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Abstract— In most cases of peripheral arterial disease (PAD),
the operating surgeon must use a variety of catheters riding
on a thin wire known as a ‘guidewire’. This guidewire must be
manually navigated through a tortuous pathway of arteries to
arrive at the diseased area. Automation of the guidewire there-
fore reduces surgeon effort and minimizes the time required
for a PAD procedure, but is restricted by the size constraints
of a standard guidewire. This work presents the design of a
robotically actuated 2 degree-of-freedom (DoF) guidewire tip
comprised of joints laser micro-machined into a 0.78 mm (<
2.4 Fr) Nitinol tube. We present an analysis of the notch joint
used as a building block in the robot and a control strategy for
this type of a joint. The experimental results show that tendon
force is an important observable quantity that can be used as
a shape sensing mechanism for this type of a joint in practical
control applications.

I. INTRODUCTION

Peripheral artery disease (PAD) is one of the most com-
mon causes of cardiovascular deaths in the world, with an es-
timated 202 million people suffering from it in 2010 [1]. It is
caused by the deposition of calcium, lipids and cholesterol in
the arteries at the lower extremities of the body. Atherectomy
is a minimally invasive procedure used commonly to treat
PAD. In this procedure, to gain access to the diseased artery,
the physician usually makes an incision into the femoral
artery of the healthy leg [2]. A soft guidewire with a slightly
bent tip is then inserted into the healthy artery and navigated
to the diseased artery by crossing the aortic bifurcation.
Following this navigation, a variety of catheters are inserted
so that they ride on the guidewire. These catheters may be
equipped with either the tools to perform the atherectomy
such as a micro-drill, or a drug delivery unit (in the form
of a drug coated balloon) to help prevent further deposition
on that artery. Presently, the physician manually maneuvers
the guidewire to the target artery by insertion, retraction and
rotation of the wire base, while observing its movement on
a real-time fluoroscopic image. Such dexterous navigation
of the guidewire tip under two-dimensional visual feedback
is difficult and time consuming and requires significant
experience [3]. In this work, we propose a novel design
for a robotic guidewire tip with two orthogonally oriented
asymmetric notch joints, that offer 2 degrees-of-freedom
to the guidewire tip. This expands the workspace of the
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Fig. 1: (a) A guidewire is navigated through tortuous arterial pathways such
as the aortic bifurcation. (b) A guidewire must also be navigated around
blockages in the arteries before catheters are inserted to clear the blockages.

guidewire and provides the physician with the ability to
navigate at the distal end, to go around a plaque or other
structures, such as a vessel bifurcation along the path.

The non-robotic guidewires commercially available range
in their outer diameters from 0.3556 mm (~1.06 Fr) to 0.889
mm (~2.7 Fr), which makes miniaturization an important
requirement while designing a robotic guidewire tip. In gen-
eral, micro-scale catheters use five types of actuation strate-
gies to control the tip of the catheters: thermal, pressure-
based, magnetic, electrical and mechanical (tendon-driven or
concentric) [4]. In this work, we use mechanical actuation,
using a design feature called an asymmetric notch as a
building block to construct our multi-DoF robotic guidewire
tip. The notion of a uni-directional asymmetric notch joint
has been investigated and analyzed by [5], [6]. In this work,
we propose an asymmetric design that allows an increased
range of motion than in previous work, in that it allows
the joint to be controlled in both directions in the plane of
the notches. Using this design as an elementary unit, we
construct a 2 DoF robot using a NiTi superelastic tube of
outer diameter 0.78 mm (< 2.4 French). A full kinematic
analysis of this robot is presented in this work to relate joint
curvatures and Cartesian coordinates.

We follow this with a static analysis of each of the joints
that form our robot, and explore a basic control strategy
for the base joint of our robot. Loschak et al [7] make use
of analytical inverse kinematics for higher level joint space
control, followed by minor adjustments using differential
kinematics in the position feedback loop. This control loop
was used as a component in a proportional controller to
adjust the roll angle of a commercially available ultrasound
catheter. In [8], the authors used an Extended Kalman Filter
to predict target values for the ultrasound catheter in the
presence of respiratory disturbances, and used a PID loop
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to control the distal end of the catheter. Velocity control is
also an option for continuum robots [9], [10], where the
Jacobian of the robot is used to link joint-space and task-
space velocities, and integrated to arrive at actuator-space
parameters that control the robot. Our design is modeled
with an approach similar to the one used by Camarillo et
al. in [11], [12], which incorporates and accounts for inter-
joint load-coupling to control each DoF independently. This
is done so that we can integrate load-coupling into our model
for full 2-DoF control in the future, while using the feedback
controller we have proposed in this work.

A variety of techniques are being used presently to esti-
mate the shape of a continuum manipulator as feedback to
a closed loop control system, including silhouette detection
[13], X-ray image-processing [14] and fiber Bragg grating
sensors [15], [16]. Due to the size constraints of a guidewire,
shape sensing as a form of feedback for the control system
becomes a challenging problem. In this work, we present
a novel observer that makes use of the tension felt at the
point where the tendons are bonded to the actuators as
feedback to the control system. Due to this non-localized
shape estimation technique, we must model the effects of
friction caused by tendon routing into our control strategy.

This work can be summarized as follows: We begin by
introducing the design of the robotic guidewire, and the
manufacturing process for the same (Sec. II-A). Section
II-B presents an analysis of the kinematics of the robot,
followed by the development of a static model for the notch
joint (Section III-A) and the base joint which includes the
effects of tendon routing friction (Section III-B). We address
the issue of inter-joint load-coupling in Section III-C, and
propose a strategy for correcting it in open-loop. Finally, we
validate our static model using an observer that estimates
shape of the base joint using tendon tension (Section IV),
and present tracking results for several task space trajectories
in Section I'V-B.

II. ROBOT DESIGN AND MODELING

In this section, we define the guidewire tip as a 2 DoF
robot and present the design decisions made in building this
robot, followed by a general kinematics model of the robot.

A. Design and Construction

The robot presented in this work is tendon driven, and
contains two degrees-of-freedom. Each degree-of-freedom
is controlled by two tendons that permit the joint to be
controlled bi-directionally. Each pair of tendons controlling
a joint is attached to the distal end of that joint. As a
result, a total of four tendons are routed through the inner
Iumen of the robot (see Fig. 2 (top, inset)) The design of
the robot is detailed in Fig. 2 (bottom). As can be seen in
this figure, the robot is constructed from a single tube of
Nitinol by etching notches into the tube. To manufacture the
above designs, an Infrared Femtosecond Laser (Resonetics
Corporation, Massachusetts, United States) was used to cut
rectangular notches into a NiTi tube of an outer diameter of
0.78 mm and inner diameter of about 0.62 mm (Confluent
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Fig. 2: (top) Image of the two joints of the robotic guidewire. The
orthogonally oriented distal joint is seen to the right of the image and the
inset shows the tendons passing through the joint, (bottom) Schematic of
the 2-DoF micro-scale robot using orthogonally oriented notches. The inset
shows the schematic of the base joint, along with the routing wedge.

Medical, California, United States). The raw Nitinol tube is
placed in a lathe chuck to permit the rotation of the tube
between the etching of joints, thus allowing the finished
robot body to be constructed without physically extracting
the part from the laser, thus minimizing positioning errors.
The usage of femtosecond laser pulses minimizes the heat-
affected zone (HAZ) around the notches, therefore allowing
the micromachining process to occur without accidental
treatment of the material. This is not necessarily true for
other manufacturing processes such as milling [5] or ablation
with a laser of a longer pulse-width.

The creation of notches in the Nitinol tube permits the tube
to be bent in the plane of the notches, thus creating a joint at
the location of the notches (Fig. 2, bottom). By rotating the
tube between joints, we are able to modify the orientation of
these joints. For the purpose of this work, we rotate the raw
tube by 5 between joints, thus orienting the joints orthogonal
to each other (see Fig. 2). Finally, NiTi tendons with 0.1 mm
diameter (Confluent Medical, California, United States) are
manually routed into the tube and the ends bonded to the
outer walls of the Nitinol tube. We assume that a positive
tension is applied to these tendons when they are pulled, and
the tendons are incapable of exerting a negative tension on
the tube. Also, we make the assumption, that the tendons
exert a point force at their attachment point at the inner wall
of the tube, and a constant reaction force along the wall of
the tube [11].

To minimize coupling between the joints, tendon-driven
continuum robots often use a variety of load decoupling
strategies. These may include routing the tendons through
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Fig. 3: Forward kinematic model of a notch joint (a) Undeformed model
with joint lengths, (b) Robotic guidewire tip in a deformed state with frames
{Fo}-{F4} attached to the central axis of the robot.

an inner spine [17] or through individual channels [12], [18].
In our case, we are unable to do either, due to the lack of
space in the inner lumen of the Nitinol tube. As a result, we
forfeit the notion of complete load-decoupling of the tendons,
and instead strive to achieve a ‘controlled load-coupling’ of
the tendons through the inner lumen. This is achieved by
inserting a rigid Nitinol strip (termed the routing wedge in
Fig. 2 (bottom)). As seen in Fig. 2 (top), one tendon of the
proximal joint and one tendon of the distal joint are routed
through each of the two openings of the routing strip. As a
result, we achieve a repeatable inter-joint load-coupling in
the robot, while keeping the manufacturing cost of the robot
low. More complex routing mechanisms would be able to
achieve a lower level of load-coupling between the proximal
and distal joints, but would result in a longer manufacturing
times. In this work, we hope to initiate a framework, that
helps us easily incorporate our load-coupling into our control
strategy (the analysis of this coupling and control strategies
for the same will be provided in future work).

B. Joint and Robot Model

In this work, we model each asymmetric-notch joint of
our underactuated robot as having a piecewise-constant cur-
vature, which enables ease of robot-independent kinematic
transformations [19]. In this section we begin by recapping
an inverse transformation from the task space of the robot
(y) to the configuration space parameters (+), which is robot
independent. Once this transformation is defined, we can
move to the actuator space of the robot via a consideration
of the statics of the model [12].

The dimensions associated with the kinematics of the robot
are defined in Fig. 3 (a), and the associated frames are
denoted in Fig. 3 (b). We denote the initial (undeformed)
length of each notch joint by [,. When the proximal joint

34

is actuated by the tendon, it deforms by an angle 6. The
curvature of this joint is defined as w1 = lfi, and the

homogeneous transformation matrix for this joint is given
as,

Co —Syp O 71_’55)50
Sy Cy 0 —snb
BO _ 0 0 P 1
1=lo 0o 1 o M
o 0 0 1

where C' and S denote the cosine and sine functions,
respectively. Unlike most continuum manipulators that have
co-located DoFs, the second degree-of-freedom of our ma-
nipulator is located is a certain distance l; from {F;}. This
degree-of-freedom allows the robot to move out of the xy-yo
plane by an angle ¢ and its curvature is defined as ko = %.
Therefore, the final transformation to the base of the robot

from the tip can be formulated as follows:

B) = BY.B,.B2.B} )
where,
10 0 0
1101 0 —ly
By = 0 01 O ®)
00 0 1
and B2 takes us from {F3} to {F},
1 0 0 0
0o Cc, —S, —sne
Bg = . v cos Kzl (4)
0 S, Gy Ti
0 0 0 1

Finally, B} involves a simple translation from {F4} to {Fs},
along —y3 by length [.. Ignoring the orientation at the tip
of the guidewire, and assuming a given task-space reference

input [p°, 1]7 € R4,
0 4
P | _ po |©O
[ =m [

where o* € R? is the origin in the {F,}.

For the controller to follow predefined trajectories, we
must first define the inverse kinematics of the guidewire.
Eq. 5 results in the following equations,

)

sin 6 si 1—cosf
pY = l.sinfcosp + ki 4 +lgsinf + (ﬂ)
K2 K1
(6)
and subsequently,
cosp —1
P =~ sing + (S22 )

K2
The two unknowns 6 and ¢, and therefore, the curvatures
(k1,k2) can be derived numerically using the above equa-
tions [20], [21]. We assume that the 0initial values of the
joint angleos are O;pital = arctan(ﬁ) and Qinitial =
P2

arctan(luﬂc), so that Oipniriar < 0 and @inria < @, and
increment joint angles until we converge upon the correct
values. We use this approach to arrive at the robot curvature
for our control system discussed in Section IV.

Authorized licensed use limited to: Johns Hopkins University. Downloaded on March 09,2023 at 01:00:28 UTC from IEEE Xplore. Restrictions apply.



ITI. JOINT KINEMATICS AND STATICS

In addition to the geometric kinematics discussed above,
a sufficient understanding of each notch joint comprising the
robot must be developed. This includes a mapping from the
joint curvature to the tension applied at the base of the joint.
Traditionally, a mapping from the configuration space (k) to
the actuator space parameters (u) is considered. However, in
our case, we notice that there is a large variance introduced
in this relationship by extremely small changes in the tendon
path through the lumen of the tube especially at the point
where it is bonded to the wall of the NiTi tube. On the other
hand, the tension-curvature relationship is more repeatable
and consistent, and we will derive the same in this section.
For this set of trials, we consider only the case of a single
tendon routed straight to distal end of the base joint of the
robot.

A. Moment-Curvature Relationship

The bending angle of the entire notch joint results from the
deformation of each notch that is formed by two tubes and
a curved wall. A simplified linear static model of the curved
wall and tubes will be demonstrated in our future work. The
total joint curvature x of the joint can be approximated by
superposition of bending angles of all individual tubes in
the notch, which indicates a linear relationship between the
curvature  and tendon force P:

k=d-Ey-P (8)

where FE} can be defined as the bending elasticity of the
joint [11]. Althought the analytical model above can provide
a theoretical explaination about the bending behavior of the
notch joint, an accurate value of Ej can be esimated from
experiments presented later in this paper.

B. Friction Effects

The above moment-curvature relations were developed
with a setup that was designed assuming negligible friction
effects. However, in a realistic situation, where two tendons
are attached to the notch joint, and are not directly routed
to the attachment point, we would see the effects of friction
in this relationship. Due to the small diameter of the robot
and the tendons controlling the robot, tendon tension can
be measured only at the attachment point of the tendons to
the actuators. As a result, friction must be incorporated into
the moment-curvature relationship defined above. We use a
Coulomb friction model to estimate the relationship between
the measured tendon tension (7) and the tension applied at
base of the notch joint (7),

=T . tesen(v) 9)
where p is the coefficient of friction of the routing channel, o
is the wrapping angle and v is the tendon velocity. Therefore,
the relationship between the sensed tension and the joint
curvature is given by,

d-t
k= Ep- ehaesgn(v)

(10)
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Fig. 4: Hysteresis seen in the 7 vs. x relationships for various values of
wrapping angle («) helps in estimating coefficient of friction (x) and the
bending elasticity (Ep) of the base joint.
The hysteresis in Fig. 4 for differing values of wrapping
angle displays a linear 7 - k relationship for both positive
and negative values of v. The slopes of these linear curves
can therefore be expressed as I'y(v,or) = —4Et— For the
hysteresis loop of angle a, we therefore can define two slopes
Ef, and E7, as displayed in Fig. 4. Assuming E} = £
and F? = e‘ffi.

Since the slopes E}l, Eg are known, we can extract the
value of Fj, as

VE E?

d (1)

We can see in Fig. 4, that for various wrapping angles, this
value of joint bending elasticity (Ej) stays constant. As we
specified previously, each joint of the robot has two tendons
attached to its distal end for bidirectional control. As a result,
we will have two wrapping angle values (ay, ) associated
with the base joint of the robot.

Ky

C. Coupling Effects

Due to the tendon routing described previously, distal
tendons impart a moment on the proximal joint, causing
an inter-joint load-coupling [12] to exist by design. In the
absence of such coupling, actuating the distal joint without
any actuation of the proximal joint should only cause the tip
of the robot to move in the yy — 2o plane. As a result, a
projection of the robot tip on the xy — 2y plane should result
only in motion along the z axis. However, we observed that
a projection of the robot tip on the xy — 2o plane results in
motion along both the axes (see Fig. 5 (left), solid line).
This phenomenon was also noted when the proximal joint
was pre-bent to a non-zero value of joint angle (6 # 0) (see
Fig. 5 (left), dashed lines). This clearly shows, that pure
actuation of the distal joint also causes additional bending in
the proximal joint. In order to model the inter-joint coupling,
we modify Eq. 8 as follows:

kel 710 1|70 BTy (12)
——— T ———

K T

Evending

where T; is the tension applied at the base of the joint .
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Fig. 5: (left) Projection of robot tip on g — 2o plane indicates coupling seen
between the two DoFs of the guidewire; (right) Use of a coupling model
minimizes the steady state error in 2-DoFs.
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Fig. 6: Closed loop control system to perform position control on the
guidewire base-joint-space variables.

This relationship can be used to place the tip in the 2-DoF
space, as shown in Fig. 5 (right). A coupling model improves
the steady-state error in 2 DoFs, where the Euclidean norm
of the error decreases from 6.1 mm to 3.2 mm. In our future
work, we plan to develop a more complete model of the
coupling effect, and address problems like load-decoupled
closed-loop control and path planning.

IV. CONTROL SYSTEM

In this section, we initiate the design of a controller to
take advantage of the moment-curvature relationship defined
previously to control the base joint of the robot. For the
purpose of this paper, we define the task space as the zg-z¢
plane (while the operational space [22] of the robot is still
RY). The proposed controller for this task space trajectory
control of the robot tip is shown in Fig. 6. Consecutive
points along a trajectory in the xg-zo plane are provided as
input (p,,.,) to the Geomertic Inverse Kinematics algorithm
defined in Section II-B. This computation results in a desired
curvature Kqes, that is then compared with the output of an
observer that outputs the most recent state estimate k.. A
PI controller for the actuator displacement is designed as
u= Kye+ K; [edt, where e = (Kges — Kest)-

A. Observer Design

The Observer Block in Fig. 6 is designed to use the
moment-curvature relationships to estimate the shape of the
robot. Using the friction model defined in Section III-B, we
design a piecewise linear observer that uses the following
relationships to estimate the base joint curvature K.s[n] at
the n*” discrete time step,

d- Fpiecewise (ll, 1'1, n) : T[n], if Sgn(ﬁ[n])
S

gn(afn — 1])
]

Kest[n — 1], else if 7[n] € [Trin, Tmasz

Hest[n] =
d- Fpiecewise (u; il, l’l) . T[n], else.

Here, [T1in, Tmaz] Which is the range of forces, for which
the hysteresis curve plateaus is computed at each point in
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Fig. 7: Plot of Ground Truth curvature (k,cq;) Vs. the estimate curvature by
our observer(kest)), sampled during a set of random trajectories provided
to the system. R? value for the estimate value of curvature was found to
be 99.29%.

b Tracking

Piezo motors S 0,
Force Sensor Muidewire tip System

Fig. 8: Antagonistic motion-based controller hardware to test tracking
accuracy. A tracker connected to the end of the guidewire prototype helps
track the tip position in the o — zo plane.

time. Also, the bending elasticity function I';ecewise (W, 1, 1)
is different from the term I', defined previously, and can be
defined as follows:

Ty (e, 1), ifsgn(un]) > 0

Fpiecewise (ua l:l7 n) = Fb(a2 ll) else
s W)y

Where «; is the wrapping angle of the tendon that is
currently engaged. We tested our observer by providing a
set of random trajectories to the system while sampling the
curvature under a microscope at several points (See Fig. 7).
Using this observer, a satisfactory estimate of the base joint
curvature in either direction is obtained, and may be used as
feedback in our control system.

B. Tracking Performance

To test our controller, we constructed the compact setup
shown in Fig. 8. Each joint of the robot has two tendons
bonded to its distal end, which on the actuator side terminate
at an antagonistic transmission which uses a single piezo-
based linear actuator (SmarAct GmbH, Oldenburg, Ger-
many). The transmission consists of a timing-belt and pulley
arrangement that enables antagonistic motion of the two
tendons in effect, similar to the ones used in previous robotic
catheter controllers [20]. Each tendon is bonded to the
transmission via a load cell with a maximum load capacity of
5 1bs (Transducer Techniques, California, United States). The
data from the force sensor, an encoder and the microscope are
acquired via a 16-bit ADC (Model 826, Sensoray, Portland,
United States) and UART respectively. An image processing
algorithm that uses Hough transforms automatically provides
us with the ground truth for the base joint curvature at each
point of time. Lastly, a marker is attached to tip, and a

Authorized licensed use limited to: Johns Hopkins University. Downloaded on March 09,2023 at 01:00:28 UTC from IEEE Xplore. Restrictions apply.



(a)10 I : +— Measured triangle
— Desired triangle
E
£ * Measured square
-~ 04 ~
= Desired square
Be]
,“u_'_;
& -0k ; -
0 50 10 150 200 250
DTime (s)
(b) 10 \ | —— Single
i Double
g Quadruple
E o ===
5
= 5F
(7]
o
o -0t L n L
0 50 100 150 200 250
Time (s)

Fig. 9: (a) Tracking results of the base joint for triangular and square
reference inputs on the xq axis, (b) Tracking results for sinusoids of varying
frequencies.

stereoscopic camera (MicronTracker H40, Toronto, Ontario,

Canada) tracks the end of the guidewire prototype in the
To-2o plane.

Next, we provided three types of input profiles (sinusoidal,
triangular and square trajectories) in task space to the base
joint controller. The time period of each input type was varied
from 50 secs - 250 secs. Fig. 9(a)-(b) illustrates that the PI
controller defined previously is able to track the input profiles
closely, with negligible steady state error for each step input.
Furthermore, it is also able to track at speeds often seen in
a surgical environment.

V. CONCLUSIONS AND FUTURE WORK

In this work, we present a novel robotically actuated
2-DoF guidewire tip, with the ability to deliver tension
to two orthogonal degrees-of-freedom. We also introduced
the design and manufacturing process for such an active
guidewire and analyzed the statics and kinematics of the
joints that constitute the robot. We demonstrated a control
strategy for the base joint of the robot taking advantage of
the statics model. Unlike most traditional continuum robots,
the two degrees-of-freedom in the guidewire tip are load-
coupled, and this coupling must be accounted for by the
control strategy. Therefore, in our future work, we plan to
build a model for this coupling and account using the same
framework as described previously.
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