the design of simple, low-cost, and very small 

active catheters suited for neuroradiology. Our method is based on a deep understanding of 120 

the theoretical behavior of active catheters and the experimental validation of several 

prototypes. The structure of the article is divided into three 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 125 

neuroradiological applications are realized. (iii) The performances of these two prototypes are 

qualitatively evidenced through in-vitro experiments emulating navigation in arteries and 

embolization of small cerebral aneurysms. 

 

2 Mechanical behavior of SMA-based active catheters 130 

The following kinemato-static model of an active catheter aims to establish the mathematical 

relations existing between its physical parameters and its main mechanical performances. For 



clarity purposes, we will focus on the maximal bending angle the catheter can achieve. Table 

2 summarizes our notations. 

 135 

Table 2: Notations. 
 

σ radial stress applied by a SMA wire λmax 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 θmax total bending angle of the catheter 

d diameter of the SMA wire 
max

~θ  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 τinit rate of pre-strain 

λ local coordinate along the neutral axis initτ̂  optimal rate of pre-strain  

 

In Ref. [13], the mechanical behavior of an active catheter featured with SMA micro-coils is 

analyzed relying on the circular bending assumption. In Ref. [10], a more precise model, 140 

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. 145 

 

In this section, we give a reliable model for the SMA-based active catheter depicted in Figure 

5. It is featured with three wire-shaped SMA actuators having the stress-strain characteristics 

of Figure 6. In this figure, we also qualitatively indicate the functioning point of each SMA 

wire in the stress-strain plane when the catheter is at rest and when it is bended. 150 



 

Figure 5: Interaction between an SMA wire and the catheter structure. 
 

 

Figure 6: Thermo-mechanical behavior of the SMA actuators. 155 
 

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 between the two fixing points and located into the bending 

plane (see Fig. 5). 160 

 

The shear stress )(λσ 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: 

     
λ
λθλσ

∂
∂⋅= )(

)( T                  (1) 
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where λ and θ  are respectively the curvilinear coordinate and the bending angle at a specific 165 

point of the neutral axis. 

In the following, it is assumed that among the three SMA wires, only one is activated and 

fully austenite transformed while the two others remain in their martensite state and resist to 

the flexion. Using Relation (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 170 

difference between the force AT  applied by the activated wire and the force MT  applied by 

one passive wire: 

)( MA TTrM −⋅=       (2) 

Assuming that the catheter material is homogenous, this implies that the curvature 
λ
λθ

∂
∂ )(

 is 

constant and that the shape of the bended catheter is circular. 175 

 

Using Equation (2) in the context of large deflexions, one can derive an expression for the 

maximal bending angle maxθ  a catheter featured with three SMA wires can reach. The 

expression of maxθ depends on the pre-strain initτ  identically imposed to the three SMA wires 

during the assembly process. Assuming that the distance r is close to the catheter radius, it can 180 

be seen that (see Appendix B): 
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Here, initτ̂  is the largest rate of pre-strain initτ  that permits to keep the functioning point of the 

two stretched passive SMA wires on the martensite plateau during the catheter flexion (i.e. 185 

their strain τ  remains lower than maxτ  (see Figure 6). One can see (see Appendix C) that 



initτ̂  also constitutes an optimal choice for initτ  that maximizes the angle maxθ . A close 

approximation for initτ̂  is: 

max5.1

1
ˆ ττ

+
+≈

K

K
init   with  

A

C

Ed

Er
K

2

2

=          (5) 

Note that Expressions (3) and (4) have been derived assuming that the activated SMA wire in 190 

its complete austenite state undergoes an internal stress that remains under the super-elasticity 

threshold of the material. 

Expressions (2) and (3) were experimentally validated by assessing the bending shape and 

magnitude of the prototype shown in Fig. 7. Its geometrical and physical parameters are 

presented in Table 3. In this table, we have also reported the theoretical expected value of 195 

maxθ  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 maxθ  (no passive SMA wire). 

 

Table 3: Characteristics of the first prototype. 200 
 

 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 
 

We powered this first prototype with an electrical current whose intensity varied from 0 to 

more than 1.1 A. In Fig. 7, we have reported the successive bending configurations reached 

by the catheter for five different current intensities. As we can see, all these configurations are 205 

very close to perfect circles as predicted by our model. The maximal bending angle for this 

prototype was found to be max

~θ = 3.90 ± 0.20 rad. On the other hand, Expressions (3) and (5) 

lead to maxθ  = 3.51 ± 0.76 rad. 
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Figure 7: Experimental validation of the model. 
 

3 Two active catheters specially designed for neuroradiology 220 

Regarding Expression (5), it appears that the bending angle θmax can be maximized by 

observing some simple designing 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), 225 

− Choose an SMA material that maximizes the parameters 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 initτ̂ . 

Equation (5) also implies that: 230 

− Applying a scale factor 1<α  to r, d and λmax will result in a decrease of the catheter 

radius of curvature by the same scale factor but will conserve the maximal bending 

angle θmax.  

− Applying a scale factor 1<α  only to r and d will conserve the radius of curvature but 

will result in an increase of θmax by a factor 1/α..  235 

 

These recommendations and considerations were applied to the production of two active 

catheters. The first one is a 2.0-mm external diameter catheter with an internal lumen of 1.4 

mm (Fig. 8a).. It emulates a 6-Fr standard guiding catheter useful for navigating from the 



insertion point to the carotid artery. As can be seen in Fig. 8(a), its dimensions are compatible 240 

with the use of a standard introductor and guide wire. The second one is an ultra-fine catheter 

having 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 process for both prototypes is very simple as depicted 

in Fig. 8(b). Insulation can be obtained by covering the distal part of the catheter with a thin 245 

sheeth of silicone elastomer like the SilibioneTM for example. 

 

 

 

 250 

 

 

Figure 8: a) Prototype with diameter 6 Fr. b) Details of the realization (before overcoating). 
 

4 Experimental validation of the prototypes 255 

First, the thermal biocompatibility of these devices was verified using the set up shown in 

Figure 9. Cu-ConstantanT-type thermocouples were used to asses the devices’ external 

surface temperature. For this test, the surrounding water had a controlled temperature of 37°C 

and a flowing rate of 20 cm/s. 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 260 

found in Ref. [19]. 

 

Figure 9: Experimental set-up for temperature assessment. 

Active 
catheter 

Introductor 
Guide wire 

a) b) 



Then, the performances of the two prototypes were qualitatively evaluated using two realistic 265 

3-D and 2-D anatomical models. Figure 10 shows how the 6-Fr (2mm) prototype allows 

passage through the aortic arch and entrance to the carotid artery. This task was performed 

without difficulties by a non-initiated operator. 

 

 270 

 

 

     

Figure 10: 6-Fr prototype going through the aortic arch. 
 275 

Figure 11 shows the 3.3-Fr (1.2mm) prototype progressing 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 center of cerebral aneurysms (see pictures 2 and 4 of Fig.11). 

As depicted in Fig. 11 (picture 4), its maximal bending angle is greater than 70° and its 

minimal radius of curvature is about 9 mm. 280 
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 290 

 

Figure 11: 3.3Fr catheter navigating through the Willis’ polygon. 
 

1 2 

3 4 



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.  295 

 

4 Conclusion 

Drivable catheters actuated through shape memory alloy are a promising approach for the 

endovascular treatment of pathologic conditions involving cervical and intracranial vessels. In 

this article, we have evaluated this concept both analytically and experimentally. 300 

An original kinemato-static model for this kind of device 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 material. 

Two different prototypes of active catheters were designed based on information derived from 305 

the proposed model. They were experimented on realistic anatomical phantoms. Particularly, 

a 1.2-mm-diameter catheter actuated by SMA wires was realized and proved to be suited 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 criteria such as 310 

energy consumption and dynamical behavior. For this purpose, a fluid-thermal simulation 

program describing active catheters evolving in blood is currently under development [19].  
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6 Appendix 365 

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 0xTT −=   and a distributed shear stress 

λλσλσ y)()( −=  all along the line it is connected to the catheter. Fig. 13 illustrates the local 370 

relation between the stress )(λσ , the curvature of the catheter 
λ
λθ

∂
∂ )(

and the axial force T. 

As we can see, the static equilibrium at any point of the SMA wire implies : 
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Figure 12: Mechanical interaction between the catheter and the SMA wire. 395 
 

 
Figure 13: Static equilibrium at any point of the SMA wire.  

 

 400 
Let S1 be a planar transversal section of the bended structure at curvilinear coordinate 1λ . S1 
crosses the neutral axis of the catheter at a point G1. The static equilibrium of S1 is described 
by : 
 

0111
1 =+×+ )(λ)(λ
)(λ

mN
M

x
δλ

δ
 (A-2) 405 

 
where  )(λ1M , )(λ1N and  )(λ1m are the resulting bending moment, the resulting force and 
the density of external moment applied to S1 at G1, respectively. 
 

 410 
Because the stress )(λσ is purely radial, 0) =(λm and then: 
 

)(λ
)(λ

11
1 N

M ∧−= x
δλ

δ
  (A-3) 

 

The resulting force )(λ1N  at G1 is obtained by summing the actions of the SMA wire on the 415 
catheter for λ ranging from 0 to λ1 : 
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By expressing the unit vectors 0x and λy in the base frame attached to the section S1, relation 420 
(A-4) becomes : 
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Finally, (A-5) into (A-3) yields: 
 

01 =
δλ

δ )(λM
  (A-6) 

 430 
When the catheter is featured with three SMA wires (as the one depicted on Fig. 3), the same 
result can be obtained accounting for the fact that each SMA wire interacts 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 passive, the set of axial tip forces applied 
at the catheter extremity has the configuration shown in Fig. 14. Here, TM stands for the tip 435 
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 : 
 

)( MA TTrM −⋅=  (A-7) 
 440 
 
 
 
 
 445 
 
 
 
 
 450 
 
 
 
 

 455 
Figure 14: Tip forces applied to the catheter when one SMA 

is active and two others are passive. 
 
 
 460 

S0 

G0 

ΤΑ 

r 

r/2 

ΤΜ 
ΤΜ 



Appendix B 
 
The tip force AT  is related to the axial strain τA undergone by the active SMA wire by : 

2

4
dET AAA

πτ=  (B-1) 

 465 
As depicted on Fig. 15, the relation between the tip force MT  and the axial strain τM 
undergone by a passive SMA wire depends on the location of the functioning point of this 
passive wire on its martensite curve: 
 

2
min 4

dET MM

πτ=       if  maxττ ≤M  (case (i))  470 

 (B-2) 
and 

bdEdET MAMM
2

max
2

min 4
)(

4
πττπτ −+=    if  maxττ >M  (case (ii))

  (B-3) 
 475 
 

 
 

Figure 15: Two cases regarding the location of the functioning point 
of a passive wire on its martensite curve. 480 

 
Moreover, the strains τinit , τA and τM are related to the catheter bending angle maxθ  as 

illustrated in Fig. 16. If L0 is the original length of the SMA wires (no strain), we have: 
 

2
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rR
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L MAinit

+
+=

−
+=+= τττθ   (B-3) 485 

and thus : 
 

)1( initinitA R

r τττ +−=   and  )1(
2 initinitM R

r τττ ++=  (B-4) 
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 490 
 

Figure 16: Relations between the strains undergone by the SMA 
wires when the catheter is bended and their initial pre-strain. 

 
Finally, combining equations (A-7) and (B-1) to (B-4), the constant bending moment applied 495 
to the catheter by the three SMA wires can be rewritten as : 
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Besides, this moment is related to the catheter constant radius of curvature 
max

max

θ
λ=R  by : 

MIE CC =
max

max

λ
θ

 (B-7) 

 505 
For thin catheters, a current upper bound of the ratio internal radius / external radius is 0.5. In 
this case, the quadratic momentum CI can be approximated by: 
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 510 

At least, if we set 
A

M

E

E
Q =  and 

2

2

d

r
QK =  , combining equations (B-5) to (B-8) gives:  
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Appendix C 
 
For fixed geometrical and physical parameters, the selection between case (i) and case (ii) 520 
only relies on the choice of the pre-strain initτ  of the wires. The transition value initτ̂  between 

these two cases can be derived by equalising expressions (B-9) and (B-10). It leads to : 
 

0ˆˆ 2 =++ cb initinit ττ   (C-1) 

with 525 
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This second order equation has a unique solution regarding the positivity of initτ  : 
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which can be closely approximated by : 
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 535 
by neglecting some second order terms. 
 
Moreover, the partial derivatives of expressions (B-9) and (B-10) with respect to the pre-
strain initτ  are : 

 540 
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The first of these derivatives is always positive while the second one is always negative 545 
accounting for the fact that Q < 1. Remarking that cases (i) and (ii) correspond to the cases 

initinit ττ ˆ≤  and initinit ττ ˆ>  respectively, proves that initτ̂ constitutes an optimal choice for the 

SMA wires pre-strain initτ which maximizes the catheter bending angle maxθ . 


