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Abstract

Minimally invasive endovascular procedures involve the manual placement of a guidewire, which 

is made difficult by vascular tortuosity and the lack of precise tip control. Steerable guidewire 

systems have been developed with tendon-driven, magnetic, and concentric tube actuation 

strategies to enable precise tip control, however, selecting machining parameters for such robots 

does not have a strict procedure. In this paper, we develop a systematic design procedure for 

selecting the tube pairs of the COaxially Aligned STeerable (COAST) guidewire robot. This 

includes the introduction of a mechanical model that accounts for micromachining-induced 

pre-curvatures with the goal of determining design parameters that reduce combined distal tip 

pre-curvature and minimize abrupt changes in actuated tip position for the COAST guidewire 

robot through selection of the best flexural rigidity between the tube pairs. We present adjustments 

in the kinematics modeling of COAST robot tip bending motion, and use these to characterize the 

bending behavior of the COAST robot for varying geometries of the micromachined tubes, with an 

average RMSE value for the tip position error of 0.816 mm in the validation study.
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1. Introduction

Cardiovascular diseases (CVDs) are a group of disorders of the heart and blood vessels 

that can lead to heart attack, heart failure, cardiomyopathy, and peripheral vascular disease, 

accounting for an estimated 17.8 million deaths in 2017 [1]. The prevalence of peripheral 

vascular disease (PVD), in particular, has increased globally by 34.4% between 2005 and 

2015 [2], resulting in approximately 60,000 deaths in the USA in 2015 [3]. PVD is caused 

due to lesions formed in the vascular structures at the extremities of the patients’ bodies, 

such as calcification in the arteries at the lower legs and feet i.e., Lower Extremity Arterial 

Disease (LEAD). Endovascular treatment for critical limb ischemia, a form of PVD, has 

increased from 5.1% to 11.0% from 2003–2011 in the USA, contributing to lower hospital 

stays, lower mortality, and lower risk of limb amputation [3]. Manual navigation of a 

long and thin wire (called a guidewire) to the target lesion is often the first step in the 

endovascular treatment of PVDs. Guidewires typically range in diameters from 0.3556 mm–

0.889 mm and in lengths from 500 mm–2600 mm.

Several actuation strategies are used to add steerability to guidewires and catheters, namely, 

magnetic [4], [5], electrical [6], thermal [7], hydraulic-chamber based, and mechanical 

(typically associated with cable-driven or concentric tube-based (CTR) robots) [8]–[10]. 

Traditionally cable-driven mechanisms cannot perform follow-the-leader (FTL) motion at 

small diameters, which is critical for traversing vascular structures [11], [12]. However, our 

previous work [13], we proposed a novel COaxially Aligned STeerable (COAST) guidewire 

robot capable of performing FTL motion in a single degree-of-freedom (2D workspace) with 

an outer diameter (OD) of 0.4 mm and total usable length of ~137 mm. The work presented 

in this paper is in most part presented in [14].

The authors in [15] present an analysis and design criteria for asymetric tendon placement in 

continuum manipulators, but the design procedure focuses on kinematic goals, achieved 

through tendon routing. The work in [16] provides design guidelines for the least 

complicated concentric tube robot for a given trajectory. In [17], the authors outline 

the geometrical constraints of the guidewire workspace which can inform the geometric 

optimization of the bending segments of a robotic guidewire. For discrete linkage robots, 

individual bending joint angle design parameters have been optimized for a given trajectory 

as in [18]. However, to the best of our knowledge, for notched tendon-driven guidewire 

robots, there is no design procedure for determining machining parameters based on desired 

characteristics of the manipulator. To address this, a design procedure is developed for the 

COAST guidewire robot to determine machining parameters based on desired combined 

tube precurvature and the flexural rigidity ratio between the tubes to reduce abrupt changes 

in the guidewire shape, commonly refered to as “snapping” motion. The contributions of this 

work are:

• We present a systematic approach to find the best tube pair for the COAST 

guidewire robot which uses a large deflection beam-bending model (derived in 

this work) and analysis of the coaxial-tube assembly for different notch depths 

to achieve the desired moderate flexural rigidity, and desired low total combined 

pre-curvature.
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• We propose and validate a modified bending joint kinematics and statics model 

for the COAST robot that accounts for friction interactions of the tendon within 

the guidewire and the actuation mechanism.

This paper is organized as follows: We first present the mechanical designs in Section 

II for the COAST guidewire robot (Section II–A) and the compact actuation mechanism 

(Section II–B). Section III details the mechanical models developed for different aspects 

of the COAST guidewire; a large deflection curved beam bending model for the notched 

tubes (Section III–A) and curvature-stiffness modeling for coaxially combined notched 

tubes (Section III–B) are derived for design selection of the robot prototype, followed by 

a frictionbased kinematics and statics model for the actuated robot that relates curvature 

to required tendon stroke (Section III–C). In Section IV, we validate each of the models 

developed in the previous section and present the results for the large deflection beam 

model (Section IV–A), the combined tube curvature model (Section IV–B), and the bending 

joint model (Section IV–C). Finally, we present our conclusions and outline future work in 

Section V.

II. Mechanical Design

In this section, we briefly summarize the COAST guidewire robot introduced in [13], 

followed by the compact actuation system (CAS) for controlling the individual degrees-of-

freedom (DoFs) of the robot.

A. COAST Guidewire

The COaxially Aligned STeerable (COAST) guidewire robot features a four-layered 

structure consisting of an outer, middle, and inner tube, as well as a single tendon 

assembled in a co-axially aligned manner (see Fig. 1(a)). The outer and middle tubes are 

micromachined to have a unidirectional asymmetric notch pattern [19], [20]. The middle 

tube is assembled within the outer tube so that the outer tube pattern is oriented at 180° 

with respect to the middle tube pattern to prevent mechanical interference during bending. 

The inner tube located within the middle tube has higher stiffness than the middle and outer 

tubes and is not micromachined for added stiffness. A single tendon is passed through the 

inner tube and terminated along the inner wall of the middle tube. The guidewire structure 

can therefore be divided into two segments based on the location of the inner tube:

a. A ‘Bending Segment’ (consisting only of the middle and outer tubes and the 

tendon), and

b. a ‘Non-bending Segment’ (consisting of all three tubes and tendon).

The inner tube’s distal end location controls the bending segment length of the robot (see 

Fig. 1(a)), while tendon stroke controls the bending segment joint angle. In addition, the 

outer tube itself can further be independently and individually advanced over the middle 

tube. The outer and inner tubes and the tendon are connected to three linear motors on 

the actuator stage, while the middle tube is fixed to the actuator stage itself. This tube is 

displaced when the actuator stage is advanced, retracted, or rolled. Therefore, we have five 

controllable variables in the system (see Fig. 2):
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X2

X3
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 CAS Roll Angle 
 Tendon Stroke 

 Bending Segment Length 
 Outer Tube Stroke 

 Stage Feed Displacement 

Actuating the above control variables allows two modes of motion (both have been 

demonstrated in our prior work [13]):

• Follow-the-leader (FTL) motion, achieved by actuating X1, X2 and X4

simultaneously in any bending plane determined by roll angle ψ.

• Extended-feed (ExF) motion, achieved by advancing only the outer tube, X3, thus 

displacing the distal tip of the robot while maintaining the current shape along 

the bending segment and the body of the robot.

If a location in the workspace of the guidewire robot is not reachable using FTL motion at a 

certain anatomical bifurcation, ExF motion may be used to advance the distal tip of the robot 

while retaining curvature at the bifurcation. ExF motion may also be used to retain entry in 

a certain vascular branch while the remaining of the guidewire components are advanced to 

proceed with further navigation.

The outer and middle tubes are micromachined using a femtosecond laser (WS-Flex Ultra-

Short Pulse Laser Workstation, Optec, Frameries, Belgium) from stock tubes of superelastic 

nitinol (Edgetech Industries LLC, FL, USA; Young’s modulus, E = 40 45GPa). The inner 

tube is made from AISI 304 stainless steel due to its added stiffness Einner = 200GPa . The 

tendon is a superelastic nitinol tendon with an elastic modulus of 53.965 GPa (derived 

experimentally in [13]). Notch parameters on both tubes (specifically notch depth, d, 

and lengths of the notched sections) were selected to ensure that the guidewire can 

traverse angles typically found in adult aortic bifurcations, e.g., branch angle within aortic 

bifurcation = 35∘ ± 11.1∘ found in [21] (however, the actual angle of bending taken with 

respect to one of the common iliac arteries would be 180∘ − 35∘ ≈ 145∘). High accuracy 

measurements for notch depth, d, notch spacing, c, and notch width, ℎ, are performed using 

the focusing lens in the femtosecond laser. These notch parameters are illustrated in Fig. 

1(b). The relevant tube dimensions and parameters are indicated in Table I.

B. Compact Actuation System (CAS)

The COAST guidewire involves the translation of multiple tubes along with tendon 

actuation, each of which requires linear actuation simultaneously for performing FTL 

motion. The tubes and the tendon are attached within a compact actuation system (CAS), 

which is a cylindrical structure (see Fig. 2(a)) of length 165.11 mm and diameter 41 mm. 

The CAS is fixed onto the actuator stage, which is advanced/retracted using a DC Motor 

(Pololu Robotics and Electronics, NV, USA) attached to a lead-screw (OD: 3/8”, pitch: 

40 rev/in) and linear-bearing rails (indicated by X4 in Fig. 2(a)). Rolling motion, ψ, is 

achieved with a DC motor (Maxon Precision Motors, MA, USA) and spur gear assembly. 

The cylindrical case is attached to the larger spur gear at one end, and rests on two ball 
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bearings at either end of the case. An exploded view of the actuator assembly is shown 

in Fig. 2(a)(inset). The outer and inner tubes and the tendon are actuated by DC motors 

(Maxon Precision Motors, MA, USA) with a lead screw assembly, while the middle tube is 

attached to an intermediate disk and is rigidly connected to the actuator stage itself. In each 

case, the lead-screws are supported on either end by locating and non-locating bearings to 

account for radial and axial misalignment. The attachment points for all the tubes and the 

tendon, as well as the control variables for the tubes X1 − X3 , are indicated in Fig. 2(b). The 

tendon is routed using two pulleys (see Fig. 2(a)(inset) and 2(b)) to reverse the direction of 

the tendon stroke (wrapping angle for the routing assembly is α = π. An image of the CAS is 

shown in Fig. 2(c).

III. Mechanical Models

The unidirectional asymmetric notch pattern micromachining on each nitinol tube of the 

COAST mechanism results in a machining-induced pre-curvature due to the asymmetric 

heating induced deformation of the tube bodies. When the notched middle and outer tubes 

with these pre-curvatures are assembled (as discussed in Section II–A), the pair results 

in a non-zero combined pre-curvature. In addition to a desired flexural rigidity, a pair of 

tubes that results in the lowest combined pre-curvature (ideally, no combined pre-curvature) 

is desired so that the unactuated robot tip is straight and bends only when the tendon 

is actuated. We consider four outer tubes and three middle tubes machined with varying 

notch depths (shown in Table II), and model the gravity-induced deflection of the individual 

tubes, followed by a combined tube model to identify the tube pair with least combined 

pre-curvature.

A. Large Deflection Curved Beam Bending

The direction of the pre-curvature of the notched tubes corresponds to the direction of the 

notch pattern in the bending plane and its magnitude is a function of the depth of the 

rectangular notches, d (see Fig. 3(a)). We assume that in the absence of any external loading 

(including gravity effects), this curvature is constant across the entire length of the beam 

and is indicated by κo d = 1/Ro d  (where Ro d  is the radius of pre-curvature). This is a 

reasonable assumption, since the machining parameters stay constant throughout the length 

of the tube, and hence, pre-curvatures are distributed equally along this length (the notch 

depth d is dropped from the terms κo d  and Ro d  in the remainder of this section for brevity).

Therefore, individual tubes in the COAST mechanism behave like pre-curved slender 

cantilever beams of length L under gravity loading (see Initial Configurations, indicated 

by the black-colored beams in Fig. 3). Gravity induced loading results in a non-trivial 

deformation of these pre-curved beams (see Final Configurations, indicated by red-colored 

beams in Fig. 3) and this deformation is highly dependent on the initial configuration of 

the cantilever beam. This loading may be assumed as a distributed load, w s , which is a 

function of the path variable, s, with a fixed direction (along the negative y–axis in Fig. 

3(a)–(b)) which is a piecewise function of the path of this pre-curved cantilever beam:
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w s = w1 s ∈ n − 1 ℎ + c , nℎ + n − 1 c
w2  otherwise  (1)

where, w1 = πρg ro
2 − ri

2  and w2 = ρg ro
2 − ri

2 cos−1 d − ro
ro

 (see Fig. 3(insets)). Here, 

ρ = 6450kg/m3 is the density of nitinol, g = 9.81m/s2, d ≥ ro is the depth of the rectangular 

notches, c is width of each notch, ℎ is the separation between two notched sections and 

n = 1,2, …, N, is a variable representing the notch number. The notch parameters, d, c, ℎ , 

are assumed to be uniform throughout the length of the notched sections of the tubes. 

Similarly, the second moment of area I s , which is also a function of the path variable, s, 

can be defined as follows:

I(s) =

π
4 ro

4 − ri
4 s ∈ ((n − 1)(ℎ + c), nℎ + (n − 1)c]

ro
4 − ri

4 (ϕ + sinϕ)
8 −

8sin2 ϕ
2 ro

3 − ri
3 2

9ϕ ro
2 − ri

2  otherwise 
(2)

where, ϕ = 2arccos d − ro
ro

. The beam deformation equation in Cartesian coordinates for large 

deflections of a pre-curved beam is given as follows:

κg x =
d2y
dx2

1 + dy
dx

2 3/2 = 1
Ro

− M x
EI x (3)

where the Young’s modulus, E, of nitinol is as provided by the manufacturer as 

approximately 40 GPa to 45 GPa (45 GPa was chosen for the large deflection model). 

The integral approach introduced in [22] is used to determine the governing equations for 

our beam:

ds
dx = 1

1 − H2 x
(4)

dy
dx = H x

1 − H2 x
(5)

where H x = ∫0
x 1

Ro
− M x

EI x dx. This is a variant of the method proposed in [22] for curved 

beams with path-varying cross-sections and loads. For a given projected final length of 

the curved beam (onto the x-axis), l, the total length of the beam can be determined by 

integrating Eq. (4) (see Fig. 3). By searching the projected length, l, until s l − L < εerr, we 

arrive at the final solution for the path of the beam under gravity loading. The search space 

and the computation time can be reduced from the monotonicity of s l  with respect to l
[22], however, this approach only works for beam tip deflections under 90°. Here, εerr is a 

normalized error margin. Once the final projected length, l, of the beam is known, Eq. (5) 
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can be solved to determine the final Cartesian coordinates of the beam. Since the distributed 

load and second moments of area w s  and I s  are given as a function of arc-length, s, 

which is a function of loading w, we divide the load, ρg, into Nload equal steps [23]. At each 

load step, j = 1,2, …, Nload, the path information of the previous load step (solution to Eq. (4)) 

and the current load are used to determine shear forces and bending moments:

V j x = ∫
x

l

wj xj − 1 dx (6)

Mj x = ∫
x

l

V j x dx (7)

The moment, thus approximated, is used to determine Hj x  in Eqs. (4–5). A similar 

procedure is used to approximate Ij x  (second moment of area of the current load step) 

from Eq. (4) and I sj − 1 . These values are then used to determine the final projected 

length, l, and therefore, the shape of the beam for each load step, until the final Nload step. 

Section IV–A presents a validation of this approach in Finite Element models as well as 

experimental validation.

B. Combined Tube Curvatures

When the COAST mechanism is assembled completely, the final pre-curvature of its 

bending segment is determined by the pre-curvatures, moments and the flexural rigidity 

of the individual beams comprising the assembly, primarily the outer and middle tubes (see 

Fig. 4). We use a modified version of the method proposed in [24] to achieve the final 

curvature of the tube as follows:

κfinal  s = ∑
k = 1

Nt

EkIk s
−1

∑
k = 1

Nt

EkIk s κg, k s (8)

where Nt = 2 is the number of micromachined tubes in our mechanism and individual 

curvatures κg, k s  are obtained from Eqs. (3) and (4). Note, that unlike [24], gravity has a 

significant contribution to the final shape of the pre-curvature and leads to large deflections 

in the individual tubes (and is included in the term κg, k s . Finally, κfinal s  is a piecewise 

function of s, much like κg s , I s , and w s , due to varying cross-sections. Therefore, the 

total pre-curvature in any given telescoping combination of outer and middle tubes will be 

considered and is given by ∫s = 0
L κfinal s .

The tubes are assembled as shown in Fig. 4, with the middle tube naturally curving in the 

direction of gravity. The outer tube is assembled coaxially over the middle tube and oriented 

180° out of phase, hence naturally curving opposite to the direction of gravity. While the 

combined pre-curvature of the assembled pair would be affected by the choice of orientation 

of the tubes, we keep this choice consistent across all the pairs to evaluate the best sample. 

Section IV–B details the pair combinations tested experimentally and the pair combination 
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selected for the COAST robot construction. The modeling described in Sections III–A and 

III–B are used only for the purpose of design selection (notch depths, dmid and dout) and 

assembly of the COAST guidewire robot.

C. Bending Joint Model

A simplified schematic of the COAST guidewire is shown in Fig. 5, where the notched 

joint represents the bending segment (only middle tube shown) and a shortened tendon. The 

tendon stroke X1  required for a desired curvature κ  over the bending segment, at a certain 

bending segment length X2 , is derived as:

X1 = ΔLkin κ, X2

Geometric term
+ σtLtotal 

Et

Tendon elongation
(9)

= ΔLkin κ, X2 + F tLtotal 

πEtrt
2 (10)

The expression for the geometric term, ΔLkin κ, X2 , in the above model equation is derived 

in [13] (omitted here for brevity). Tendon elongation is, however, the dominant term in 

this relationship, and it depends on the stress in the tendon, given by σt = F t/ πrt
2 . Here, 

F t is the tendon tension at the actuator (see Fig. 5), rt = 38μm is the tendon radius, and 

Ltotal = 388.68mm is the undeformed total tendon length (from attachment point on the 

actuator to the guidewire tip).

We assume that primarily, friction losses occur from the pulleys in the CAS and tendon-

notch interactions. Accounting for these losses as in [25], [26], the tendon tension can be 

expressed in terms of the bending moment applied to the joint tip as:

F t = eμαηNf Mt

Δyt
(11)

where Mt is the applied moment by the tendon, Δyt is the moment arm of the tendon at the 

distal end of the robot, μ is the coefficient of friction of the pulleys in the CAS, while η is 

the friction loss occurring due to cable interactions with the notch edges (such that F2 = ηF1

in Fig. 5(inset)). The total number of notches in contact with the tendon is estimated as 

Nf = X2Nmid /Lmid
notcℎ Nmid and Lmid

notcℎ being the number of notches and the length of the notched 

section for the middle tube, respectively).

Substituting Eq. (11) in Eq. (10), and relating applied tension, F t, to the curvature, κ, (using 

the Euler beam model proposed in [13]) the joint kinematics model is completed as follows:

X1 = ΔLkin κ, X2 + eμαηNf E Iout  + Imid  Ltotal 

ΔytEtπrt
2 κ (12)

where E is the elastic modulus of the tubes, and Imid and Iout are the second moments of 

area of the middle and outer tubes, respectively. The model is validated by observing the 
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experimental data between tendon stroke, X1, and bending curvature, κ, keeping bending 

length, X2, as constant.

IV. Validation of Mechanical Models

A. Curved Beam Bending Model Results

First, we validated our large-deflection curved beam model with finite element simulations 

in ANSYS® 18.2 for stainless steel (E = 200GPa) beams with a single long notch (N = 1). 

The numerical integration for H x , Eq. (4), and s l  for various values of l at each load step 

were computed on a 20 core Intel® Xeon® Processor using the parallel processing toolbox in 

MATLAB® R2020b. The tube dimensions ro, ri, d, Ro, and L  were varied to match the outer 

and middle tubes. In each case, we observe that the numerical model (Eq. (5)) accurately 

predicts the final shape of the curved beam for both positive and negative initial curvatures 

(see Fig. 6). We then proceed to test our model experimentally for outer and middle tubes 

sampled with varying notch parameters (see Fig. 7). To obtain the shape of the notched 

nitinol tubes deformed under gravity from the images using the CMOS camera, we first 

perform adaptive thresholding to get a binarized image of the tubes. We then apply the 

multivariate adaptive regression spline (MARS) algorithm [27] to compute a a smooth spline 

representing the shape of the deformed tube using the ARESLab toolbox [28] such as in our 

previous work [29].

To quantify the error between the FEM simulation and the model arcs (Fig. 6(a)–(d)) the 

RMSE value between the two lines is then calculated where the error at each point is the 

Euclidean distance between each coordinate pair on the FEM and model arcs corresponding 

to the same arc lengths. If the number of nodes between the FEM model and the proposed 

model differed, the values were linearly interpolated to match the position along the arc 

length. The RMSE values for the plots shown in Fig. 6 are given in Table III.

Similarly, the RMSE values for the plots shown in Fig. 7 are calculated and are shown in 

Table III. It is observed that as the MARS algorithm fits an optimized spline based on the 

area of the binarized image of the deformed tube, which is influenced by the presence of 

notches, which contributes to the error between the model and the experimental deformation 

data. We observe that the model successfully estimates the shape of the beams for all 

middle tube samples and all outer tube samples with positive curvatures (see Fig. 7(a)–(c)). 

The model begins to deviate from the experimental results for outer tubes with negative 

pre-curvatures (see Fig. 7(d) and Table III). It is hypothesized that this may be due to 

the machining tolerances that especially affect higher deformations of initially pre-curved 

notched beams when the pre-curvatures are in the direction of the distributed force (gravity).

B. Combined Tube Curvature Model Results

Fig. 8(a)–(b) are plots of 12 samples (S1, S2, …, S12) of coaxially combined middle 

and outer tube pairs. The plot in Fig. 8(a) displays the ratios of the flexural rigidity of 

the outer-tube to that of the middle tube ∫s = 0
L Iout s /∫s = 0

L Imid s  vs. the total pre-curvature 

∫s = 0
L κfinal s  for each sample. Furthermore, Fig. 8(b) represents a graph of flexural rigidity 

of the samples ∫s = 0
L Iout s + Imid s  vs. the total pre-curvature in the samples. The shaded 
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lines are shown in Fig. 8(a) to indicate the total curvature vs. ratio of rigidity trends when 

varying outer tube notch depths dout  and keeping the middle tube notch depth as constant 

dmid . We observe that sample S1 has the lowest predicted pre-curvature, but suffers from 

relatively higher dominance of the outer tube’s rigidity in comparison to sample S4, which 

demonstrates lowest rigidity ratio (see Fig. 8(a)). In fact, sample S1 demonstrates the highest 

total flexural rigidity and hence may be unsuitable for a guidewire application due to the risk 

of vascular perforation (see Fig. 8(b)) upon tip contact with the vessel walls.

When assembling the notched middle and outer tubes, low total combined curvature of the 

tube pair is desired to achieve a straight initial configuration of the robot (as mentioned in 

Section III). Low total flexural rigidity is desired to allow for ease of actuating the bending 

joint, and preventing excessive trauma due to vascular collisions. The ratio of flexural 

rigidities for the tube pair is desired to be close to unity so that the rigidity of the one tube 

does not dominate the other, which further leads to a non-zero combined curvature. For 

moderate to high total combined curvatures of the tube pairs, such that the robot curved 

in the direction of the outer tube (when its rigidity was dominant), an initial snapping 

motion was observed upon actuating the tendon stroke to a certain value as the curvature 

of the robot switched to being dictated by the actuated middle tube’s bending length. This 

effect was further observed in the experimental trials performed to validate the bending 

joint model described in Section III–C. To achieve the requirements of the parameters as 

described above, we therefore selected sample S4 dmid = 0.243mm and dout = 0.400mm  as our 

best sample with the combination of relatively low rigidity, minimal pre-curvature, and ratio 

of flexural rigidity closest to unity, resulting in no observed snapping motion.

C. Bending Joint Model Results

We validated the joint kinematics model for different pairs of outer and inner tubes with 

bending lengths varying as X2 = 20,25,30,35,40 mm. A CMOS camera is used to image 

the deflection of the bending section by setting the imaging plane parallel to the plane of 

bending. The curvature κ  of the bending segment is extracted from the acquired images 

and plotted against the tendon stroke X1 , for different values of the bending segment length 

X2 , as shown in Fig. 9(a) for the tube pair S4 selected from Section III–B. We observe a 

hysteretic lag in the motion of the bending joint when releasing the tendon i.e., decreasing 

the tendon stroke X1 . The model described by Eq. (12) is hence validated only for the 

motion in the direction of actuation i.e., increasing tendon stroke. Furthermore, an initial 

pre-tensioning and elongation of the tendon does not result in actuation of the bending 

segment, resulting in no curvature being detected by the camera. This pre-tension deadband 

stroke length is experimentally determined to be 1.2 mm. The tendon stroke range for all 

plots in Fig. 9(a)–(c) are offset by this deadband value. The model is observed to be in 

agreement with the experimental results. We observe some initial deviation for the bending 

lengths X2 > 25mm. This non-linearity is attributed to the high compliance of the outer tube 

as a result of high notch depth. Fig. 9(b) also shows the variation of the X1 − κ relation 

when the notch depths for only the outer tube are varied. Similarly Fig. 9(c) shows the 

X1 − κ relation when the notch depths for only the middle tube are varied. Eq. (12), hence, 

also models the variation of notch depth for the individual tubes as seen in these figures. 
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Deviations from the model, as seen for lines corresponding to dout = 0.376mm (red) and 

dout = 0.314mm (blue) in Fig. 9(b) are mainly attributed to machining inaccuracies. While 

laser parameters were kept constant across all samples, some variations in positioning of 

the tubes to be machined were necessary (e.g., focusing height of the laser, number of 

repetitions of the pattern etc.). The coefficients of friction were estimated by manually 

calibrating the model to fit the data for sample S4 (Fig. 9(a)), and were estimated to be 

μ = 0.2965 and η = 1.0063. Additionally, the value for the elastic modulus of the nitinol tubes 

was also varied (within the manufacturer specified range of 40 45GPa to obtain a final 

estimate of E = 42.6GPa. Deviation from the elastic modulus’ original value can be attributed 

to the heating effects when machining the notches on the tubes with the femtosecond laser, 

as mentioned in Sections II–A and III. Minor variations in the friction coefficients can be 

attributed to the machining process as well (burrs at the notch edges), which may be tuned 

further for the selected prototype to obtain a better fitting model. This calibration process 

to obtain the values of E, μ, and η was further used in our previous work to demonstrate 

and analyze the bending and navigational accuracy of the COAST robot [30]. The RMSE 

values for the curvature errors are shown in Table IV and the RMSE values for the final 

tip position errors due to the error in the curvature are shown in Table V. The average of 

the RMSE values of the COAST guidewire robot tip position error for the validation study, 

corresponding to Fig. 9(b) and Fig. 9(c) as shown in Table V, was calculated to be 0.816 

mm. The model, with the calibrated E, μ, and η values can now be used to estimate the 

bending behavior as well as choose the required notch parameters d, c, ℎ  for machining.

V. Conclusions

In this work, a design procedure for the COaxially Aligned STeerable (COAST) guidewire 

robot was developed to select the appropriate machining parameters for the outer and 

middle nitinol tubes. A modified integral approach for nonuniform curved beams with large 

deflections was proposed and validated to estimate the pre-curvatures in the individual 

micromachined tubes of the COAST robot. Using these individual tube pre-curvatures 

and a combined deformation model for the telescoping micromachined tubes, the total 

precurvature in the COAST distal tip can be estimated. Then, the geometric properties of 

micromachining can be adjusted for high compliance and low pre-curvatures. Finally, a 

modified joint kinematics and statics model was formulated by considering friction within 

the bending joint and the CAS. The model was validated for all tube pairs and was shown to 

predict the tendon stroke for the required curvature values. Future works will account for the 

presence of external forces on the robot, such as contact with vascular walls and blood flow, 

and use improved modeling approaches for control under flouroscopic guidance.
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Fig. 1: 
(a) Internal structure of the COAST guidewire with two micromachined nitinol tubes, a 

stainless-steel inner tube, and a single nitinol tendon, (b) Illustration of notch parameters on 

the micromachined nitinol tubes.
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Fig. 2: 
(a) Schematic of the CAS for the COAST guidewire. The driving unit shows the DC motor 

and lead screw assembly that enables the entire setup to be compact, (b) Inner mechanism of 

the CAS and control variables for individual tubes (adapted from [14]), (c) Image of inner 

mechanism (adapted from [14]).
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Fig. 3: 
Curved micromachined beam with gravity induced large deflections for (a) positive and (b) 

negative initial curvatures.
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Fig. 4: 
Combined beam bending behavior of the outer and middle tubes (adapted from [14]).
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Fig. 5: 
Schematic of guidewire bending segment showing forces at the tip F , and the actuator F t

(adapted from [14]).
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Fig. 6: 
Validation of the curved beam bending model in ANSYS for (a)-(b) positive pre-curvatures 

and (c)-(d) negative pre-curvatures for stainless steel tubes with N = 1 and varying ro, d, and 

Ro values (adapted from [14])
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Fig. 7: 
Validation of the curved beam bending model for experimental data with (a)-(b) positive 

pre-curvatures and (c)-(d) negative pre-curvatures for tubes with varying N = 125,188 , ro, d, 

and Ro values (adapted from [14]).
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Fig. 8: 
(a) Graph of flexural rigidity ratios of the outer to the middle tube vs. total curvature in the 

combined tube samples. (The shaded lines are shown to indicate the trends when varying 

dout and keeping dmid as constant), (b) Graph of flexural rigidity vs. total combined curvature. 

Depths of the middle and outer tubes are given by dmid and dout respectively (adapted from 

[14]).
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Fig. 9: 
Plots showing variation of curvature κ  vs. tendon stroke X1  in joint loading case: (a) 

varying bending lengths X2  for sample S4, (b) varying outer tube’s notch depths for 

constant middle tube and bending length, and (c) varying middle tube’s notch depths for 

constant outer tube and bending length. Solid and dashed lines indicate experimental and 

modeled data, respectively (adapted from [14]).
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TABLE I:

Specifications of the COAST guidewire prototype.

Items Outer tube Middle tube Inner tube Tendon

Total length (mm) 242.00 253.10 269.50 388.68

Length of the notched section (mm) 112.8 75.0 - -

Outer diameter, 2ro, (mm) 0.480 0.360 0.254 0.076

Inner diameter, 2ri, (mm) 0.400 0.300 0.239 -

Notch depth, d (mm) 0.400 0.243 - -

Notch spacing, c (mm) 0.285 0.285 - -

Notch width, ℎ (mm) 0.315 0.315 - -

Young’s modulus (GPa) 40~45 40~45 200 53.965
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TABLE II:

Notch depths of micromachined outer and middle nitinol tubes.

Tube OD (mm) Notch Depth, d, (mm)

dout, 1 dout, 2 dout, 3 dout, 4

Outer Tube 0.480 0.314 0.350 0.376 0.400

dmid, 1 dmid, 2 dmid, 3

Middle Tube 0.360 0.243 0.287 0.302
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TABLE III:

RMSE values for FEM (Fig. 6)/experimental(Fig. 7) and curved beam bending model deflection values for 

varying middle tube notch depths dmid  and outer tube notch depths dout . Lengths of notched section 

considered for middle tube, Lmid
notcℎ = 75mm and for outer tube, Lmid

notcℎ = 112.8mm.

Fig. RMSE (mm) Fig. RMSE (mm)

dmin: (mm) 0.243 0.287 0.302 dout: (mm) 0.314 0.350 0.376

6(a) 0.264 0.160 0.394 6(b) 0.064 0.171 0.417

6(c) 0.263 0.185 0.736 6(d) 0.077 0.219 1.094

7(a) 0.168 0.569 0.531 7(b) 0.329 0.334 0.640

7(c) 0.540 0.673 1.154 7(d) 1.755 3.202 3.160
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TABLE IV:

RMSE values (in m−1 for experimental and modeled curvature κ  vs. tendon stroke data X1  for varying 

bending lengths X2 , outer tube notch depths dout , and middle tube notch depths dmid  (Fig. 9).

Fig. RMSE (m−1)

X2 (mm):- 20 25 30 35 40

9(a) 1.605 1.405 0.833 0.883 0.748

dout (mm):- 0.314 0.350 0.376 0.400

9(b) 2.457 0.921 2.306 1.520

dmid (mm):- 0.243 0.287

9(c) 1.164 2.306
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TABLE V:

RMSE values (in mm) of COAST robot tip position errors corresponding to the bending joint model results 

(Fig. 9).

Fig. Tip Position Error (mm)

X2 (mm):- 20 25 30 35 40

9(a) 0.304 0.430 0.366 0.537 0.600

dout (mm):- 0.314 0.350 0.376 0.400

9(b) 1.104 0.395 1.024 0.662

dmid (mm):- 0.243 0.287

9(c) 0.422 1.287
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