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Abstract

Endovascular and endoscopic surgical procedures require micro-scale and meso-scale continuum
robotic tools to navigate complex anatomical structures. In numerous studies, fiber Bragg grating
(FBG) bhased shape sensing has been used for measuring the deflection of continuum robots on
larger scales, but has proved to be a challenge for micro-scale and meso-scale robots with large
deflections. In this paper, we have developed a sensor by mounting an FBG fiber within a
micromachined nitinol tube whose neutral axis is shifted to one side due to the machining. This
shifting of the neutral axis allows the FBG core to experience compressive strain when the tube
bends. The fabrication method of the sensor has been explicitly detailed and the sensor has been
tested with two tendon-driven micro-scale and meso-scale continuum robots with outer diameters
of 0.41 mm and 1.93 mm respectively. The compact sensor allows repeatable and reliable
estimates of the shape of both scales of robots with minimal hysteresis. We propose an analytical
model to derive the curvature of the robot joints from FBG fiber strain and a static model that
relates joint curvature to the tendon force. Finally, as proof-of-concept, we demonstrate the
feasibility of our sensor assembly by combining tendon force feedback and the FBG strain
feedback to generate reliable estimates of joint angles for the meso-scale robot.

Index Terms—
Medical Robots and Systems; Surgical Robotics: Steerable Catheters/Needles; Mechanism Design

. Introduction

PERIPHERAL artery disease (PAD) is a commonly occurring condition affecting
approximately 155 million people worldwide in 2015 and increasing in number by about
34.4% from 2005 to 2015 [1]. Minimally invasive surgery (MIS) required to treat this
condition involves the manual navigation of a thin metallic wire (with outer diameters
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ranging from 0.36 mm to 0.89 mm [2]), known as a ‘guidewire’ through tortuous vascular
anatomy to reach an obstructed or diseased artery. This manual navigation of the guidewire
is effortful and requires significant experience [3]. Following the insertion and navigation of
the guidewire to the diseased artery, a variety of catheters may be introduced over this
guidewire to perform various tasks at the diseased artery location. Steerability in these
guidewires would therefore greatly reduce overall clinician time and effort in a PAD
procedure. Steerable micro-catheters and guidewires employ a variety of actuation strategies
to manipulate their distal ends [4]. The shape memory effect demonstrated by Nitinol [5], [6]
as well as its superelasticity [7], [8] and machinability make this material a very desirable
candidate for steerable guidewires. The design of reliable, actively steerable guidewires is an
active field of research. In the past, we have proposed the design, analysis and control of a
micro-scale 2 degree-of-freedom robotic guidewire with an outer diameter (OD) of 0.78 mm
[9]. In this work, we use a miniaturized version of this design with OD = 0.41 mm. The
guidewire has a set of four tendon-driven joints that allow it to achieve high bending angles
while navigating through tortuous vasculature (see Fig. 1(a)).

Micro-scale and meso-scale robotic tools are required in both pediatric and adult endoscopic
procedures. For example, in a pediatric MIS neuroendoscopic procedure known as the
endoscopic third ventriculostomy (ETV), a variety of rigid tools with diameters in the range
of 1 mm - 2 mm are used to reach several target regions in the third ventricle of the patient’s
brain [10]. However, an inability to manipulate the curvature of the tools inside the
ventricles drastically reduces the workspace of the clinician, causing the clinician to reach
sub-optimal target locations. Several solutions have been suggested for the use of steerable
robotic tools formed using pre-curved concentric tubes [11] as well as tendon driven
actuation [12]. In our previous work, we proposed a two degree-of-freedom (2-DoF) meso-
scale robotic neuroendoscopic tool with a diameter of approximately 2 mm with a handheld
controller [13]. We use a modified version of the same tool with a diameter of 1.93 mm in
this work (see Fig. 1(b)).

In each of the above cases (micro-scale and meso-scale robots), shape sensing is necessary
to improve the control-performance and to enable the surgeon to be aware of the robotic
tool’s position relative to patient anatomy as well as guide the imaging modality.
Electromagnetic (EM) tracking and image-based sensing have both been used for shape
sensing in robotics [14]. However, in the operating room (OR), EM tracking may suffer from
the interference of other magnetic or conductive objects within the generated field [14].
Image-based tracking methods in the OR often require the use of radiation, which should be
minimized when possible, according to the current radiation safety practices [14].
Ultrasound suffers from low resolution, low signal-to-noise ratio, and imaging artifacts
which makes it ill-suited to track a guidewire tip as it traverses through different areas of the
body [14]. Another viable option for tendon-driven continuum robots is to use tendon data
(tendon stroke and tendon tension) to estimate the shape of the robot via kinematic and static
models of the robot [9]. However, this modality is susceptible to errors arising from variable
tendon-sheath friction and the resulting tendon axial strain variability. Furthermore, external
robot tip forces arising from interactions with vascular or ventricular walls may cause error
in control and shape reconstruction based solely upon tendon data (see Section V).
Therefore, this modality cannot be solely used to reconstruct robot shape.
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Fiber Bragg grating (FBG) sensing is a promising technology where gratings etched into a
fiber reflect light at a wavelength that correlates with the space between gratings and thus,
the strain of the fiber. FBG fibers have been previously studied for shape sensing in various
applications. Liu et al. have developed an FBG bending sensor by attaching a fiber to two
nitinol wires and routing the assembly through the walls of their continuum robot [15]. This
design was later improved to insert the fiber and wires through the lumen of a polycarbonate
tube, bonding them at the ends, and has been tested up to a curvature of 66.7 m™1 [16].
Furthermore, it was implemented in the optimization-based control of a 6 mm diameter
continuum manipulator [17]. However, this method requires a channel to guide it along the
length of the robot which is not always available in the micro-scale and meso-scale robots
under consideration in this paper. We have previously developed large deflection FBG
sensors that can measure similar curvatures for larger robots [18], [19]. Other groups have
also worked with FBG bending sensors, but their maximum reported curvatures are less than
14 m~1[20]-[22]. Therefore, shape-sensing is still an open problem in small scale
continuum robots with large deflections. This paper presents an FBG-based bending sensor
design to provide accurate large deflection sensing for micro-scale and meso-scale
continuum robotic tools with a maximum measured curvature of 145 m™1,

This paper is organized as follows: Section Il describes the assembly of the FBG fiber within
the joints of each of the robots in Fig. 1. Section Il introduces two models for this sensor
assembly: A model to estimate joint curvature from FBG fiber strain (Section 111-A) and a
relationship between tendon tension and joint curvature for the meso-scale joint (Section I11-
B). Finally, in Section IV we demonstrate the feasibility of this sensing technique by
implementing a Kalman filter based observer that takes into account the FBG strain and
tendon tension to estimate the meso-scale robot’s joint angles.

ll. Shape Sensor and Joint Assembly

The tendon-driven joints of the micro-scale and meso-scale robots considered in this work
are called bending flexure joints [23], [24] (see Fig. 1(b)). These joints are created by
micromachining a set of notches in a tube of superelastic nitinol material using a
femtosecond laser (Optec Laser S.A., Frameries, Belgium), allowing 1-DoF compliance in
the tube at the location of the notches. The pattern of notches machined in the tube
determines the bending properties of the notch joint. The joints employed in the micro-scale
robotic guidewire are termed unidirectional asymmetric notch (UAN) joints [25], [26] (see
Fig. 2(a)) while the meso-scale neuroendoscopic robotic tool consists of bidirectional
asymmetric notch (BAN) joints [9], [27], [28] (see Fig. 2(b)).

Bending flexure joints allow for high joint curvatures at small joint lengths (each joint length
in our case is 12 mm). However, due to the low wall thickness of the nitinol tubes used for
machining these joints, explicit tendon routing channels cannot be machined into the walls
of the tube. This lack of space in the robot also limits the options for the placement of FBG
fibers in each joint to measure joint deflection. Unlike the authors in [16], the tendons and
FBG fibers cannot be routed in dedicated channels within the walls of the tube. The fibers
are therefore routed along the central lumen of the bending flexure joints. Furthermore, since
FBG fibers cannot measure pure bending strain and can on/y measure axial strain, the
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neutral axis of the sensor assembly must be shifted away from the central axis of the joint.
Authors in [15], [16], solve this problem by attaching two nitinol wires to a single FBG
fiber, thereby adding an offset to the neutral axis of this sensor-wire assembly. However, this
design is too large to fit in the central lumen of our micro-scale robot and tendons for tool
control must be routed with the sensor through the central lumen of our meso-scale robot,
which may affect an unprotected fiber. Hence, this is not a feasible solution.

In this section, we will first address each of these problems for the meso-scale robot joint
and then proceed to modify the solution for the joint of the micro-scale guidewire.

A. Meso-scale joint assembly

Fig. 3 shows the steps to assemble an FBG fiber inside the meso-scale BAN joint. A central
‘spine’ for the entire robot is created (shown in blue in Fig. 3) by micromachining a passive
UAN joint from a nitinol tube of OD 0.57 mm and ID 0.44 mm. This ‘spine’ can run along
the central axis of the entire joint. To assemble the fiber within the spine, the spine is first
placed in a jig, held in place at both ends with a set of supports with sliding dovetail joints
(see Step 1 in Fig. 3). Each of these spine supports has a metallic routing plate embedded in
it. The routing plate is also micromachined using a femtosecond laser from a sheet of nitinol
approximately 0.08 mm in thickness. This plate has slots to ensure the correct orientation of
the spine, as well as holes to hold the FBG fiber in place. Once the spine is held in place by
the supports and oriented correctly using the plate, the fiber is inserted via the hole inside the
metal routing plates of the supports at both ends of the spine. The fiber used is a Draw
Tower Grating (DTG) based fiber (FBGS International NV, Geel, Belgium) of diameter 195
4m with a single grating of length 8 mm. Glue (ClearWeld Quick Setting Epoxy, J-B Weld,
Atlanta, United States) is then applied through the two slots micromachined on either side of
the notches to attach the fiber to the ends of the spine (see Step 2 in Fig. 3) such that the
grating is located in the middle of the spine. The glue is allowed to cure overnight with the
assembly held in place by the jig. Next, the spine is extracted from the jig and inserted into
the meso-scale BAN joint of the robot (see Step 3 in Fig. 3). The spine, along with the joint,
is held in place by two 3D printed connectors at each end of the joint (see Step 4 in Fig. 3).
A single tendon is routed to the distal end of the meso-scale joint during this assembly,
allowing the control of the active robot joint. The passive UAN spine is oriented such that it
bends in the same direction as the meso-scale BAN joint (see Step 5 (inset) in Fig. 3)
Therefore, when the tendon is actuated, the robot and the spine-fiber assembly are assumed
to have similar curvatures (see Section I11-A). It is important to note that the fiber will
always run along the back wall (the side of the joint without the notches) of the spine due to
the specific placement of the neutral axis of the UAN joint regardless of where the two ends
of the fiber are glued around the inner circumference of the spine (see Section I11-A for more
details).

B. Micro-scale joint assembly

Fig. 4 shows the steps to assemble an FBG fiber inside the micro-scale UAN joint. The
process is similar to the assembly of the spine for the meso-scale BAN joint described
above. The guidewire is manufactured by using a femtosecond laser to micromachine a 12
mm long UAN joint from a nitinol tube of OD 0.41 mm and ID 0.24 mm. Two routing plates
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are also micromachined and placed on the sliding supports of the assembly jig (see Step 1 in
Fig. 4). The guidewire is inserted in the supports and oriented so that when the FBG is
placed, it will run along the un-notched side of the UAN joint of the guidewire (see Step 2 in
Fig. 4). The FBG fiber used has a diameter of 160 pm with a single grating of length 8 mm
(Technica Optical Components, Atlanta, United States). Due to the small difference between
the ID of the guidewire and the OD of the FBG fiber, only a single hole for the fiber can be
cut in the routing plate, requiring that the guidewire be visually aligned under a microscope.
The FBG fiber is pushed through the routing plates and the guidewire joint such that the
gratings on the fiber lie entirely inside the joint and at the middle of the joint (see Step 3 in
Fig. 4). Once the alignment of the guidewire and fiber is confirmed, a light adhesive tape is
gently placed over the ends of the fiber to ensure that they remain pressed against the un-
notched wall of the guidewire and to prevent the fiber from shifting during the glueing
process. Glue is applied through the two slots on either side of the notches to attach the fiber
to the un-notched wall at the ends of the guidewire joint. The entire assembly rig is then
flipped so that the notches face upward and the still liquid glue will not occlude the inside of
the guidewire. Once the glue has cured overnight, the guidewire joint is removed from the
assembly rig and two 50 gm nitinol tendons are routed from the proximal end to where they
are pulled out of a slot on the notched side at the distal end of the guidewire. The distal ends
of the two tendons are tied together, tension is applied and they are glued in place to the
outer wall of the joint.

[ll. Joint and Fiber Models

In this section, we model the relationship between the deflection of the joint and the
obtained strain in the FBG fiber for the meso-scale and micro-scale bending flexure joints.
For the meso-scale robot, we used a BAN joint, where the FBG fiber is routed through the
center of the joint via a central spine. In our previous work [9], we have demonstrated the
feasibility of using tendon forces as feedback for shape-estimation for BAN joints. However,
the addition of a central spine changes the static model of the BAN joint which must also be
modeled.

A. Micro/Meso-scale Robot: Strain-Joint Angle Relationship

In FBG sensors, the axial strain (¢) in the fiber-core causes a change in the wavelength of
light reflected back by the fiber (AA). Two different types of FBG sensors were used for the
two scales of robots tested in this work. For the meso-scale joints of the neuroendoscope
robot tool, Draw Tower Gratings (DTGSs) with an outer diameter (Dp7¢) of 195 ym are used.
For the micro-scale guidewire, FBG fibers manufactured with a smaller outer diameter
(Dgpgg) of 160 pm were used. For DTG fibers, the relationship between the change in
wavelength (AA) and the axial strain () of the DTG fiber is given by the manufacturer
(FBGS International NV, Geel, Belgium) as follows:

(/11 + A4
In

- ) = ke.1€ + S7.1AT + SpAT? &)
1

where AT is the change in temperature relative to the value upon initialization of the
measurements. Also, A1 = 1579 nm is the nominal wavelength of the DTG fiber, k.1 =
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0.772 is the strain sensitivity and S71 = 6.37 x 1078 and S75 = 7.46 x 1079 are the
temperature sensitivities provided by the manufacturer. For standard FBG sensors, the
governing equation for the AA-e relationship is as follows [16]:

A4

(/1_2) = k€_2€ + ST.3AT 2)

Here, the constants ., = 1.2 pm/ue and S73 = 10 pm/°C are intrinsic characteristics of the
fiber and A, = 1550 nm is the nominal wavelength of the FBG provided by the manufacturer
(Technica Optical Components, Atlanta, United States). Temperature variation can be
accounted for using the governing equation for the fiber or by introducing a second,
reference grating below the joint that is unattached to the guidewire wall so that it is not
strained by changes in curvature. Since this work is performed in a controlled laboratory
environment, the temperature is assumed to be constant (A 7= 0) and hence the change in
wavelength is only related to strain. In the case of the meso-scale bending flexure joints
considered in this work, the sensing fiber is contained within a spine which itself is a passive
UAN joint. In the case of the robotic guidewire, the robot’s joint itself acts as the spine in

which the fiber is fixed. We denote the outer and inner radii of these spines as r32/¢ and

f,f,’,gf respectively (see Fig. 5(a)). Also, the depth of the unidirectional asymmetric notches

in the spine is denoted as dgpjne. The distance between the neutral plane and central axis of
the spine is given as y32"¢ and is a function of the cross-sectional area A% [25] (see Fig.

5(b) (inset)). A" is a function of rPire, f}l’,;’e’f, and dspjne. Furthermore, the location of the

neutral axis of the FBG from the same central axis (see black dashed-dotted line in Fig. 5(a))
is given as follows:

fiber _ rspine _ (Dfiber) @)

Yia inner 3

As previously defined, Dgiper={Dp76, Drac} is the outer diameter of the fiber used in each
case (DTG or FBG). In the case of each of the joints in this paper, we ensure that the Dgper
and dgpjne are selected such that yliber < yspine This ensures that the fiber is always

undergoing compression when the spine is curved and will always rest along the back wall
of the UAN joint (the side of the joint without the notches). The neutral axis of the
composite structure composed of the fiber and spine is then given by:
EspineAspineyspine + EfiberAfiberyfiber
a ha

composite _ n )
na EspineAspine + EfiberAfiber

Here, A7 = nD%ibe,M is the cross-sectional area of the fiber (see Fig. 5(b)), while £59/¢ =
75 GPa and £7%¢7 = 70 GPa are the Young’s modulus for the spine and fiber respectively
[15]. Furthermore, the distance of the fiber from this composite neutral axis is given by

Ayng = (yomposite — yJiber). The strain along the fiber (e) for spine angle 6 (see Fig. 6) is then

na

given as follows:
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_ 6 - Aynq
€= Lo+0- ycomposite
na

®)

Here Lgis the length of the FBG at the joint angle of 6, estimated as Ly = (y,{},be’ + 1/z<)9,

where « is the curvature. Substituting this value of strain, ¢, in Egs. (1) and (2), we can get
the 6-AA relationship for the micro-scale (UAN) joint as follows:

Ad = keo - Ap-0- Ay,
- Lp+0- ycomposite ©)
na

For the meso-scale joint, this relationship is given as follows:

Ad=4-e ™

ke1:0- Aypg
Log+0- yzgmposite -1

It is worth mentioning that y/Z%¢" and 2" are the most critical factors that affect the axial
strain of the fiber. Since y$2"¢ is located inside the back-wall of the spine, the minimum
distance between y/7%¢" and y$Pi"¢ depends on the wall thickness of the spine. In the current

design, the fiber is always compressed when the tendon is been pulled. Any machining of
the nitinol tube for attaching the FBG fiber on the spine changes the y$27¢ and hence the

sensitivity of the sensor assembly. To evaluate the model derived in Egs. (6)—(7), we
conducted experiments on the guidewire (UAN) and neuroendoscope (BAN) joints. The
experimental setup is shown in Fig. 6. For each test, a DC motor with a lead screw (Maxon
Precision Motors, MA, United States) was attached to the tendon for the UAN/BAN joint
with the FBG sensor assembled inside. The &-AA relationship has been tested on one micro-
scale UAN joint (see joint J1 in Table 1) and one meso-scale joint (see joint J2 in Table I).
An electromagnetic (EM) tracking system (Northern Digital Inc. Medical Ontario, Canada)
was used to record the true bending angle of each sample. Figure 7(a)—(b) illustrates the
comparison between the modeled 6-AA relationship and the experimental data. For the joint
loading case, we find the model has an R2-value of 0.991 for the micro-scale (UAN) joint
and 0.996 for the meso-scale (BAN) joint. Note that while the e-AA relationship is nonlinear
for the DTG fiber in the meso-scale joint (see Eq. (1)), it demonstrates a high degree of
linearity over its operating range (e < 7%). As a result, the R2-value is reported for this case
to maintain consistency. However, we observe hysteretic behavior in the experimental data
during unloading of the joints (see Fig. 7(a)—(b)). As a result, for the joint unloading case,
we have lower R2-values of 0.886 for the micro-scale (UAN) joint and 0.962 for the meso-
scale (BAN) joint. This hysteresis effect is addressed for the meso-scale robot in Section V.

B. Meso-scale Robot: Spine-Joint Static Relationship

To arrive at a static relationship for the spine-joint assembly of the meso-scale joint, we
made two assumptions: 1) The stiffness of the FBG fiber is negligible in comparison to that
of the joint and the spine and therefore it is not considered in the development of the static
model of the joint, 2) Joint statics are affected by bending moments, tendon friction, and
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pure compression forces. However, in these joints, pure compression is insignificant in
comparison to the bending and friction forces and is not incorporated into our model. Fig.
8(a) shows an FEM simulation (Solidworks 2018, Dassault Systems) of a BAN joint, spine
and nested joint including a spine inside of the lumen of the BAN joint. Because the neutral
axes of the BAN joint and the spine are on the same plane but not statically connected as a
single body, the total moment applied on the nested joint by the tendon (M can be stated
as a superposition of the moments applied to the joint (A#27) and spine (MPIne): pgtotal =
MPoInt 1 \ppine These moments are applied to the FEM model, and the model validates this
moment superposition relationship (see dashed line in Fig. 8(b)). Here M = FL 4, is the
moment applied on the joint, the spine or the joint-spine combination due to the tendon
tension ~, where /= {joint, spine, total}. Since the moment arm (L 4, is the same for all
three cases, we can represent this equation as follows:

Ftotal — Fjoint+Fspine (8)

For the outer BAN joint, the outer radius of the tube (r§*"), depth of the notches (&M,

and the thickness of the segment between two consecutive notches (4N are the parameters
defining the statics (see Fig. 2(b)). From [13], a BAN joint is modeled as a serial chain of N/
bidirectionally asymmetric notches. Using Castigliano’s second theorem:

~ (N =1) ()U(IBAN, dBAN)

2 notch( joint ;BAN _BAN
IM"P(FIom gBAN pBAN)

0 ©)

where Ais the total number of notches in the joint, ({BAN, gBAM is the strain energy across
the bending section for a single pair of notches, and M"*“"(F/o gPAN BAN) is the

moment applied on the single pair of notches due to the tendon tension ~/9. Using Eq. (8),
we can find the tendon tension required to achieve the bending angle (6) for any BAN joint.

To find the 6-FP"€ relationship, we make use of joint loading experimental data from joint
‘J3” in Table I. The experimental setup of Fig. 6 is used, replacing the micro-scale guidewire
joint with the larger meso-scale BAN joint ‘J3” with and without the FBG sensor assembly.
A second order polynomial fit is generated to approximate the 6-F%0@/ and @ Foint
relationships (see Fig. 9(a)). Using Eq. (8) and these polynomial approximations of
experimental data, we can arrive at the 8-/ relationship. This relationship can then be
applied to a model of joint “J2” (see dotted blue and green lines in Fig. 9(b) generated using
Eqg. (9)) to arrive at an accurate model for the joint behavior with the spine (see solid blue
line in Fig. 9(b)). Therefore, the effect of the sensor assembly on the statics of the meso-
scale robot joint can be effectively modeled (RMSE values for joints ‘J2” and ‘J3” are 0.071
N and 0.077 N respectively). However, as seen in Fig. 9(b), the model holds only for the
case of joint loading. A significant amount of hysteresis is observed in the &-Fo@/
relationship during the unloading of the joint. This hysteresis results from the material
properties of the nitinol material used to manufacture the BAN joint. Superelastic nitinol
demonstrates hysteresis in its stress-strain relationship as it transitions between its austenite
and martensite phases. We compensate for this hysteresis in the next section.
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V. Meso-scale Robot: Joint State Estimation

In the case of the micro-scale guidewire joint, FBG sensing is the only feasible modality
available to estimate the shape of the guidewire other than imaging. Tendon force or
displacement proves to be unreliable in this case due to varying tendon-sheath friction forces
as the guidewire traverses through the patient’s vasculature towards the target. However, for
tools with a fixed sheath length (such as the meso-scale robotic neuroendoscope), tendon
force too (A9 can be an effective feedback mechanism to estimate robot joint state.
However, since the forces required for controlling meso-scale BAN joints can be <4 N (see
Fig. 9(a)—(b)), the noise in the force sensor can result in significant error in our estimation.
We demonstrate in this section, that shape sensing using the FBG fiber assembly, combined
with the tendon force information can significantly improve the performance of an observer
estimating joint state (&) for the meso-scale joint.

First the hysteresis observed in the 8-AA relationship (see Section 111-A) and the &-F0t@!
relationship (see Section I11-B) must be effectively modeled and compensated. In this work,
we use a Preisach model to estimate the hysteresis in our sensor response [29]. This model
was adopted due to its ability to estimate intermediate hysteretic loops and relatively low
computational costs. In its continuous form, the Preisach model estimates any hysteretic
system as a function of infinite hysteretic binary switches (usually switching between ‘0’
and ‘1°):

() = ff 1@ D flx(0)dadp (10)

Here x(# and (z) are the input and output of the Preisach model at state frespectively. In our
case, the input (x() can either be FBG wavelength shift (A1) or tendon force (A4, while
the output (9(»)) is the estimated value of true joint angle (6). The hysteretic switches

mentioned earlier are denoted by the function y, 5 Where a and S are the switching limits
of each switch in the input (x(9) space.

In this work, we use the method used by the authors in [30], to discretize and map the
Preisach model into a linear framework and estimate ‘Preisach weights’ by using a linear
regression. For each of our models, we begin by first discretizing the input space into A,
equal sections and defining (Np)2 switches over the entire Preisach plane. The Preisach
model may then be described as F=T - i(a, B). Here, F=[R1), £2), ..., £m)]” is the output
of-the discretized model for /m samples and I is a matrix consisting of the (Np)2 columns of
Preisach switches in each of its mrows. ((a, p) is the ‘Preisach weight’ to be learned for
each of our models. Following this, a number of sinusoidal inputs of varying amplitudes and
constant frequency (0.05 Hz) are applied to the system. The tendon force (A2, FBG
wavelength shift (AA) and true joint angle (6) values are collected for training our discrete
Preisach model. Therefore, from each of our sensors that measure AA and A9/ hysteresis
in the sensor response can be modeled to generate estimates of true joint angle (6). We

denote these estimates together as 6 = (6,6 f]T, where 6, is generated by the Preisach
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model for the &-AA relationship and §f is generated by the Preisach model for the -~/
relationship.

An Unscented Kalman Filter (UKF) uses @ to generate an estimate of joint angle, 655 (see
Fig. 10(a)). A joint angle prediction (é) is generated by a robot-specific kinematic model

[31] of the BAN joint that relates tendon stroke to the joint angle. This prediction is adjusted
using the output of the Preisach model (§) to generate an estimate of joint angle, 65 To

demonstrate the effectiveness of the state estimate, we first use only tendon tension (%@ to
generate 25, A set of sinusoids with decreasing amplitudes and a frequency of 0.1 Hz were
used as the input signal (denoted by «in Fig. 10(a)). There is significant noise in 62/ with a
higher RMSE of 5.2339 deg when using only tendon tension (see dotted black line in Fig.
10(b)). When the Preisach model estimating  , is incorporated, the values of 625 generated

closely follow the true @values (RMSE = 1.0833 deg) (see dotted-dashed red line in Fig.
10(b)). Using only FBG data (5,1) to generate 6°%, we observe a higher RMSE of 1.0839

degrees. To demonstrate the effectiveness of the state estimate in the presence of external tip
forces, a foam block was placed in the path of the joint, and a set of sinusoids with
decreasing amplitudes and a frequency of 0.05 Hz were used as the input signal (see Fig.
10(c)). This shows that the addition of 8, is robust to the presence of external forces (RMSE

=1.0866 deg), while tendon tension (%@ by itself cannot reproduce €25 correctly (RMSE
= 18.2500 deg). This demonstrates the effectiveness of using the FBG sensor assembly
introduced in this work in conjunction with force feedback to estimate the state of the joints
of our meso-scale robot. The current implementation of the Preisach model using a linear fit
is limited in its ability to adapt to changes in hysteresis such as those caused by the dynamic
responses of the system and the sensors which will vary under largely different operating
speeds. However, this proof-of-concept will be the basis for future development of a robust
hysteresis model and its application in controllers for micro-scale and meso-scale robots.

V. Conclusions

In this work, we design and develop a sensor-framework using an FBG fiber to measure the
shape of micro-scale and meso-scale continuum robots. To obtain strain in the core of the
FBG while it bends, the neutral axis of the FBG fiber was shifted by attaching it within a
UAN joint micromachined from a nitinol tube. One advantage of the sensor design is the
ability to sense joint bending for small-scale joints, which we demonstrate using a micro-
scale joint (OD = 0.41 mm) and a meso-scale joint (OD = 1.93 mm). The design and
assembly process of this sensor are described for both scales of joints explicitly. Another
advantage is a highly linear and repeatable response which can be explained by the
analytical model proposed and validated in this work. One disadvantage of the sensor is a
hysteresis pattern observed in the sensor response. However, this may be modeled effectively
using a Preisach model. We demonstrate this using a Kalman Filter-based observer to
estimate the deflection of the meso-scale joint. This sensor achieves, to the authors
knowledge, the highest reported curvature of FBG bending sensors, 145 m~1, Future work
will expand the unidirectional bending tested in this study to bidirectional bending
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applications, multi-joint sensing, and real-time control methods for the joints reported in this
work in an MRI-safe environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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P«th of guidewire

\

handheld
controller

Fig. 1:

(a) Micro-scale robotic guidewire (OD: 0.41 mm) with four bending flexure joints traversing
vascular phantom model, (b) Meso-scale neuroendoscopic robotic tool tip (OD: 1.93 mm)
with two degrees-of-freedom forming S-shaped curve using tendon driven bending flexure
joints.
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(a)

Fig. 2:

Tendon-driven bending flexure joints: (a) Micro-scale UAN joint and the notch parameters
defining its bending properties (inset), (b) Meso-scale BAN joint and the notch parameters
defining its bending properties (inset).
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Step 1: Nitinol Spine Setup Assembly Step 2: Attachment of FBG with spine

FBG fiber attached to ends of
Nitinol spine

Nitinol Spine

Spine supports
with sliding dovetails

\

Spine Side View

Metal Routing Plate

Step 3: Spine inserted into joint Step 4: Connectors and tendons attached Step 5: Completed joint assembly with spine
Outer BAN joint

Inner UAN Spine
FBG Fiber.
Nitinol Tendon.

Nitinol spine with FBG 3D printed connector
p!

BAN meso-scale joint Nitinol tendon N
3D printed connector

Fig. 3:
Steps to affix the FBG fiber within a spine for the meso-scale BAN joint.

Bending direction
of BAN joint
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Step 1: Slide Supports into jig

Step 2: Guidewire joint inserted into jig

y

Fig. 4:
Assembly process for inserting the FBG fiber into the joint of a robotic guidewire with an
outer diameter of 0.41 mm.
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Fig. 5:
Micro/Meso-scale Robot Joints: (a) Schematic of the neutral axes of the spine, the FBG
fiber, and the composite structure, (b) Schematic of the notch and integrated fiber.
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Fig. 6:
Experimental setup for sensor validation.
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(a) Micro-scale Joint (b) Meso-scale Joint
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Fig. 7:

Comparison between the Joint Angle (8)-Wavelength Shift (A1) model (during joint
loading) and the experimental data demonstrating hysteresis in the (a) Micro-scale joint, (b)
Meso-scale joint.
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(a) The nested joint model in FEM simulation and (b) FEM result.
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(a) For the joint “J3” in Table I, the gray and green colored solid lines allow us to estimate
FPine (b) Bidirectional asymmetric notch joints with spine containing a single FBG fiber

(joints J2 and J3 in Table

).
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Fig. 10:

(a) UKF based observer for the meso-scale robot involves combining a kinematics model,
tendon tension (# and FBG fiber wavelength (AA) to generate joint angle estimate (6259, (b)
Free space response of the observer, (c) Response of the observer in the presence of external
tip forces.
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TABLE I:

The set of samples tested to validate the spine-joint static model.

Parameters
Sample (mtm) (mdm) (mhm) Notches R2.y _aluec R'\él NS)Ed
14 - 027 03 28 0.991 -
P 02  1.09 - 20 0.996 0.071
13?0 02 120 - 20 . 0.077

a. . - S Lo
J1 is unidirectional asymmetric notch joint in micro-scale robot (Guidewire).

J2 and J3 are bidirectional asymmetric notch joints in meso-scale robot (Neuroendoscope).

care the R2-values for the 8-AA model developed in Section I11-A.

dare the RMSE values for the & A79%/ model developed in Section 111-B.
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