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Abstract

Bevel-tip needles are commonly utilized in percutaneous medical interventions where a curved 

insertion trajectory is required. To avoid deviation from the intended trajectory, needle shape 

sensing and tip localization is crucial in providing the operator with feedback. There is an 

abundance of previous work that investigate the medical application of fiber Bragg grating (FBG) 

sensors, but most works select only one specific type of fiber among the many available sensor 

options to integrate into their hardware designs. In this work, we compare two different types of 

FBG sensors under identical conditions and application, namely, acting as the sensor for needle 

insertion shape reconstruction. We built a three-channel single core needle and a seven-channel 

multicore fiber (MCF) needle and discuss the pros and cons of both constructions for shape 

sensing experiments into constant curvature jigs. The overall needle tip error is 1.23 mm for the 

single core needle and 2.08 mm for the multicore needle.

I. Introduction

There exists a wide range of medical procedures that utilize bevel-tip needle insertion 

to minimize procedure-induced invasion to the body, including but not limited to biopsy, 

brachytherapy, and prostate surgery [1]–[3]. The bevel-tip is capable of driving the needle in 

a curved trajectory due to the uneven force applied to the asymmetric needle body. However, 

uncertain conditions during the insertion such as tissue obstruction, movement of patient, 

or practitioner error may deviate the needle from its intended trajectory. This will result 
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in complications such as tissue irritation during repetitive reinsertions when readjusting the 

position of the needle and accidental damage of nearby sensitive anatomical structures [4]. 

Guidance solutions are therefore imperative to minimize such risks during the insertion 

process by means of providing the practitioner with constant feedback on the needle location 

[5]. A conventional method utilizes real-time imaging modalities such as ultrasound imaging 

[6], [7] and MRI [8], [9] to track the needle’s trajectory during the insertion process. 

An alternative approach uses needles with built-in FBG sensors [10]. These FBG fibers 

embedded into the needle are optical sensors capable of detecting locally induced strain at 

specific locations throughout the fibers, referred to as the “active areas”, from the reflected 

optical wavelength at the active areas. From these FBG sensor readings, the current shape 

of the needle can be accurately reconstructed and determined without being able to visually 

observe the inserted portion. Another advantage of the FBG sensor is their compatibility 

with MRI, so that this shape-sensing method can be utilized in combination with the 

aforementioned imaging modalities.

Currently, standardized bevel-tip needles integrated with FBG sensors cannot be readily 

found on the market, and thus this apparatus must be built by the individuals according 

to their own needs and specifications. With this flexibility, optimization of the needle 

hardware design becomes an important consideration for the development of any FBG fiber 

shape-sensing needles. There are several previous works that investigate the optimization 

of needle, ranging from the placement of fibers across the needle cross section for best 

shape reconstruction to compensation experiments for inherent imperfections of the fibers 

[11]–[16]. These efforts mostly propose a single needle hardware design and discuss in 

depth the optimization methods of such design.

With the advancement of optical sensor fabrication technology, there are an emerging 

number of novel variants of FBG sensor options. In this paper, we fabricated two needles 

with identical form factors and similar sensor structure but using two different variants of 

FBG sensors: one using single-core FBGs, the other with a multicore FBG [17], [18]. To 

detect a three-dimensional shape, at least two independent channels are required within one 

cross-section. In our needle design, we incorporated an additional third channel to perform 

temperature compensation. The two needles realize an identical channel orientation, with 

the three channels laying on the same circle and 120° degree apart from one another. A 

noteworthy difference lies in the radial distance between the channels and the core of the 

needle.

This distance is larger for the single core needle since it relies on an inner stylet to hold the 

individual fibers in place, whereas the multicore has the desired distribution embedded in the 

FBG already. For the multicore needle, the wavelength data of an additional channel located 

in the center of the fiber is collected, and this center core is only used for temperature 

compensation. This additional physical core channel allows for novel methods of performing 

temperature compensation on the FBG wavelength shift data.

Cheng et al. Page 2

Int Symp Med Robot. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



II. Needle Construction

We fabricated two needles with identical form factors that integrates single core FBG and 

multicore FBG. Both needles are 200mm in length, and each have four sensing locations, 

referred to as active areas (AA). (Fig. 1)

A. Three-channel Single-Core Fiber Needle

For the needle to reconstruct its three-dimensional bending shape, it must have multiple 

sensors to collect strain data from different directions. Our needle integrates three single-

core fibers (80-micron cladding diameter, Technica Optical Components LLC, Atlanta, GA) 

distributed evenly across the cross-section of the needle. (Fig. 2) To anchor the fibers, we 

manufactured an inner stylet with three grooves, and glue (Loctite AA 3322, Henkel, Rocky 

Hill, CT) the fibers onto this inner stylet. This assembly step took more than four hours since 

we must wait for the 3–4 mm wide glue segment to dry before applying the next segment 

of glue, ensuring completely adherence of the fiber to the stylet. This step is repeated for all 

three fibers. This fiber-stylet assembly is then placed in a nitinol tube for protection before 

finally mounted into the outer 18-gage bevel tip needle.

During the mounting process, we ensure that one of the three fibers aligns with the bevel 

tip of the outer needle, while the other two flanks this fiber symmetrically on both sides in 

reference to the central plane of the needle.

B. Multicore Fiber Needle

The multicore needle only requires a single fiber with seven separate channels engraved 

(125-micron cladding diameter, Fujikura America, Sunnyvale, CA) (Fig. 3). Compared with 

the single-core needle with three different fibers, an additional inner stylet was not required 

to ensure the even separation of the fibers, and thus we directly place the multicore fiber into 

its protective nitinol tube (Fig. 2). To anchor the fiber, we glue the two ends of the fiber onto 

the nitinol tube. Lastly, analogous to the fabrication to the single-core needle, we mount the 

nitinol-fiber assembly into the outer 18-gage bevel tip needle.

III. Models and Methods

A. FBG Sensor Model

FBG sensors are optical sensors that can detect curvature due to its capability of perceiving 

strain. The sensor does so by reflecting light at a peak wavelength (called the “Bragg 

wavelength”), and the change of this wavelength λB  is related to the change in strain Δε
and temperature ΔT  applied to the fiber by such:

ΔλB

λB0
= SεΔε + STΔT (1)

where λB0 is the fiber’s Bragg wavelength when unstrained, Sε and ST are respectively the 

strain and temperature sensitivity coefficients.
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In order to relate the shift in FBG wavelength directly to the curvature sensed, we use the 

Euler-Bernoulli beam theory, which stipulates the relationship of a strain ε to the curvature κ
of a beam as such:

ε = κy (2)

where y is the distance from the neutral bending plane of the beam.

After first eliminating the effect of temperature from the FBG wavelength data, cascading 

these two equations that explains the linear relationship between wavelength shift – strain 

(Eq.1) and strain – curvature (Eq.2), we derive the single linear expression as such:

ΔλB = λB0Sεy ⋅ κ = κ ⋅ C (3)

In developing a shape sensing needle, deriving the calibration coefficients C to estimate 

induced curvature from detected wavelength shifts is a requirement. For a three-channel 

needle, the 2×3 calibration matrix entries consist of these C coefficients, where the columns 

represent the three channels and the rows represent the two vertical bending planes of a 

three-dimensional needle. A single calibration matrix CAAi will be derived per AA (Eq.3).

CAAi =
Ci1 − yz Ci2 − yz Ci3 − yz

Ci1 − xz Ci2 − xz Ci3 − xz
, i = {1, 2, 3, 4}

B. Temperature Compensation

The wavelength shift of a FBG fiber is induced by two elements: change in strain and 

change in temperature [19]. Since information about the insertion condition might not be 

always readily available, we must incorporate a method of negating the effect caused by the 

change in temperature in our signal processing model.

We assume the channels’ corresponding AAs to experience the same temperature at any 

point of time, and thus temperature should induce identical offsets in the wavelength shift 

for all channels within an AA. We, thus, deduct the common mode of the three channels 

from their respective FBG wavelength shift as this in effect takes away the common 

influence these channels are all experiencing, and the remaining wavelength shift shall only 

account for the that caused by strain [19].

For the multicore needle, in addition to the conventional common-mode deduction method, 

an alternative solution is to directly deduct the core channel FBG wavelength shift. Since 

the core channel lies on the neutral bending axis, this core should not experience any strain 

related to the curving of the needle. Therefore, any shift of this channel’s FBG wavelength 

data should be caused solely by the change in temperature. Assuming identical temperature 

experienced on all the channels, we take away this same amount of temperature induced 

wavelength shift from all the radial channels.
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C. Shape Reconstruction Model

After obtaining the curvature readings from the FBG wavelength shift data at the different 

locations, we reconstruct the compete needle shape using a constant curvature model with 

Lie algebra [20], [21]. The model is as follows:

ω(s) = ω1 ω2 ω3
T = RT(s)dR(s)

ds
v

(4)

where ω1, ω2, and ω3 represent the curvature along the local x- and y-axes (bending), and 

z-axis (torsion) respectively; R(s) ∈ SO 3  denotes the 3D rotation matrix representing the 

orientation of the local coordinate frame at each point along the needle; and s ∈ 0, L
denotes the arclength of the needle, where L is the insertion distance. The operation ˅

represents a 3D vector associated with a 3×3 skew-symmetric matrix RT (s)dR(s)
ds .

We then obtain the needle shape r(s) by integrating R(s):

r(s) =
0

s

R σ e3dσ (5)

where e3 = 0 0 1 T .

IV. Experimental Setup

A. Characterization

After constructing the needles, validating that the FBG sensors are functioning normally 

is imperative prior to advancing to subsequent experiments. There are several criteria to 

ensuring behavior of the FBG is as expected: a) Checking for the normal distribution of all 

the samples data points during one single collection, b) Symmetric behavior between the 

two fibers that are placed symmetrically with regards to the neutral plane, and c) linearity of 

FBG wavelength shift response to curvature.

This verification experiment is designed as follows: the needle is initially positioned 

horizontally with the bevel tip fixed on a horizontal bar. The bar is placed on top of a scale 

(GC2502, Sartorius, Göttingen, Germany) to ensure horizontal placement of the needle. 

(Fig. 4) The other end of the needle is then bent vertically downwards for ten steps via a 

linear stage (M-400, Dover Motion, Boxborough, MA) of 1.5mm displacements (load), and 

then slowly released back to its initial horizontal position again across ten 1.5mm increments 

(unload). After the actuation of each step, a sample size of 200 FBG wavelength shift data 

points are collected to mitigate the effect of FBG sensor noise. This load-unload cycle is 

repeated for five trials to ensure significance of the collected data. We repeat this experiment 

for three rotations with a rotary stage (B5990TS, Velmex, Inc., Bloomfield, NY): 0°, 120°, 

and 240°, so that each rotation would position one of the fibers directly on top of the neutral 

bending plane leaving the other two symmetric about said plane. These two symmetric fibers 

should exhibit similar behavior in their wavelength shifts, and thus provide insight to the 

presence of significant internal twist of the fibers causing a deviation from the expected 

symmetric response in their wavelength shifts [22].
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B. Calibration and Validation

After verifying proper functionality of the fibers, the most important step of developing a 

shape sensing needle is to empirically derive the calibration matrices to correlate detected 

FBG wavelength shifts to the curvature experienced by the needle [14]. We designed a 

calibration jig with six known constant curvature grooves (κ = 0.5/1.6/2.0/2.5/3.2/4.0 (1/m)), 

so that all AAs on a fiber experience the same curvature when inserted into the jig. (Fig. 

5) Five insertion trials were performed per groove to ensure the significance of results. 

We integrated an additional straight groove in the calibration jig to determine a baseline 

unstrained FBG wavelength which will be subtracted from all the raw wavelengths collected 

in the other curved grooves to calculate the FBG wavelength shift. A linear regression is 

then performed between the calculated wavelength shifts for each active area and the known 

curvature values (Eq.3), resulting in a calibration matrix that correlates the FBG wavelength 

shift to the curvature.

After we obtain the calibration matrices, we want to validate the performance of these 

matrices with a new set of test data. For this, we designed another validation jig with 

five grooves (κ = 0.25/0.8/1.0/1.25/3.125 (1/m)) that all have different curvatures from the 

calibration jig. Again, five insertion trials were performed per groove. We then calculate the 

predicted curvature for each active area by multiplying the FBG wavelength shift by the 

calibration matrix.

V. Results

A. Characterization

We first verified the normal distribution of all the data points collected across a single 

insertion (Fig. 6). Then, we plotted the FBG wavelength shift data of the three channels at 

every AA against the deflection distance from the unbent location (Fig. 7).

As shown in Fig. 7a, the single-core needle exhibits a linear behavior throughout the 

different deflection distances, additionally with the two channels (indicated by the blue 

and red lines) situated at opposite locations from the neutral plane exhibiting symmetric 

behavior. Notably, we observe that given the same deflection distance, the magnitudes of 

wavelength shift increase as the distance from the needle tip increases. AA1, furthest from 

the needle tip, experiences the largest wavelength shifts while AA4, closest to the needle 

tip, detected noticeably smaller wavelength shifts. This coincides with the ground truth of 

the bent shape where cross sections furthest away from the needle tip experience the biggest 

curvature.

For the multicore needle characterization, we observed certain phenomena that necessitated 

the further investigation for the data processing algorithm and hardware design change. First, 

the overall sensitivity of the multicore needle is lower compared with the single-core needle 

as evidenced by the smaller wavelength shift magnitudes of same deflection distances. This 

is within expectation since the multicore fiber has a smaller radial distance between the 

neutral bending plane and the radial channels from which we have selected to collect data. 

The most significant abnormality in the multicore characterization result is the occasional 

nonlinear behavior, most heavily observed in the first active area (Fig. 7b). However, it 
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exhibits a generally linear behavior across the channels, and since the majority of the 

multicore FBG sensor appears proportional to the curvature experienced by the external 

needle, we are confident enough to affirm the normal functionality of the sensor and 

continue with the calibration and validation experiments.

Notably, we repeated the characterization experiment for both the ODD channels (Fig. 7b) 

and EVEN channels (Fig. 7c) of the multicore needle. We can observe from Fig. 7b and Fig. 

7c that the FBG wavelength shift signal of the EVEN channel has a larger magnitude than 

that of the ODD channel, and thus we selected to collect data from the EVEN channels in 

our calibration experiments.

B. Calibration and Validation

For the calibration and validation experiments, we first generated the calibration matrices for 

the two needles (Fig. 8).

Using these calibration matrices, we then calculated the sensed curvatures from the FBG 

wavelength shift data collected in the validation jig, and finally reconstructed the entire 

curve based on these sensor readings. We characterized these reconstruction results with four 

error metrics:

Tip Error (TE): the needle tip location error from the ground truth

TE = r L − ractual L (6)

Root Mean Square Error (RMSE): the RMS error of the needle locations along the entire 

constructed shape

RMSE = 1
N ∑

i = 1

N
|r si − ractual si | 2

(7)

In-Plane Error (IPE): the shape error in the natural bending plane of the bevel-tip needle

IPE = 1
N ∑

i = 1

N
| (0, 1, 1) ⋅ r si − ractual si | (8)

Out-of-Plane Error (OPE): the needle error on the plane vertical to the bending plane.

OPE = 1
N ∑

i = 1

N
| (1, 0, 1) ⋅ r si − ractual si | (9)

The reconstruction results are shown in Fig. 9. We plotted the needle shape reconstruction 

derived from the constant curvature model illustrated in Eq.4 and Eq.5 against the ground 

truth curvature of the jig groove. We aligned the start point of these two plots and analyzed 
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the tip deflection as well as error along the needle body. A quantitative breakdown of the 

error for the different curves are shown in Table 1, represented by the mean and standard 

deviation of the errors for a given curve across the five trials.

VI. Discussion

From the reconstruction results, we observe that the single-core needle produces more 

accurate shape sensing results under our current experimental conditions. We compared the 

overall errors for the two needles across all curvatures and trials and concluded that the 

single core needle provided better results across the four error categories. (TE: p < 0.05, 

RMSE: p < 0.05, IPE: p < 0.05, OPE: p < 0.05) In this section, we discuss the possible 

sources of error of the two needles and the pros and cons of the selection between the two 

types of sensors. We break down the analysis into two aspects: the signal processing of the 

wavelength data and the hardware design of the needle.

A. Signal Processing

To simultaneously collect data from up to four channels, we selected the SM130 interrogator 

(Micron Optics, Roanoke, VA) as our interrogator for reading in the FBG wavelength 

shift data for both needles. Furthermore, as shown in Fig. 7, the magnitude of the FBG 

wavelength shift for the multicore is smaller than the data from the single-core needle.

A higher resolution interrogator might be necessary in collecting data from the multicore 

needle to reduce the signal-to-noise ratio. We leave the investigation of the effect our 

interrogator has on the results by repeating this experiment with higher precision equipment 

as a future work.

We then compared the accuracy of reconstruction for the multicore needle using the 

two temperature compensation methods (common-mode subtraction and core channel 

subtraction). We did not observe statistically significant differences of the four types of error 

across the different trials and curvatures for both methods. (TE: p = 0.26, RMSE: p = 0.27, 

IPE: p = 0.25, OPE: p = 0.25), thus we conclude neither of the temperature compensation 

methods distinctively outperform the other.

We further verified this by plotting the FBG wavelength shift of the core channel against the 

common mode of the three radial channels. (Fig. 10) We see these two signals across the 

four active areas all exhibit similar behavior, and thus we can assume the fluctuation for both 

the core channel signal and common mode signal is caused by the temperature variation.

B. Needle Hardware Design

An inherent difference in the two types of fiber is the radial distance between the centerline 

of the needle and the shape-sensing channels. This distance is larger for the single core 

needle due to the diameter of the inner stylet, whereas the channels of the multicore FBG 

has a pre-determined radius dictated by the sensor fabrication. According to beam theory, 

the strain (Eq.2) induced on a localized area increases as it moves away from the neutral 

bending plane. The geometry explains the single core needle’s larger wavelength shift 

when the two needles are experiencing the same external curvature. The optimal operating 
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curvature ranges for the two types of FBG sensors thus likely be different and should be 

validated in future experiments that perform the constant curvature jig insertion across more 

variable curvatures, such as polynomial or exponential curves.

Another hypothesis for the error discrepancies could lie in the hardware construction. With 

all the channels prefabricated onto one single multicore fiber, an inner stylet was not 

required to hold the three channels in their desired positions. Without this center structure 

to anchor the FBG, there is a possibility for FBG fluctuation inside the inner sheath. This 

causes two possible problems: FBG twist and the interplay between the fiber and inner 

sheath.

The internal twisting of the multicore FBG fiber is a probable explanation for the observed 

nonlinearities in AA1 during the characterization experiments [23], [24]. Instead of having 

the entire inserted FBG fiber vertical to the cross section of the needle, there may have 

been segments of the fiber twisted. This twist would change the relative orientation of 

these channels against the neutral bending plane and would result in incongruent FBG 

readings compared to the un-twisted segments. A possible solution to this phenomenon 

is to incorporate twist compensation as a part of the FBG signal processing method. By 

performing this extra step, the effect of the torsional shift of the channels could be negated 

by post-processing of the FBG wavelength shift data.

The other problem arising from the lack of inner stylet is that this hollow structure 

inadvertently introduces more space in between the layers of the needle. Since the multicore 

fiber is only anchored at the two ends of the inner sheath, the curvature experienced by 

the multicore fiber may differ from the exerted curvature on the needle tubing yielding 

an erroneous curvature measurement. Another point of focus for the future integration of 

multicore fibers into our shape sensing needles is the optimization of the hardware design 

and the method with which we attach the FBG fiber to the needle body.

Even though the single-core needle yielded better reconstruction accuracy under our specific 

experimental setup, there are still respective advantages from both types of sensors. The 

single-core needle has a well-defined inner stylet that purports the three channels, serves as 

a sufficient anchor site and provides structural integrity. The single-core fiber also utilizes 

cheaper FBG sensors. Its disadvantages are the bulkiness of the sensor instruments and the 

difficult and time-consuming fabrication process.

The multicore needle, on the other hand, requires only one fiber and no inner stylet, can 

thus be integrated into a smaller diameter needle and provides opportunities for developing 

thinner and more flexible needles. The fabrication process is also greatly simplified without 

having to apply glue throughout the entire needle body. The challenge of the multicore in 

its current construction is its lower sensitivity response when experiencing the same induced 

curvature. Further complications may also arise from the twist of the multicore fiber and the 

interplay between the partially anchored needle layers.
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VII. Conclusion

This work provides an introductory analysis between two types of FBG sensor fibers used 

in shape-sensing needle applications. Even though the accuracy of the single core needle 

exceeds that of its multicore counterpart, it does not negate the prospects of the latter 

in medical applications. The multicore FBG still remains a strong candidate with various 

distinct advantages such as reduced number of physical fibers, ease of fabrication, and more 

channels available for information collection. Our future work will focus on investigating the 

effect of interrogator precision and the effect interplay between the needle layers on shape 

reconstruction errors. Our future efforts will expand experimental settings to encompass a 

wider spectrum of conditions such as curvature range and larger fluctuation of temperature 

to determine the optimal operation range for both needles. We will continue to optimize the 

signal processing methods and hardware designs of both needles with the goal of further 

improving the accuracy and precision of needle shape reconstruction with FBG sensors.
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Fig.1: 
The locations of the four active areas along the needle, measured from the needle bevel tip
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Fig.2: 
Cross section of the mechanical design of the single core needle (left) and multicore needle 

(right)
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Fig.3: 
Cross-section of the multicore FBG sensor with 7 channels embedded. In this experiment, 

we collected data from the core channel and three EVEN radial channels 120° degrees apart 

(green)
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Fig.4: 
Experimental Set-up for Characterization
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Fig.5: 
Experimental Set-up for Calibration, the needle holder jig is to ensure level insertion of the 

needle into the grooves of the calibration/validation jig
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Fig.6: 
Histogram of FBG wavelength data sample for single core needle (left) and multicore needle 

(right)
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Fig.7: 
Plot of characterization results for single core needle(a), multicore needle ODD channels(b), 

and multicore needle EVEN channels(c)
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Fig.8: 
Calibration Matrices for the single core needle and multicore needle
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Fig.9: 
Examples of needle eeconstruction results of the smallest and largest curvature validation 

curve for the single core needle(a) and multicore needle(b). The blue line represents the 

FBG detected needle shape, while the orange line is the ground truth of the validation jig 

groove
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Fig.10: 
Examples of the comparison between FBG wavelength shift data for the multicore needle 

core channel (blue) and common mode of the three radial channels (orange) of the first two 

AAs
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