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Abstract—The quadrupolar winding of the sensing coil of a
fiber-optic gyroscope (FOG) is a useful technique to reduce the
thermal bias drift of this sensor. This technique, which is based on
orthocyclic winding, contains complex non-axisymmetrical zones,
for example layer transitions or crossovers. In this paper, a precise
topological reconstruction of the sensing coil is proposed using
X-ray computed tomography. Thanks to this reconstruction, the
first layer role and its impact on the next layers are studied. Then,
the quality of the winding is quantified using interest parameters
to evaluate crossovers and layer transition fibers. Finally, winding
defects, particularly the propagation of gaps from layer to layer
that causes sinking fibers, are highlighted.

Index Terms—X-ray computed tomography, optical fiber coil,
fiber-optic gyroscope (FOG).

I. INTRODUCTION

THE sensing coil is one of the crucial components of fiber-
optic gyroscopes (FOG) [1]–[3], which measures rotation

rate with Sagnac effect [4]. In the early works of D.M. Shupe,
and more recently in the papers of F. Mohr, it was shown that
a thermal loading applied on a sensing coil gives rise to a
non-reciprocal effect that causes thermal bias drift so-called pure
Shupe effect [5] and elastooptic effects [6], [7]. By examining
the mathematical expression of this effect, one can assume that
if two points, at equal distance of the midpoint of the fiber,
experience the same thermal and mechanical loading then there
is no thermal bias drift. Hence winding methods have been
developed to reduce this thermal bias drift. Many works compare
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winding methods [7]–[10], and the best industrial trade-off is the
orthocyclic quadrupolar winding (see Section II).

Recently, in [11], the authors use optical coherence tomog-
raphy (OCT), which gives a 3D-image of the coil to inspect
precisely local and overall coil quality. The X-ray computed
tomography used in this paper has a much better resolution. The
X-rays damage the optical properties of the fiber, whereas OCT
is non-destructive. Thus, X-ray tomography is not applicable to
the control of manufactured coils, but is useful to validate the
quality of a winding technology.

X-ray computed tomography produces, like the OCT, a 3D-
image of the sensing coil. In this paper, we propose to also recon-
struct the fiber topology, which means to get the coordinates of
the fiber center along the coil. Then, using mathematical tools,
we aim at studying and quantifying the non-axisymmetric ef-
fects, the local defects, and their propagation along the winding.

This article is structured as follows. First, the studied ob-
ject is presented, focusing on the geometry of the orthocyclic
quadrupolar winding. The major geometrical defects of these
coils will also be discussed (Section II). The principle of the
topology reconstruction using X-ray computed tomography is
presented in Section III. Thanks to this reconstruction, an analy-
sis of the quadrupolar winding is proposed in Section IV. We will
focus first on the first layer because it requires special attention
in more than one aspect: any defect introduced by this inner
layer can propagate and disrupt the winding. A bad S-shift on
this base layer can lead to crossover drift on all other layers.
Necessarily, the S-shifts of the first layer must be analyzed pre-
cisely (Section IV-A1). Second, the metrology of the first layer
is essential and is presented in Section IV-A2. Ultimately, on the
first layer, the slightest defect, for example, a gap, will propagate
to the other layers and affect the winding (Section IV-A3). Then
we will examine and quantify the non-axisymmetrical zones
(crossovers in Section IV-B and layer transitions in Section
IV-C), and finally, we will investigate local and overall defects
(Section IV-D).

II. GEOMETRY AND COMMON DEFECTS OF

QUADRUPOLAR WINDING

In a fiber-optic gyroscope, the optical fiber coil has a
quadrupolar winding using the classical orthocyclic technique.
More precisely, the optical fiber coil is an orthocyclic winding
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Fig. 1. Illustration of the theoretical orthocyclic quadrupolar winding with an
hexagonal close-packed lattice withNz = 10 turns on the first layer andNr = 8
layers. The color of the fiber, blue or red, highlights the quadrupolar winding
and reflects the two winding directions (referred to as A for blue fibers and B
for red fibers) that start from the midpoint. The numbers into fibers correspond
to the numbers of the turns in each direction of winding. The numbers next to
the layer transitions correspond to fiber transition numbers.

following an hexagonal close-packed compact lattice (Fig. 1)
over most of the perimeter. In the hexagonal close-packed zone,
the fiber is not wound in a helix but parallel to the flanges, and
then it shifts to form the next turn (Figs. 2(a) and 2(b)).

In the case of quadrupolar winding, the winding starts at the
midpoint of the fiber length. This midpoint is put on the inside
of the mandrel and pressed against the flange. Then, the fiber is
alternatively wound with layers from either side of the midpoint.
Therefore the elementary pattern of quadrupolar winding is
composed of 4 layers (Fig. 1). The optical fiber coil is built layer
by layer. Consequently, the quality of the first layer determines
the quality of the coil and the quality of the FOG. The following
analysis will be based on the chronology of coil formation, which
means from the first to the last layer.

Hence, the geometry of a coil cannot be fully axisymmetric.
There are intrinsic non-axisymmetrical zones that necessarily
exist at each layer and each turn:

1) S-shift: in the first layer, due to orthocyclic winding, at
each end of turn, the fiber shifts to form the next turn
(Fig. 2(a)).

2) Crossover: from the layer number i > 1, between two
turns, the fiber not only shifts but moves over two fibers
of the underneath layer i− 1 and then settles into a new
groove formed by adjacent fibers of the underneath layer.
This non-axisymmetrical zone, that is called crossover,
will be precisely studied and quantified in Section IV-B
(Fig. 2(b)).

3) Layer transitions: it occurs at the end of each layer, to
move the fiber up from layer n to the layer n+ 1 or n+ 3.
Because of the pattern of the quadrupolar winding, we
are going to distinguish the classical short transitions of
orthocyclic winding (n to n+ 1) and the additional long
transitions of the quadrupolar technique (n to n+ 3), as it
is shown in Fig. 1. This non-axisymmetrical zone will be
examined in Section IV-C (Fig. 2(c)) .

In addition during a real winding some errors occur. These
defects were partially addressed in the study on winding

Fig. 2. Illustration of the three intrinsic non-axisymmetrical zones: (a) S-shift
on the first layer which is caracteristic of orthocyclic winding, (b) crossovers
of the second layer (red line) over the first layer (blue dotted line) and the red
dotted line is the beginning of the third layer, and (c) long layer transition fiber
represented in green between the first and the fourth layer in blue and the second
and the third layers are in yellow. At crossovers, the fiber overlaps two turns of
the previous layer.

automation in [12], or more recently in [11]. These defects are
illustrated in Fig. 3 and can be listed:

1) Gap: the distance between the mandrel flanges is not
exactly Nz · dcoat as it should have been theoretically the
case, whereNz is the number of turns and dcoat is the outer
diameter of the optical fiber coating. There is a clearance
δz to be able to pass through the layer transition fibers
and the crossovers. This winding constraint creates a gap
between some fibers in each layer.

2) Sinking fiber: due to axial clearance at the layer i, a fiber
can fall into this gap at the layer i+ 1. Thus this defect
can propagate over several layers .

The study case we used is a free-standing coil with Nr = 12
layers, Nz = 48 turns and an inner diameter Din = 31.6mm
that yields approximatively a length of 60m. The optical fiber
used in this sensing coil has a double polymer coating with an
outer diameter dcoat = 169± 2μm and a silica cladding with a
diameter dclad = 80μm. This optical fiber, produced by iXblue,
is a classical tiger eye polarization-maintaining optical fiber.
This 60m coil is shorter than coils used in iXblue products to
limit computational time.

III. PRINCIPLE OF THE THREE-DIMENSIONAL

TOPOLOGICAL RECONSTRUCTION

X-ray computed tomography is an imaging technique that
allows one to visualize all the components of an observed spec-
imen. X-ray computed tomography is now widely used in many
fields, including medical imaging or biology [13], [14], materials
science [15], etc. Whatever the X-ray tomography technique, the
basic principle is always the same [16]. An X-ray beam is sent
to the sample mounted on a rotating platform. A series of Nθ
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Fig. 3. Illustration of winding defects in quadrupolar winding following an
hexagonal close-packed lattice. The clearance is noted δz and it is approxima-
tively equal to the outer diameter of the fiber coating (δz ≈ dcoat). Hence the
distance between chuck flanges is Nz · dcoat + δz . Presence of two gaps of
different sizes in the first layer between the fibers numbers 5 and 6 (δz1), and
between the fibers numbers 8 and 9 (δz2). The sum of these two gaps δz1 and
δz2 is equal to the clearance δz . The red fibers number 5 and 8 are sinking fibers
created by the two gaps. In the case of the biggest gap, the defect propagates from
layer to layer and creates gaps between fibers numbers 4 and 5, and between 5
and 6 in the second layer. Then these gaps cause other sinking fibers on the next
layer and so on.

radiographs, corresponding to Nθ different angles of the sample
(360◦ rotation in this case) in the X-ray beam, is recorded with
a detector. A radiograph is obtained after making the average
of 7 measurements during a 50ms pause at a given angle,
in order to decrease consequently the rotating vibration noise.
Each radiograph is converted, using the Beer-Lambert law, to
extract the projection of the absorption coefficient. The value
of the absorption coefficient depends on the material density
and on the atomic number. Consequently, the contrast of the
images depends on the difference in the absorption coefficient
of the different materials making up the sample. Finally, using
a reconstruction algorithm [17] efX-CT provided by North Star
Imaging, the 3D reconstructed volume is available. Fig. 4 de-
scribes this principle.

The X-ray computed tomography X-View X50-CT form
North Star Imaging used in this study has a resolution of approx-
imately 1.5μm, and it allows us to distinguish the silica cladding
from the surrounding polymer materials. However, this X-ray
computed tomography can not distinguish coatings from coil
glue because they have a similar density and atomic numbers.

The X-ray computed tomography yields a 3D image as fi-
nal data. To analyze and quantify the orthocyclic quadrupolar
winding and its defects, the coordinates of the fiber center all
along the coil are necessary. This topological reconstruction is
performed in three steps as illustrated in Fig. 5.

a) Step 1. Extraction of zones of interest: 2D cross-sectional
views are extracted from X-ray computed tomography 3D image
with an angular step of 0.1◦. Then zones of interest (which
means zones where fibers are detected) of each sectional view
are extracted. Hence to have a complete revolution, and with
this angular discretization,Nθ = 3600 cross-sectional views are
computed and extracted.

b) Step 2. Image binarization and centroids detection: In
this step, cross-sectional view images are binarized in greyscale

Fig. 4. Schematic view of the principle of X-ray tomography acquisition and
reconstruction.

images by thresholding. The threshold is chosen as the mean
of the histogram. Then on each cross-sectional view, circular
blobs that correspond to the glass cladding are detected, and their
centroids are saved. Finally, an examination process is carried
out. Since the fiber diameter is 80μm, and the resolution of
the X-ray computed tomography is 1.5μm, the glass cladding
should be approximately 60 pixels. Any detected blobs with
a size of 60± 60% pixels are blobs that are either artifacts
or multiple fibers due to incorrect thresholding choices in the
binarization process.

At the end of this step, the list of all fiber centroids of each
cross-sectional view is available. Each variable of the list is noted
sji where i is the number of the detected centroid in the number
j cross-sectional plan.

c) Step 3. Fibers association and filtering: This step will
allow us to reconstruct the passage of the fiber in the coil by
associating the centroids between the cross-sectional views. To
do this, we start from the centroid corresponding to the last fiber
denoted by i0 in a given cross-sectional plan denoted by p0.
Hence we denote by F this variable and we initialize it with
F1 = sp0

i0
. Next, we look for the centroid associated in the next

cross sectional plan in an area equal to the coating diameter
dcoat, and so on so forth until no more fibers are found. Then
the same procedure is implemented on the other side to explore
on the coil, which means we look for the centroid associated
in the previous cross-sectional plan. We denote this variable G.
Finally, by concatenating the two resulting vectors, we construct
one vector, denotedFiber, that stores the coordinates of the fiber
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Fig. 5. Illustration of the principle of topological reconstruction of an optical fiber coil using X-ray computed tomography.

Fig. 6. Fibers association algorithm.

along the coil. The algorithm to perform this step is detailed in
Fig. 6.

This algorithm is based on the hypothesis that the previous
binarization step is sufficiently efficient, which means:

1) all the fibers at each cutting plan are detected and there
are no missing fibers

2) there is one and only one fiber in the search area.
Finally, we use a Butterworth filter to attenuate the reconstruc-

tion noise. Feedback allows us to affirm that the coiled fiber can-
not have a variation greater than 0.1mm for an angular distance
of 0.1◦. Hence this filter is configured with a cut-off frequency
of 0.1mm−1 and with an order of 5. The Butterworth filter does
not decrease the resolution of the X-ray tomography. Hence after
the reconstruction, the resolution of the reconstructed topology
is still 1.5μm.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Study of the First Layer

The knowledge of the first layer is critical because the slightest
tiny defect can spread over all layers. Hence this part presents
the study of the various defects and non-axisymmetrical effects.
Fig. 7(a) presents the first layer reconstructed in 3D.

1) Fiber Shifts: In the first layer, there is no crossover but
only S-shifts, which means that there is only a shift in z-direction
and not in r-direction. To study and visualize the S-shifts, we
trace the turns of the first layer one by one in θ − z plan with

Fig. 7. First reconstructed layer: (a) 3D representation and (b) 2D represen-
tation of coordinates θ and z in θ − z plan. The first turn is represented in red
and the last one in blue. The black circle corresponds to the start of the winding
and the arrow indicates the direction of the winding.

the coordinate z of the fiber turns as a function of the angle θ
(Fig. 7(b)).

Moreover, the second order derivative function d2z/dθ2 (
Fig. 9) is computed. With this function, it is possible to identify
the center of the S-shift (noted αZ) which is the inflection point
(the angle where d2z/dθ2 = 0) and the angular distance of the
S-shift (notedΔαZ ) which is the distance between the two points
of maximum curvature (corresponding to the distance between
the two spikes of the d2z/dθ2 function), as illustrated with the
first layer in Fig. 8.

By doing so for all turns (Fig. 9), it is possible to identify the
values of these parameters: in this optical fiber coil first layer,
the center of the shift fiber isαZ ≈ 16◦, and the angular distance
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Fig. 8. First turn of the first layer in θ − z plan: (a) S-shift z(θ), (b) dz/dθ
and (c) d2z/dθ2. Identification, for the first turn, of interest parameters: the
center of the shift αZ (the angle where d2z/dθ2 = 0) and the angular distance
of the shift ΔαZ (the distance between the two spikes of the d2z/dθ2).

is ΔαZ ≈ 30◦, with a low dispersion turn by turn. The value of
the center of the shift has no specific meaning and depends on
the chosen reference. Here the reference (0◦) corresponds to the
midpoint. However the variation of αZ between layers will have
an interesting interpretation.

Using Fig. 9, fibers of the first layer can be classified into three
categories :

1) The first wound turns are pressed against the flange (the
red fibers). Thus there are very well wound.

2) Then there is a zone where the fibers have a local gap
(turquoise blue fibers), which can be due to the axial
clearance. This zone will be also discussed in the next
section.

3) Finally, the last wound turns inherit the previous defect
but they are arranged properly.

2) Inner Layer Metrology: Theoretically, the first layer
should form and generate a perfect cylinder of height Nz · dcoat
and radius (Din/2) + (dcoat/2), excepted on the layer transition
fibers. However, as highlighted in Fig. 10, the radius as a
function of the angle position is not constant.

Fig. 9. Second order derivative function of the function Z(θ). The first turn
is represented in red, and the last one in blue. The S-shifts of the turns are very
well matched.

Fig. 10. First layer in θ − r plan turn by turn. The cylindricity appears as the
envelope of all the turns. The circularity is the difference between the maximum
and minimum radius for each layer. The first turn is represented in red, and the
last one in blue. The penultimate turn is an example of an unexpected defect that
can be called a climbing fiber.

Using the reconstructed first layer, one can generate and
reconstruct the geometry and then perform the metrology of the
first layer. The discrepancies between the real geometry and the
theoretical geometry are presented in Fig. 11. It should be noted
that the level of discrepancies is much higher than the resolution
of the topological reconstruction (±1.5μm) and the tolerance
on the fiber diameter (±1μm). Metrologically speaking, one
can distinguish two shape tolerances:
� circularity: theoretically, the projected line in a diametrical

cutting plan should be a circle. The circularity quantifies
the radius deviation with this theoretical circle. In the
case of cylinder tolerancing, the cylinder circularity is the
maximum value of the circularity of each projected surface
in a diametrical cutting plan. The circularity of a cutting
plan is the difference between the maximum and minimum
radius for each layer: for example, for the first layer, the
radius varies between 15.927mm and 15.885mm, hence
the circularity is 42μm. For the inner layer, the circularity
can be evaluated at 63μm.

� cylindricity: the surface of the inner layer is located be-
tween two coaxial cylinders with different radii. The value
of the cylindricity tolerance is the difference between the
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Fig. 11. Discrepancies between the model, a perfect cylinder, and the real
generated surface. With this 3D-view the cylindricity is highlighted. Δx and
Δy are respectively the difference between real and model in the x-axis and
in the y-axis. These discrepancies may be due to mechanical tolerances of the
mandrel. The first turn is represented in red and the last one in blue.

Fig. 12. On the left, the first turn in the θ − r plan with the identification of
the gaps into the red rectangle and a zoom on one gap. On the right, the distance
between two consecutive turns. The black curve represents the theoretical curve,
which is constant and equal to the diameter of the fiber dcoat = 169μm. The
dashed curves symbolize the fiber diameter tolerance due to the resolution of
the reconstruction and the manufacturing tolerance of the fiber. The distance
between the first turn and the second turn on one side and the distance between the
last turn and the penultimate turn on the other side are respectively represented
in red and in blue.

value of these 2 radii. Using the Fig. 10, the cylindricity
tolerance can be evaluated at 90μm.

These tolerance values could be due to geometrical defects
and mechanical tolerances of the mandrel. However these inner
layer defects do not degrade the winding quality but must be
subtracted in order to distinguish defects due to inner layer from
winding defects.

Finally, it is worth noting that the penultimate turn of the first
layer, marked in Fig. 10, has a particular placement that reflects
an unexpected defect. This defect was generated, probably,
during manual winding by the following layers. This type of
defect is called in the literature a climbing fiber .

3) Other Defects in the First Layer: In the first layer, the other
defects will be reduced to gaps. To avoid this type of defect, we
compute the distance between two consecutive turns (Fig. 12 at
the right).

Fig. 13. Illustration of the crossovers of the second layer. The first layer is in
red, and the second one in blue. The second layer overlaps two turns of the first
layer to settle into a new groove formed by the layer underneath. Both the shift
(z-direction) and the overlap (r-direction) are observed.

Theoretically, the distance between two consecutive fibers
should be equal to the diameter of the fiber coating dcoat =
169± 2.5μm. However, some distances are not included in the
tolerance bounds but not on the whole turn. Concerning the
distances that are under the tolerance bounds, distance values
are under the tolerance of the reconstruction. Therefore, it is
not possible to conclude on this phenomenon. Concerning the
distances above the tolerance bounds, this illustrates the gaps
between the fibers. These gaps are very localized, few in number,
and all located in the middle of the layer, symbolized by the red
rectangle in Fig. 12.

Moreover, it is interesting to note that even in the shifting zone,
the distances between two consecutive turns remain globally
constant.

Finally, with this study, is it possible to evaluate experimen-
tally the clearance δz which is δz = H −NZ · dcoat where H
is the experimental height of the optical fiber coil determines in
the Fig. 7(b) and H = 8.276mm. Hence the clearance is equal
to δ = 164μm which is close to the value of the fiber coating
diameter δz ≈ dcoat = 169μm.

B. Crossover Inspection and Analysis

Contrary to the first layer, from the second layer, the fiber
shifts not only in z-direction, but it also moves in r-direction
(Fig. 13). Indeed the fiber moves over the fiber constituting a
turn of the lower layer to settle into a new groove. To be more
precise, as illustrated in Figs. 2(b) and 13, during the crossover,
the fiber overlaps two turns of the lower layer. At crossover, there
is a S-shift but also an overlap .

First, to analyze the crossovers, we will decompose the study
by independently analyzing the S-shift in z-direction and the
overlap in r-direction. To quantify the S-shift in z-direction, we
implement the same interest parameters, namely the center of the
shift αZ and the angular distance of the shift ΔαZ . To identify
these parameters, we use the same technique as the one used
to compute the pseudo-curvature d2z/dθ2. The results for each
layer are synthesized in Fig. 16.

Second, to analyze the crossovers in the r-direction, we will
define parameters in the r-direction similar to those introduced
for the z-direction. Consequently, we compute the radius as a
function of the angle for each turn of each layer. The interest
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Fig. 14. All the turns of the second layer layer before (a) and after (b) the
correction of the inner layer defects seen in Fig. 10 in the θ − r plan. The first
turn is represented in red, and the last one in blue.

parameters are the center of the overlap αR and the angular dis-
tance of the overlap ΔαR. These parameters are identified using
the pseudo-curvature in r-direction d2r/dθ2. A new parameter
will be added, which is the height of the overlap ΔR.

However, the first step is to distinguish the winding effects
(crossovers, etc.) from the defects of the inner layer. Indeed,
the impact of these defects can be found in all the layers. This
problem is more valuable on the first layers because the height of
the overlap is small in comparison of the inner layer defects and
without a correction of these defects, the identification of the
interest parameters is not possible (Fig. 14(a)). The corrected
curves are obtained by subtracting the discrepancies between
the model (a perfect cylinder) and the real generated surfaces
(Fig. 11). The results of this correction of the inner layer defects
are presented, for the second layer, in Fig. 14(b).

In this Fig. 14(b), one can remark that some turns, very
localized and located in the middle of the layer, are situated
below the theoretical radius. These turns are sinking fibers, and
their angular positions correspond to the gaps created in the
first layer (Fig. 12). There is also a unique fiber located at the
beginning of the layer that is above the theoretical radius: it is a
climbing fiber.

As already seen, in crossovers, the fiber overlaps two turns,
and in the second layer, it is visible in Fig. 14 with a double hump
in the curves. However, the higher the layer, the less visible this
double hump is. For example in the 6th layer (Fig. 21(b)) and in
the 12th layer (Fig. 22(b)) the double hump is not visible. It can

Fig. 15. 41th turn of the second layer in θ − r plan after inner layer correction:
(a) r(θ) and (b) d2r/dθ2. Identification of the interest parameters using the
second order derivative function d2z/dθ2.

be explained by the fact that the accumulation layer by layer is
not perfect and so there is a smoothing which is done.

With this correction technique of the inner layer, the identi-
fication of the interest parameters is possible. An illustration of
the identification of the parameters of interest, the center αR,
the angular distance ΔαR and the height ΔR of the overlap, are
presented in Fig. 15.

By doing so for all turns and all layers, it is possible to give, in
the crossover zones, the center αR of the overlap in r-direction
and its angular distance ΔαR for each layer as seen Fig. 16.

In crossover zones, the overlap in r-direction is more stable
and has less variation than the S-shift in z-direction. It can
be explained by the fact the overlap zone is wider than the
S-shift zone. Furthermore, there is no correlation link between
the variation and the dispersion on the overlapping center and the
S-shift center. For all layers, the angular distance of the overlap
is higher than the angular distance of shift, ΔαR > ΔαZ . That
means that in the crossovers, the fiber first goes up, then shifts
and overlaps, before going down.

Theoretically and using geometrical considerations, illus-
trated in Fig. 17, the height difference of the overlap increases
due to layer-to-layer build-up and it is a function of the number
of layer nlayer:

ΔR(nlayer) =

(
1−

√
3

2

)
· dcoat · (nlayer − 1) (1)

The equation (1) of ΔR is true only if the interest parameters
of the crossover, αR, αZ , ΔαR and ΔαZ are constants. Hence
this expression represents the perfect pattern and then the maxi-
mum of height difference that is achievable. Since the parameters
of interest are not constant, the layer to layer build-up is not
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Fig. 16. Crossover characterization with two parameters of interest: (a) the
angle corresponding to the center of the S-shift αZ and the center of the overlap
αR and (b) the angular distance of the S-shift ΔαZ and the angular distance
of the overlap ΔαR. In the second layer, an angular distance of ΔαR = 52◦
corresponds to a length of 14.55mm, and in the last one, an angular distance
of ΔαR = 62.3◦ corresponds to a length of 19.02mm. Box plots represent
the dispersion between turns of the same layer. The bottom and top of each box
are the 25th and 75th percentiles of the sample, respectively. The line in each
box is the sample median. Lines extending from the boxes (whiskers) are the
maximum and minimum values of the sample. Dashed lines connect the turn
medians.

Fig. 17. Illustration of the theoretical geometry of the three first turns during
the local overlap (r-direction) in the crossover zone. Fibers in dashed line
represent the fibers in the hexagonal close-packed zone out of the cross-over
zone. The height difference of the overlaps sums up layer by layer.

perfect, and the height of the overlap smooths throughout the
layers. This explain the discrepancy observed in Fig. 18 between
the experimental height and the theoretical value.

Fig. 18. Comparison of the height of the overlaps in the crossovers between
the theoretical curve given by the equation (1), and the experimental curve. The
box plots represent the dispersion between turns of the same layer following the
same definition as in Fig. 16. The dashed line connects the turn medians.

To conclude this part, after the correction of the layers in
r-direction by the inner layer defects, we computed the 5 param-
eters of interest. The 4 angular parameters are not constant. Con-
sequently, they reveal a slight drift of the crossover zone through
the layers. This angular parameter drift causes a smoothing of
the crossover in r-direction. Therefore a discrepancy between the
experimental height of the overlap and the theoretical geometry
appears. However, the crossover does not present any collapse or
defects that could lead to degrade considerably the performance
of the FOG sensing coil.

C. Layer Transition Analysis

Layer transitions occur at the end of each layer to move the
fiber up from layer n to the layer n+ 1 or n+ 3 for respectively
short layer transition or long layer transition as it is was seen in
Fig. 1 and as it is highlighted in Fig. 19(b).

To study the layer transition fibers, we compute their lengths
by distinguishing the short and the long layer transitions in
Fig. 20.

Layer transition fibers number 5 and 9 are on the side of
the flange where turns are very well wound as described in the
section IV-A1. However, transition fibers number 3, 7 and 11
are on the other side, where the winding is less tidy. Hence the
alternation of the long transition fibers can be explained by the
fact that on the flange side, it is easier to move two layers up
than on the other side because of the quality of the winding.

D. Other Local and Overall Defects

In this part, first, we examine gaps and sinking fibers. Then,
we analyse the length of each turn and the length symmetry.
Finally, we propose an overall quantification of winding quality
outside of the crossover zones.

1) Gaps and Sinking Fibers: To study these defects, we use
two couples of curves. First we compute the distance between
two consecutive turns of the 5th layer and the representation of
the 6th layer in the θ − r plan (Fig. 21). Second, we compute
the distance between two consecutive turns of the 11th layer and
the representation of the 12th layer in the θ − r plan (Fig. 22).
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Fig. 19. (a) Magnified view of the zone of crossovers and layer transitions.
Because of crossovers, the turns do not follow an hexagonal close-packed lattice
anymore. Blue lines highlight the short transition fiber number 1, 4 and 8, and
red lines highlight the long transition fibers number 5 and 9. (b) As a comparison,
a similar magnified view of the hexagonal close-packed zone along almost 90%
of the perimeter.

Fig. 20. The angular distance of the transition fibers. The layer transition
fibers are numbered in the winding order as presented in Fig. 1. For example,
the fiber transition number 1 is the short fiber that goes from layer number 1
to layer number 2 and the fiber transition number 3 is the long transition fiber
that goes from layer number 1 to layer number 4. The first short transition fiber
has an angular distance of 14.4◦ that corresponds to a length of 4mm, and
the last long one has an angular distance of 60◦ that corresponds to a length of
18mm.

Fig. 21. Illustration of the transition between the 5th and the 6th layer: the gaps
in the 5th layer (a) cause sinking fibers in the 6th layer (b). Both are localized
at the same angular position.

Fig. 22. Illustration of the transition between the 11th and the 12th layer: (a)
the gaps in the 11th layer cause (b) sinking fibers in the 12th layer. Both are
localized at the same angular position.

If we compare the Figs. 12, 21(a) and 22(a), we can notice
that the higher the layer number, the more the gap number
increases. The same observation can be made for the sinking
fibers: the higher the layer number, the more the number of
sinking fibers increases. This remark is in agreement with the
fact that gaps cause sinking fibers. Moreover, it is interesting to
highlight that the gap width does not increase as the layers are
built up. Finally, by examining Figs. 21(b) and 22(b), fibers fall
of approximatively 60μm maximum. This value is the same for
the 6th and the 12th layers. This value is not sufficient for the
fiber to fall into the lower layer.

We can conclude that the gaps created in the first layer have
propagated and cause sinking fibers. Moreover, their number
increases proportionally with the layer number. Nevertheless,
width of the gaps does not increase with the layer and remains
constant.

2) Length of Each Turn and Length Symmetry: Theoretically,
the length of each turn lturn of a given layer can be expressed
as a function of coil and fiber parameters (Din and dcoat) and
depends of the layer number nr as follows:

lturn = 2π

[
Din +

dcoat
2

+ (nr − 1)

√
3

2

]
(2)

One can remark that this theoretical expression does not take
into account cross-overs nor layer transitions.

Fig. 23 compares the experimental length of each turn with
the theoretical length.
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Fig. 23. Comparison between experimental and theoretical turn length as a
function of layer number. Box plots represent the dispersion between turns of
the same layer following the same definition as in Fig. 16. The red dashed line
connects the turn medians.

First, a low dispersion between turns of a same layer is high-
lighted in Fig. 23. Moreover the dispersion is constant layer to
layer. Indeed, the difference between maximum turn length and
minimum turn length is approximatively evaluated at 250 μm.
Second, one can find small discrepancies between experimental
and theoretical curves. The first explanation we can give is that
theoretical curve does not take into account cross-overs nor layer
transitions. Moreover, the median values of experimental turn
lengths remain linear with the layer number, but with a different
slope than the theoretical curve. Consequently, discrepancies are
increasing layer by layer. The initial discrepancy in the first layer
can be explained with the inner layer metrology pointed in the
paragraph IV-A2.

Let us know consider what we call “length symmetry,” by
comparing the length in both winding directions (referred to asA
andB in Fig. 1). The length symmetry is another quite important
indicator for the winding technology and it needs to be as small
as possible. However, even if we neglect cross-overs and layer
transitions, lengths in both winding directions, denoted Lth

A and
Lth
B , can not be equal theoretically. Indeed, for example, on the

last layer (direction A) there are Nz − 1 turns whereas on the
penultimate layer (direction B) there are Nz turns. Moreover,
the variation of radius between these two layers does not make
it possible to compensate for the excess turn. Consequently
length in direction B is longer than length in direction A. More
precisely, Lth

A and Lth
B can be expressed, using arithmetic suites,

as follows:

Lth
A = 2π ·Nz ·

{
Nr

4
R1

+

(
Nr

4
− 1

)[
4 + 2

(
Nr

4
− 2

)] √
3

2
dcoat

}

+ 2π · (Nz − 1) ·
{
Nr

4
R1

+
Nr

4

[
3 + 2

(
Nr

4
− 1

)] √
3

2
dcoat

}
(3)

Fig. 24. Radius of all the turns of the layers in the θ − r plan. We can visualize
the layer-to-layer increase of the height of the overlap ΔR in the crossover
zones as highlighted in Fig. 18. We can also observe a very small θ-drift of
the crossover zones as the layer number increase. Black lines symbolize the
theoretical distance (

√
3/2) dcoat between layers in hexagonal close-packed

lattice. Layer transition fibers are not represented.

Lth
B = 2π ·Nz ·

{
Nr

4
R1

+
Nr

4

[
2 + 2

(
Nr

4
− 1

)] √
3

2
dcoat

}

+ 2π · (Nz − 1) ·
{
Nr

4
R1

+
Nr

4

[
1 + 2

(
Nr

4
− 1

)] √
3

2
dcoat

}
(4)

withR1 = Rin +
dcoat
2

withRin =
Din

2
the inner radius of the

coil.
Therefore difference in length symmetry Lth

A − Lth
B is given

by:

Lth
A − Lth

B = −2π
Nr

2
·
√
3

2
· dcoat (5)

We find back that the length of direction B is longer than the
length of direction A. Hence for this studied coil Lth

A − Lth
B =

−5.6mm, withLth
A = 29.8865m andLth

B = 29.8921m. Using
reconstructed topology, the difference in length symmetry is
evaluated at −8.86mm with the length in direction A Lexp

A =
30.6888m and the length in directionBLexp

B = 30.6977m. The
discrepancies between experimental and theoretical lengths in
each direction can be explained with the same reasons as those
used for the turn length discrepancies. Indeed, theoretical ap-
proach does not take into account the additional lengths brought
by cross-overs, and the inner layer defects.

3) Towards an Overall Quantification of the Winding Qual-
ity: Radially, and under geometric considerations, the distance
between layers in close-packed zone is (

√
3/2) dcoat, and we

want to verify experimentally if it is true or not. A greater
distance indicates a lack of contact between two consecutive
layers, which may be due to the presence of glue between them.
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Fig. 25. Quadratic means of the distance between experimental radius and
theoretical radius of each turn presented layer to layer. Box plots represent the
dispersion between turns of the same layer following the same definition as in
Fig. 16. The red dashed line connects the turn medians.

Fig. 24 presents the corrected radius of each turn of the optical
fiber coil. One can distinguish the 12 layers and the overlaps in
the r-direction at the crossovers.

To quantify this radial distance between the experimental
fibers and the theoretical curves, we compute, in Fig. 25, the
quadratic mean of the distance between the experimental radius
and the theoretical radius turn by turn. This quadratic mean dRi,j
is defined for the turn i and the layer j, and between the angle
θ1 and θ2 by:

dRi,j =

√
1

θ2 − θ1

∫ θ2

θ1

(
Rth

j −Rexp
i,j

)2
dθ (6)

with Rth
j is the theoretical radius at the layer j, Rexp

i,j is the
experimental radius, corrected by the inner layer, of turn i and
layer j. Given that the crossover was studied previously, the
angles θ1 and θ2 are chosen to exclude crossovers, consequently
θ1 = 50◦ and θ2 = 330◦ .

With Fig. 25, we verify two remarks made previously. First,
the sinking fiber number is almost increasing proportionally with
the layer number. Second, the fibers fall from a maximum value
that changes only slightly between layers 5 and 12. To complete
this remark, the evolution of the maximum values does not
follow the same curve as the median. Moreover, one can observe
that the minimum values of this quadratic mean distance are not
equal to zero. However, these minimum values are smaller than
the resolution (of the topological reconstruction and on the fiber
diameter) which is 2.5μm. Consequently, it is not possible to
conclude strictly on the contact or not of the fibers, layer by
layer, and on the presence or not of glue between them.

Next, we compute the same quantity of interest but in z-
direction (Fig. 26): the quadratic mean between the experimental
height and the theoretical height. This quadratic mean dZi,j is
defined for the turn i and the layer j between the angle θ1 and
θ2 by:

dZi,j =

√
1

θ2 − θ1

∫ θ2

θ1

(
Zth
j − Zexp

i,j

)2
dθ (7)

Fig. 26. Quadratic means of the distance between experimental height and
theoretical height of each turn presented layer to layer. Box plots represent the
dispersion between turns of the same layer following the same definition as in
Fig. 16. The red dashed line connects the turn medians.

Fig. 27. Quadratic means of the 3D distance between experimental height and
theoretical height of each turn presented layer by layer. Box plots represent the
dispersion between turns of the same layer following the same definition as in
Fig. 16. The red dashed line connects the turn medians.

with Zth
j is the theoretical height at the layer j, Zexp

i,j is the
experimental height of the turn i and the layer j. The angles θ1
and θ2 are the same values as previously shown.

The distance between the theoretical height and the experi-
mental height increases with the layer number. Consequently, the
number of gaps increases too. However, the dispersion between
the turns remains almost constant, layer to layer. This obser-
vation means that the values of gaps also remain substantially
constant. Moreover, it should be emphasized that there is a
large dispersion of values within a layer and that this dispersion
remains almost constant layer by layer. As reported in paragraph
IV-A1, this dispersion is caused by the fact that fibers close to
the flange are very well wound and thus, with a small quadratic
mean distance, contrary to fibers on the opposite side.

Finally, we compute in Fig. 27 the quadratic mean of the 3D
distance of the fiber between the experimental position and the
theoretical position di,j . Position di,j is defined for the turn i
and the layer j between the angle θ1 and θ2 by:

di,j =

√
1

θ2 − θ1

∫ θ2

θ1

[(
Rth

j −Rexp
i,j

)2
+
(
Zth
j − Zexp

i,j

)2]
dθ

(8)
Again, θ1 is equal to 50◦ and θ2 to 330◦ .
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Fig. 27 allows us to conclude on the winding quality outside
of the crossover zones. First, some residual dispersion exists
between the turns of the same layer. This remark can be ex-
plained by the fact that the fiber is wound on the side resting
on the flange or on the other side. However, the extent of these
dispersions remains constant. Then the defects introduced in the
first layer propagate layer to layer. Nevertheless, the maximum
value of these defects remains constant. Therefore, the number
of defects increases but their size decreases. However, given
that the medians per layer are between 18μm and 40μm, these
defects are relatively small. Consequently, this studied coil is
very carefully wound.

V. CONCLUSION

In this paper, we propose a new approach using X-ray
computed tomography to visualize and reconstruct the three-
dimensional topology of the sensing coil of a FOG. We inspect
the winding quality and particularly the non-axisymmetrical
effects. We focus on crossovers, gaps, and other local imper-
fections. We have developed interest parameters to quantify the
quality and the defects of the winding. We highlight the fact that
the winding quality of the first layer is especially critical and
needs special attention. Indeed gaps in the first layer will cause
sinking fibers and other gaps on the next one, and they will then
propagate from layer to layer.

In this study, we only had access to the center of the cladding of
the fiber and we have no information on the local deformations,
nor the coatings, and the glue. One way to be able to distinguish
the cladding from the coatings and the glue is to increase the
contrast of the X-ray tomography between the different materials
by injecting a contrasting product in the glue. Moreover, to
determine if this study is robust and consequently extensible
to any quadrupolar optical fiber coil, coils with more layers and
a different number of turns would have to be studied.

Furthermore, knowing how defects are created, it is recom-
mended to take special care of the first layer during winding.

Finally, it will be possible to propose numerical models of
optical fiber coil based on this topological reconstruction.
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