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This paper presents the methodology for temperature compensation of a system for shape reconstruc-
tion of a minimally invasive surgical needle. The system is based on four optical fibers glued along the
needle at 90° from each other and connected to the optical backscattering reflectometry interrogator.
The interrogator measures backscattered light from four fibers, which shifts as a response to temperature
or strain variations. During minimally invasive surgery the fibers sense both the strain change (due to
the needle bending) and the temperature change (due to the difference between the temperature of the
environment and the human body). Shape reconstruction is based on the strain measurements, so the
temperature readings need to be compensated. The methodology of compensation is based on the two
pairs of opposite fibers, which measure the same temperature change and opposite strain. The spectral
shifts of the opposite fibers are added to find only the temperature component and the result is sub-
tracted from the whole spectral shift to find the strain change detected by each fiber. This method has
been validated by repeated constant insertion into a temperature-varying phantom. The algorithm has
succeeded in the extraction of the strain component, which found to be the same in all trials despite the

changing temperature.

1. Introduction

Shape sensing technologies have been increasingly reported as
an important application for sensors [1-3]. The measurement of
shape in real-time has a significant impact in medical applications
because it allows precise monitoring of the insertion and posi-
tioning of percutaneous and endoscopic catheters [4], as well as
performing some diagnostic directly from the shape characteristics,
particularly in cardiovascular detection [5]. Radiation and imaging-
based methods have been strongly documented, however, they
have significant drawbacks in terms of speed, precision, and the
requirement to support the detection with additional equipment.
For this reason, in recent times we have witnessed the surge of
fiber-optic shape sensing methods, that make use of optical fibers
in order to perform a real-time, in situ shape sensing [4,5].

The first area of application of shape sensing is in endoscopic
devices, which are catheters inserted through anatomic channels
with semi-flexible form factor [4-6]. These types of catheters are
usually based on expansile material such as nitinol or flexible plas-
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tic[6], and experience significant bending when inserted into place.
For example, Al-Hamad et al. [4] reported a case study of a 3D-
printed catheter tube bent over curvature values around 0.67 cm~1,
while Khan et al. [6] reported curvature sensing within 0.002 mm~!
up to 0.02mm~!.

The most prominent technology for shape sensing of semi-
flexible devices is based on fiber Bragg gratings (FBGs), and
specifically FBGs in multicore fibers (MCFs) [7,8]. FBGs are narrow-
band reflectors that can be inscribed in-line into each core of an MCF
[9]. When torsions are applied to the fiber, the differential wave-
length shift recorded by each FBG is converted to a 3-dimensional
strain through a pre-defined model, such as the Frenet-Serret
model [3] or the transformation matrix [8], both having an effi-
cient computation. The method of the inscription of FBGs in MCFs
allows achieving a tight spatial resolution since FBG arrays with
sub-centimeter spacing have been consistently reported [9].

The application of shape sensing technologies in rigid percuta-
neous needles represents a different case scenario: percutaneous
devices have high stiffness, that sustains a penetration through the
skin and several layers of tissues, which requires devices that detect
small lateral bending, usually around few millimeters for a needle
of few centimeters. Given that the rigid structure of the needle con-
trasts the deformations, MCF devices are unsuitable for performing
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a shape reconstruction as they do not have enough accuracy. Rigid
applicators are an important case for investigation since they can
be applied in several therapeutic and anesthetic procedures, such
as in the monitoring of Chiba percutaneous needles [2] for thermo-
therapies, or Tuohy needles for epidural anesthesia [ 10]. Currently,
guidance systems for percutaneous insertions of the rigid needles
are based on a single FBG [11-13], which determines the pressure
level at the target tissue, but does not render the whole process of
insertion from the skin to the target zone.

The 3-dimensional needle’s shape monitoring during the whole
process of insertion can be performed using distributed sensing,
and in particular, the method based on optical backscattering
reflectometry (OBR) [14]. The OBR detects the Rayleigh scattering
signatures of fibers in the frequency domain, along the whole fiber
link, and therefore it can measure distributed strain; by using mul-
tiple fibers, strain measurements can be extended to shape. Parent
et al. [2] proposed a triplet of fiber forming an equilateral triangle
within the walls of the needle, while Beisenova et al. [10] proposed
a method based on a fiber quadruplet fixed outside of an epidu-
ral device. The last method is particularly interesting because this
external mount does not obstruct the flow of the anesthetic fluid
inside the device, and therefore it is compatible with any hollow
anesthetic needle. This shape sensing method reported for rigid
epidural needles have typical curvature around 10™> mm~! [10].

One of the drawbacks of OBR methods for shape sensing is that
each strain measurement is influenced by temperature; in fact,
the fibers have a dual sensitivity to strain and temperature (about
1pm/ue and 10 pm/°C at 1550 nm). When the needle is inserted
into the tissue, part of the fiber is exposed at room temperature,
while the inner part is exposed to the body temperature, around
36°C; this corresponds to a temperature differential between the
tip and the tail of the needle of about 10-15 °C (depending on ambi-
ent temperature). Moreover, in the case of epidural anesthesia, the
needle pierces through multiple layers of tissues with different con-
sistency, and therefore the onboard sensors are sensitive to both the
transition between ambient temperature and inner body temper-
ature, as well as to the local variations of each subcutaneous layer
[15].

Floris et al. [16] have recently reviewed 3D shape sensing meth-
ods based on optical fibers (FBGs, MCFs, and OBR) and mentioned
some temperature compensation techniques. Most previous shape
sensing works reported for medical devices have been performed
on lab phantoms held at room temperature [10,17,18], or for guid-
ance and endoscopic systems that are entirely inserted in situ and
therefore do not experience any inner-outer temperature varia-
tion [19-21]. The existing temperature compensation methods are
based on the transfer matrix [8] or the Frenet-Serret algebra [3]
that work only for large bending and are suitable for semi-flexible
devices.

In this work, we report a method for temperature compensa-
tion in shape sensing of a rigid epidural needle, based on a fiber
quadruplet mounted at the four cardinal points of a Tuohy nee-
dle. This method has been calibrated on a hot phantom, inserting
the needle with a linear actuator, and using an estimation of the
thermal data in each section of the fiber to remove thermal effects
from the shape estimation in each needle section. This method has
been validated on a hot phantom, allowing a simple yet effective
improvement for in vivo shape sensing of percutaneous devices.

2. Material and methods

2.1. Shape reconstruction system working principle

According to Fig. 1(a), the system for the shape reconstruction
of the needle is achieved by equipping the Tuohy needle with four

optical fibers connected through the 1 by 4 coupler to the Luna
OBR (Luna OBR 4600, Luna Inc., USA) interrogator. The interrogator
detects the light scattered from each small section of the fiber and
measures its spectral shift resulted from the strain or temperature
application [2]. The spectral shift has a linear relationship with the
strain and temperature changes when they are applied separately,
therefore the interrogator provides distributed measurements of
these parameters with a high resolution (0.2 cm in this paper). The
fibers are glued outside the needle at 90° from each other (Fig. 1(b)),
so that two pairs of opposite fibers are created (left and right, upper
and lower). The distributed strain detected by each pair of the fibers
is used to reconstruct the needle shape along the two perpendicu-
lar axes (X and Y) which allows detection and visualization of the
needle bending to all directions. The simultaneous scan of all fibers
isreached by using scattering level multiplexing, which is based on
two types of fibers: standard single-mode fibers (SMF) and high-
scattering MgO nanoparticles doped fibers (NPDF) [22,23]. NPDFs,
which have a backscattering level of 35-40 dB higher than SMFs, are
spliced with SMF pigtails which lengths are selected in such a way
that each SMF is about 10 cm longer than the previous SMF+NPDF
fiber (Fig. 1(d)). As aresult, the neighboring NPDFs are spatially sep-
arated from each other (Fig. 1(c)) and can be used as sensing fibers.
The system for shape reconstruction has shown promising results
during the insertion into a custom-made phantom modeling the
anatomy of the human body [10,17].

In the previous experiments, the phantom was at room tem-
perature (about 25°C), but in real life, the temperature of the
human body can be about 35.5-39.6 °C [24]. Therefore, some part
of the spectral shift detected by the interrogator will be caused
by the strain change due to the needle bending, while another
part will correspond to the temperature difference between the
environment and the human body. To achieve an accurate shape
reconstruction system, it is important to extract the strain compo-
nent of the spectral shift. The temperature compensation technique
has been developed by the following steps:

(1) Application of the varying temperature (keeping strain con-
stant) and varying strain (keeping temperature constant) to the
NPDFs to find the temperature and strain coefficients (Section
2.2).

(2) Application of the varying temperature (keeping strain con-
stant) and varying strain (keeping temperature constant) to the
sensorized needle to identify the behavior of the system when
only one of the external changes is applied (Sections 2.3 and
2.4).

(3) Application of the varying temperature and strain at the same
time to the sensorized needle to design the temperature com-
pensation method (Section 2.5).

2.2. Finding temperature and strain coefficients

In order to convert the spectral shift detected by the interroga-
tor to the applied strain or temperature, the respective coefficients
need to be found. The temperature coefficient has been estimated
by immersing the NPDF into a water bath which has been heated
from 33 °C to 95°C by a hot plate [25]. Fig. 2(a) illustrates the linear
relationship between the detected spectral shift and the applied
temperature, and the temperature coefficient was found to be kr =
—1.005 GHz/°C. In the strain calibration experiment, about 1.5 m of
the NPDF has been locked in between two micropositioners, which
applied the strain change from 0 e to 900 pe [25]. According to
Fig. 2(b), the spectral shift has changed linearly in response to the
applied strain and the strain coefficient is k. = —0.1298 GHz/u.¢.
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Fig. 1. The shape reconstruction setup (a) consists of the interrogator (1) with the evaluation software (2), connected through the coupler (3) to four NPDF+SMF fibers glued
along the Tuohy needle (4). The schematics of the fibers arrangement along the needle is shown in (b). The spectrum of the backscattering light of four NPDF+SMF fibers is

shown in (c) and the schematics of multiplexing methodology is given in (d).
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Fig. 2. Temperature (a) and strain (b) effect on the spectral shift of the backscattered light along the NPDF.

2.3. Experiment with the varying temperature

In the experiment with varying temperature, the needle has
been put in a fixed position into the temperature chamber and
has been heated from 25 °C to 40°C with a step of 3 °C. There was
no strain change applied to the fibers, therefore the spectral shift
detected by the OBR has been converted to the temperature change
with the coefficient kr = —1.005 GHz/°C. According to Fig. 3, the
temperature detected by the four fibers does not exactly corre-
spond to the temperature measured by the thermocouple because
it detects the temperature inside the thermal camera, not the nee-
dle or the fibers. This is done in order not to touch the needle and
the fibers with the thermocouple. However, the recorded temper-

ature change is increasing with a growth of applied temperature
and the pattern for all four fibers is the same. Thus, all four fibers
feel the same temperature when the heat is applied to the needle.

2.4. Experiment with the varying strain

Inthe experiment with varying strain, the needle’s base hasbeen
fixed while its tip has been shifted to the direction of the lower
fiber (along the Y-axis) from Ocm to 1cm with a step of 0.1 cm.
The temperature of the needle and fibers have been kept constant,
so the spectral shift has been converted to strain by the coefficient
ke = —0.1298 GHz/ne. Fig. 4 shows the strain change detected by
each of the four fibers during this experiment. The pair of the upper
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Fig. 3. Temperature detected by each of the four fibers around the needle during the heating of the needle from 25 °C to 40 °C with a step of 3°C.
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Fig. 4. Strain detected by each of the four fibers around the needle during the needle’s tip shift to the lower direction from 0cm to 1cm with a step of 0.1 cm.

and lower fibers has detected almost the same strain but with oppo-
site signs because the lower fiber has been compressed and the
upper fiber feels tension. The needle has not been bent along the
X-axis, so the pattern for the left-right fibers is different. They have
detected similar strain with the same sign, but much smaller than
the pair of the upper-lower fibers. This can be explained by the fact
that the two fibers still experience some bending because they are
attached to the needle. The needle has been bent to all other main
directions (upper, left, and right) and to four intermediate direc-
tions as well (upper-left, upper-right, lower-left, and lower-right)
and those results are presented in another paper. The conclusion
from the set of strain calibration experiments is the following:

¢ If the bending is present along the X-axis or/and Y-axis, the pair
of the left-right or/and upper-lower fibers detect similar large
strain (about 100-150 &) but with opposite sign.

¢ If the bending is absent along the X-axis or Y-axis, the pair of the
left-right or upper-lower fibers detect similar small strain (about
20-30 ) with the same sign.

2.5. Experimental setup for temperature compensation

Fig. 5shows that the previous experimental setup (1-4) has been
supplemented with the temperature compensation unit consisting
of the linear actuator (5), the sausage phantom (6), the tempera-
ture chamber (7), the thermocouple (8), and the thermal camera
(9). The sausage is applied as a phantom because the custom-made
phantom used in the previous experiments [10,17] contains jelly,
which melts with the temperature increase. Moreover, the sim-
plicity of the phantom can be an advantage to have a more uniform
temperature distribution, which has been checked by the thermal
camera. The phantom has been placed into a temperature cham-
ber and heated from 25 °C (room temperature) to 40 °C (high body
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Fig.5. Experimental setup consists of the interrogator (1), the evaluation software (2), the coupler (3), the needle with four NPDF+SMF (4). The needle is attached to the linear
actuator (5) to achieve repeated insertions into the sausage phantom (6). The phantom is heated inside the temperature chamber (7) from 25 °C to 40° and its temperature
is measured by the thermocouple (8) and the thermal camera (9).
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Fig. 6. Strain of each fiber retrieved from the originally recorded spectral shift.



A. Issatayeva, A. Amantayeva, W. Blanc et al.

I—t=Os—t=1s

t=25—t=33—t=4s|

Left and Right fibers

T =26°C T =30°C T=35°C T =40°C
40 40 40
SN

30 30 30 30 \

20 20 20 /\\ 20
& 10 10 ﬂ 10 10 \
]
2
©-10 -10 - -10
§ 0 2 4 6 0 2 4 & 0 2 4 6 0 2 4 6
o Upper and Lower fibers
2 T =25°C T =30°C T =35°C
S 40 40
£ 30 30 30
(0]
= 20 20 20

10 10 A~ 10

0 W\v/ (4] e — N 0 ¥ ~
\
-10 1 10 -10
2 4 6 0 2 4 6 0 2 4 6
Z (cm)

Fig. 7. Temperature of each fiber retrieved from the spectral shift using the temperature compensation algorithm.

temperature). The temperature of the sausage has been monitored
by the thermocouple, then each 5°C the needle has been inserted
into the sausage and the spectral shift has been recorded by the OBR
interrogator. In order to reach the same strain change in each trial,
the needle has been inserted in the same way with the same speed
using alinear actuator (Glideforce LACT2P-12V-20 Light-Duty, Con-
centric International, USA). The linear actuator moved the needle by
5cm with a speed of about 1.5 cm/s. The movement was expected
to be straightforward, but it was noticed that the needle has been
moved a little upward.

This setup allows comparing the spectral shift detected by the
interrogator during constant needle insertions into the phantom at
different temperatures (25 °C, 30°C, 35°C, 40°C).

2.6. Algorithm for temperature compensation

The aim of this algorithm is to separate part of the spectral
shift caused by the strain change (faleﬂ , farigm, Setower» A0 fey e, ) from
the whole recorded spectral shift (fiesr, frignt» fiower» a0d fupper ). The
algorithm has been implemented in MATLAB (Mathworks, UK) and
consists of the following steps:

(1) The temperature components of the spectral shifts of the pair
of opposite fibers (leeﬂ and fTﬁgm- Frigwer @04 f150, ) can be found by
finding an average of their spectral shifts:

= leeft = (fleft + fright)/2
leawer = fTupper = (flower +fupper )/2

f Tright

According to the experiment with varying strain (Fig. 4), the nee-
dle bending causes two opposite fibers to detect the same strain
(and spectral shifts) but with different sign. Therefore, when the
spectral shifts of opposite fibers are added together, the strain com-
ponents cancel each other and the only part left is the spectral shift
resulted from the temperature change detected by the two fibers.
The temperature component of each fiber can be found by dividing
this sum by two, because all four fibers have the same sensitivity
to temperature variation (Fig. 3).

(2) The spectral shift found in the step 1 can be converted to
the temperature change in °C by dividing it by the coefficient kr =
—1.005 GHz/°C:

Tiefe = Tright = frip /KT
Tiower = Tupper = f1;,,,e, /KT
The temperature found for each fiber is shown in Section 3
(Fig. 7).

(3) Spectral shift responsible for strain has been found by sub-
tracting the temperature component from the total spectral shift:

et = fieft = fTiepe

faﬁght :frighf _fTﬁght
fa,uwe, = flower - fT,Owe,
Jeupper = fupper — Frupper

(4) The strain has been found by dividing each spectral shift from
the step 3 by the coefficient k, = —0.1298 GHz/u¢:
Eleft = f Eleft ke
= faright /k‘g
= falawer /k‘g

Eupper = faupper /kE

Eright

Elower

The strain change found for each fiber is shown in Section 3
(Fig. 8).

(5) The strain retrieved from the spectral shift is used to recon-
struct the shape of the needle. Each fiber is divided by n =36
sensing points into 35 sections (see Fig. 1(b)). The needle bending
causes some of the fibers to elongate, while the opposite fibers to
compress. The changed length of each ith section of the fibers (S,
Stight;» Slower;» a0 Supper; ) can be found by multiplying the length of
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Fig. 8. Strain of each fiber retrieved from the originally the spectral shift after temperature compensation.

each section (s = 0.2 cm) by the average of strains detected by the
neighboring sensing points:

Sieft; =5+ X (Elept; + Etepr;,, )/ 2
Sright; =S+S5X (‘9righti + Eright; 4 )/2
Sloweri =S+5X (‘9loweri + Elower;, 4 )/2

Supperi =S+SX (8upperi + Eupper; 4 )/2

The bending angle, which is an angle of inclination of each sec-
tion of the needle along the X and Y axes, is found by dividing
the difference between the lengths of the previous sections of the
opposite fibers by the diameter of the needle (d = 0.127 cm):

Bi,, = Bu, +arctan((Sieg; — Srighr,)/d)

ﬂuliH = :Buli + arctan((Supper; — Stower; )/d)

The bending angles of the first section are 8, = 0and B, = 0.
The x, y, z coordinates of the sensing points along all four fibers are
found by the following equations:

Xieft;, , = Xieft, + Stefe; x SIn(Byr,)

Xright; .4 = Yright; + Srighti X Sin(ﬂlri)

Zieft, ., = Zieft,_; + Stefr; % €0S(Bir,)

Zright,,_;_4 = Zright,, ; + Srighti X COS(IBlri)

Yiower; = Yiower; t Slower; X Sin(,Buli)

Yupper; 4 = Yupper; + Supperi X Sin(ﬂuli)
Ziower, ; ; = Zlower,_; T Stower; X COS(,Buli)
Zupper,_;_y = Zupper,_; + Supperi X Cos(ﬂuli)

The coordinates of the first sensing points (SP1) are: X, = —%,

Xright; = %. Zleft, = 0, Zright,, = 0, Yiower; = —%. Yupper; = %. Zlower, =
0, Zupper, = 0.
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Fig. 9. Reconstruction of the needle shape during its insertion into the phantom at 35 °C after temperature compensation.

Finally, the average of the x-coordinates of the left and right
fibers is taken to find the x-coordinates of the middle of the nee-
dle, and its y-coordinates are found by calculating the average of the
upper-lower fibers’ y-coordinates. The average of the z-coordinates
of all four fibers is used to find the z-coordinates of the middle
of the needle. The coordinates have been multiplied by the coef-
ficient found from the needle calibration experiment: 1.39295 x
X + 1.91441 for the left-right fibers and 1.25813 x y + 1.54276 for
the upper-lower fibers. Fig. 9 illustrates the middle of the needle
reconstructed by the aforementioned algorithm during the needle
insertion into the sausage at 35°C (the closest to the body temper-
ature).

3. Results and discussion

3.1. Strain and shape reconstruction before the temperature
compensation

The needle insertion into the phantom lasted for 4 seconds and
the temperature of the phantom was 25°C, 30°C, 35°C, and 40°C.
Fig. 6 illustrates the strain per length of each fiber at each second
for all four temperatures of the phantom resulted by converting the
recorded spectral shift. The pattern for all four fibers is different
from the one shown in Fig. 4: the pairs of opposite fibers detect nor
similar neither opposite patterns. This is one of the possible signs
that the strain pattern is not correct and there is an influence of the
temperature.

3.2. Temperature compensation

Fig. 7 illustrates the temperature of all four fibers that has been
extracted from the spectral shift by using the temperature compen-
sation algorithm. First of all, the pattern is similar for all fibers: the
detected temperature is increasing with the growth of the phan-
tom temperature. Moreover, since the needle is inserted with a
speed of 1.5 cm/s, the part of the needle inside the phantom can be
tracked based on the temperature pattern. At the 1st second about

1.5cm of the needle detects the temperature increase due to the
location inside the phantom (red line), at the subsequent 2nd-3rd
seconds 3 cm (orangeline) and 4.5 cm (purple line) of the needle are
influenced by the phantom’s temperature. Since the linear actuator
has moved the needle by 5cm, at the last second 5cm of the nee-
dle detects raised temperature (green line). It can be also noticed
that the temperature recorded by the left and right fibers is a little
higher than that measured by the pair of the upper-lower fibers.
This is because the pair of the left-right fibers should detect small
strain with the same sign due to the absence of the needle bending
along the X-axis. As a result, the strain components of their spectral
shifts have not canceled during the temperature compensation and
is included in the temperature reconstruction. Thus, the algorithm
can also be used to compensate for this small strain detected by the
fibers along which there was no bending.

3.3. Strain and shape reconstruction after the temperature
compensation

Fig. 8 depicts the strain of each fiber retrieved from the spec-
tral shift after the temperature has been compensated. As can be
seen, the opposite fibers have detected similar strain with opposite
signs. Moreover, the strain pattern is almost the same for all tem-
peratures of the phantom, because the needle has been inserted
in the same way in all trials of the experiments and the tempera-
ture of the phantom should not influence the strain sensed by the
fibers.

The reconstruction of the needle along the X and Y axes during
its insertion into the phantom at 35°C (the closest to the normal
body temperature) before (black) and after (red) the temperature
compensation is shown in Fig. 9. As can be seen, the needle shift
along the X-axis is very small both before and after compensation
because the needle bending to the left-right directions was negli-
gible. As it has been mentioned the needle moved upwards a little
bit, so the algorithm has detected the bending along the Y-axis. In
the before compensation scenario, at each second of the insertion
the needle’s tip has been shifted by 0.045cm, 0.081 cm, 0.155 cm,
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0.143 cm, while after the temperature has been compensated the
tip has been moved by 0.024 cm, 0.044 cm, 0.083 cm, and 0.076 cm.
Therefore it can be seen that in the first case the needle bending
has been almost twice overestimated due to the influence of the
temperature.

The shape reconstruction shown in Fig. 9 makes an effective
demonstration that the multi-fiber sensing method can com-
pensate temperature spatial variations, which include both the
ambient-to-body temperature transition and the inner local tem-
perature variations, using the same fibers already in place for the
shape determination. This possibility is an important feature in the
clinical implementation of shape sensing of a percutaneous device
which pierces through several layers of tissues, and was hereby
validated with a dedicated phantom that emphasizes the local tem-
perature transitions.

4. Conclusion

The system for the needle shape reconstruction has shown
promising results in the experiments with the custom-made phan-
tom. However, in the real clinical surgeries, the temperature
difference between the human body and the environment should
be taken into account. Therefore, this paper has presented the
methodology to compensate for the temperature influence as well
as for the small strain detected by the fibers when there was no
bending along their axis. This compensation has been achieved
because of the arrangement of fibers: four fibers at 90° from each
other to create two pairs of opposite fibers. This arrangement has
been used both for the shape reconstruction algorithm and for the
temperature compensation because the opposite fibers detect the
same temperature and the same strain but with opposite signs.
This allows canceling out the strain or temperature components
by manipulating the spectral shifts of two opposite fibers. The
temperature compensation algorithm can be used to accurately
reconstruct the shape of the needle without the influence of the
temperature and also to track the needle’s position inside the
human body. The tracking is based on the pattern of the recon-
structed temperature, where it can be seen which part of the
needle experiences higher temperature. The fibers are glued out-
side of the needle, which allows delivering aliquid through a needle
without any obstacles and thus, use the needle for drug and anes-
theticdelivery (i.e. epidural anesthesia). Asimilar system with some
adjustments can be used to reconstruct the shape and compensate
the temperature for other types of minimally invasive rigid surgical
devices.
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