A 7.5mm Steiner chain fiber-optic system for multi-segment flex sensing
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Abstract— this paper presents an extensible highly
compact fiber-optic system for multi-segment flex sensing.
This fiber-optic arrangement is 7.5 mm in diameter and is
comprised of a flexible and stretchable Steiner chain (n=12)
housing at the top which accommodates passive cables used
for sensing, followed by a basal rigid fiber-optic sensing unit.
The U-shape loopback design of the sensing system allows
integration of electronics on one side and away from the
sensing region. A low-friction retractable distance modulation
array is designed and implemented to reduce the hysteresis
and recover reference sensor values when the arm returns to
its original straight configuration. This sensing system is able
to measure the dynamic flex patterns of the actuation system
to which it conforms. This sensing system can also be
embedded inside soft robotic manipulators for multi-segment
flex sensing independent of actuation systems, temperature or
external load from the environment. This arrangement can
also be used as a complete manipulation system when
actuating tendons are attached.

I INTRODUCTION

Sensing technologies suitable for integrating into the new
highly redundant [1], [2] and soft [3], [4], class of robotic
manipulators are becoming increasingly demanded, due to the
inclusive nature of these manipulation systems enabling
medical [5], [6], [7] and robotic [8], [9] applications in
confined space. These robotic systems are usually made from
mutually-tangent curved segments enabling high degrees of
robotic articulation in unstructured and cluttered workspaces
[4]. The piecewise bendable and extensible segments of these
soft robotic systems enables reaching targets which are
prohibited by conventional rigid manipulators, however,
control of these robotic manipulators requires precise shape
sensing which is achievable through multi-segment flex
sensing.

The complex motion patterns generated by these robots have
been mainly tracked through incorporation of vision systems
[10] and electromagnetic tracking [11] especially in medical
applications. However the visual techniques are often
restricted with visual occlusion and electromagnetic tracking
is subject to magnetic field distortions and have limitations
with regards to mobility of the magnetic field generation
system.

There are various ways of sensing flexion through passive
resistive devices made from conductive inks and fabrics, e.g.
the off-the-shelf Flexpoint sensor (Flexpoint Sensor Systems,
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Inc, USA), and specific types of bipolar smart materials, e.g.
lonic Polymer Metal Composites (IPMCs) [12], however,
they are usually not suitable for three dimensional sensing.
Fiber Bragg Grating (FBG) shape sensing tubes were
proposed for shape sensing in continuum robots. The FBG
sensors are highly sensitive to the change in environmental
temperature and strain. In the case of a non-uniform strain
field the strain compensation is complex [13], [14]. Shape
sensing based on FBG is not suitable for extensible systems.
Light intensity modulation [15], [16] is another optical
approach that can be adapted for flex sensing [17]. This
approach is temperature independent [17], and low-cost. In
this paper, we present the design and development of an
extensible multi-segment flex sensor based on light intensity
modulation between two optical fiber tips. In the following,
we explain the design, fabrication and calibration of the
sensor device, and subsequent preliminary experimental
studies.

1. DESIGN OF THE FLEX SENSING SYSTEM

The flex sensing system comprised of a Steiner chain flexible
section with embedded passive cables at the distal side, and a
distance modulation array at the proximal side, as shown in
Figure 1.
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Figure 1. The overall structure of the flex sensing system comprising
of a six-channel distance modulation array and a flexible Steiner
chain section. Note that the flexible section also provides an empty
central channel for end-effector instruments (CCS1 and CCS2
indicate constant curvature segments with radii of r1 and ra,
respectively).

Tommaso Ranzani is with the Bio-Robotics Institute, Scuola Superiore Sant'/Anna,
Italy.
(corresponding author: sina.sareh@kcl.ac.uk).



Whilst the Steiner chain section is responsible for maintaining
the radial distance between passive cables and the center of
the flexible arm during manipulations, the distance
modulation array couples the motion of passive cables with
light-emitting optical fibers using a low-friction sliding
mechanism at the base. Each Light- emitting optical fiber is
paired and aligned with an optical detector fixed at the base.

The flex sensing principle explained above employs multiple
passive cables passed through tiny spring channels (1.2 mm
outer  diameter) along the length of the arm (50 mm in
length). These channels are located at the same distance from
the central axis of the manipulator (a design parameter ‘d”)
but using different equally spaced angular positions. The
cable channels are accordingly extended outside the
manipulator using the 3D printed part of the sensor where they
are converted to sliding rails. A very low friction mechanism
was developed for sliding which employs two steel needles
with thickness of 0.89 mm located in parallel and 4mm away
from each other. A specialized v-shaped mechano-optical
coupler, the interface between passive cables of the Steiner
chain section and optical fibers of the distance modulation
array, was designed and fabricated to be able to smoothly
slide around needles and carry the light-transmitting optical
fibers inside the sensor base. The sliding plate is linked with
a 2mm outer diameter extension spring (fixed at one side), to
be retracted and recovered after being pulled by cables. This
allows the flex sensor to exploit a retractable sliding
mechanism for modulating the distance between emitter and
detector optical fibers. When the arm undergoes a bending
deformation, the fed length of the cables (the length portion
inside the arm) changes. These changes in the length of
equally spaced cables modulate the position of the
transmitting optical fibers and, hence, the received light
intensity by detectors (e.g. KEYENCE™ Digital Fiber Optic
Sensor). The received light is then converted into digital
information. This principle was used for the computation of
the bending curvature of the arm.

A. The Steiner Chain section

In geometry, a Steiner chain is a set of mutually tangent
n circles, all of which are tangent to two given non-intersecting
circles, just like the structure illustrated in Figure 2a. The
Steiner chain mathematics can represent the design of a
steerable endoscope in [19]. In this design, low-cost
commercial springs are tangentially combined in parallel to
tightly accommodate driving tendons and prevent their radial
displacement. Figure 2a can also explain the cross section of
such actuation mechanism. Clearly, this structure can house
also passive cables to code the shape of the endoscope or
similar manipulation systems. Hence, we would like to
incorporate this analogy to come up with a more systematic
design approach.

The flex sensor of each segment of the arm consists of three
passive cables with fed length, the extended length portion of
the cable pulled into the flexible arm in response to a bending
deformation or elongation, of si, Sz, and ss. These passive
cables are sliding inside flexible Steiner chain housings in
the periphery of the arm, in parallel with driving tendons. In

response to a specific amount of bending deformation in a
particular orientation, there is a unique distance matrix of s=
[s1 52 s3] which can describe bending angle and orientation of
the arm. Figure 2b shows the configuration of a flexible arm
in the 3D space [18].
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Figure 2. (a) The Steiner chain cross-section of the arm, (b) The
flexed configuration and associated parameters in 3D [18].

The fed length of cables in the periphery of the arm S; can
be calculated as

where L is the passive length of each segment (here:
L=30mm), and f; is the change in this value due to a bending
deformation, and i is the cable number. The length of the
central axis of the each segment can be obtained through,

S =2%84(s) 3)

and the bending angle 8 can be computed as

— S—Sl (4)
d.cos(g—(p)

where ¢ is the end orientation of the segment, and is
expressed as

V3(sy + 53 — 257) (5)
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Variable d in equation (4) describes the distance between the
central axis of the manipulator and the parallel passive cables.
In the following, we show that the change in the fed length of
cables in the periphery of the arm (As;m, where m is the state
indicator: m=1 for the primary and m=2 for the secondary
state) is in direct relationship with d. Therefore this parameter
is directly affecting the resolution of the sensor system.

By substituting ¢m= g and a very small amount of bending
On= 1%0 in equations (5) and then (4)

—2811 *Sp1 +531 =0.0525d (6)

where s; ; denotes the primary fed length of the cables s;.
Also from equation (5), s, =s3 1, therefore



52'1 - Sl,lz 0.0262d (7)

If substituting ¢m= g and Gn= g in the same set of equations

3
S22 7512 = Tﬂd (8)

where s; , explains the secondary fed length of the cable s;.
Therefore the total change in the fed length for the cable s;
can be obtained by subtracting equations (7) and (8)

AS1=S35 = S12 — S21 F S11 )

The arm segments are made from extension springs and
therefore are incompressible. Assuming s,, = s,, , the
change in the cable’s fed length can be calculated through

3m
As= Td (10)
The KEYENCE™ Digital Fiber Optic Sensor used in this
study can effectively measure a maximum length change of
20 mm. Therefore, in order to measure a 90° bending
deformation, the maximum value of d must not exceed
8.4mm. It is clear that for measuring a maximum of 180°
bending, which can be regarded as two successive 90°
bending as targeted in this study, this value should be reduced
to 4.2mm. Since the maximum combined deformation of the

two segments should be also measureable within this 20mm
range, dmax Needs to be 2.1mm.

To preserve the maximum resolution of the sensing
system, we opt for the maximum value for d, which is 2.1mm
(as explained above). This necessitates incorporating an inner
spring with a diameter of slightly less than 4mm. We have,
therefore used LEMO50AB 05 S stainless steel extension
spring (Lee Spring Ltd., USA) with outer diameter of 3.505
mm and wire diameter of 0.508 as the central spine. For Steiner
springs (corresponds with an Steiner circle on the cross-section
view, Figure 3), we have used custom springs with an outer
diameter of 1.2mm and a wire diameter of 0.25mm, as they
were available in our laboratory. Therefore steel passive cables
with diameter of 0.27mm (Carl Stahl Ltd., Germany) can be
radially fixed at approximately d=2.1mm away from the

centre, and the central angle B:sin’l(ﬁ) can be calculated as

approximately 15°. Hence, the number of Steiner springs is
180

n-?zlz and the inner diameter of the outer spring should be
approximately R= r+2 p=5.91mm. We have, therefore,
selected LEMO70CB 05 S (Lee Spring Ltd., USA) with an
outer diameter of 7.49mm and a wire diameter of 0.711mm.

Therefore, the tip section of the sensing system comprised of
twelve Steiner channels. The design uses three of them for
sensing, these channels pass through the whole length of the
two segment arm and house sensing wires, and considers six
channels to accommodate six driving tendons. Therefore three
channels are empty and can be used for other applications, e.g.
end-effector wiring.

B. Design of a low-friction retractable distance
modulation array

In response to a bending deformation, the portion of length
of each optical fiber, which is fed peripherally into the
periphery of the flexible arm, changes. When the arm returns
to its original straight configuration, fiber’ fed lengths are also
required to follow back to the original. Several reasons
including friction, and hysteresis in the mechanical structure
and material properties prevent fulfilling this essential
condition and introduce malfunction into the sensory system.
In order to make sure the mutual distance between the emitting
and detecting fiber optic pairs is recovered, a spring returning
mechanism is a very natural solution. In addition, we need to
couple the passive cables that are passed through the length of
the flexible arm with fiber optic pairs for distance
measurement using KEYENCE™ sensors. This mechanism
must produce minimal friction to be able to perform the
expected role within the sensory system.

1) Loopback design of the optical system

The commercial off-the-shelf stretch (length) sensors, e.g.
stretch sensors from StretchSense Ltd, New Zealand, and
PolyPower® Stretch Sensors, are usually fabricated to be free
from electronics at one end. This free end is usually coupled
with the moving end of the actuator to measure the length
change. Similarly, here, it is not ideal to have the emitter and
the detector at opposite sides of the sensing media. In order to
allow all the electronics to be at one end of the sensor we
employed a U-shape arrangement of optical fibers to produce
a loopback configuration. This enables placing the emitter and
detector next to each other, as illustrated in Figure 3(b).

2)The Steel spring-needle double slider

A low-friction sliding mechanism is also essential to enable
modulating the mutual distance between any pair of optical
fibers. In order to address this requirement, we have
fabricated a highly smooth double slider using two steel
needles (44mm length x 0.86mm diameter, John James
Needles, Worcestershire, England), surrounded by two small-
sized pieces of steel springs (1.4 mm outer diameter, 0.2 mm
wire diameter), that are anchored in parallel and 4mm away
from each other into the plastic sensor base. Each steel spring
that is able to smoothly slide around the surrounded needle, is
embedded into a v-shaped plastic mechano-optical coupler.
Each coupler links a passive cable with its corresponding fiber
optic pair. This mechanism is shown in Figure 3(d). Figure
3(c) illustrates the cross-section of the distance modulation
array with its maximum outer diameter of 22 mm.

l. FABRICATION AND ASSEMBLY

The sensorized arm in its finished configuration is shown in
Figure 4(a), and 4(b). The off-robot structure of the mechano-
optical coupler is demonstrated in Figure 4(c), comprising of
a v-shaped 3D printed part with an U-shaped housing for an
optical fiber, and a connection module which links a 2 mm
outer diameter extension spring (Lee Spring Ltd., USA), with
a 0.27 mm thick steel wire rope (Carl Stahl, Germany), used



as the passive cable. Note that these 2 mm extension springs
are responsible for cables position recovery and therefore we
call them recovery springs. We have considered an initial
stretch of 5 mm in recovery springs to increase the pulling
force. Finally, Figures 4(d) and (e) present the fully assembled
structure of the main top (Steiner chain), and the bottom
(distance modulation array) parts of the arm. All plastic parts
were fabricated using a rapid prototyping machine (Project
HD-3000 Plus, 3D Systems).
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Figure 3. The CAD designs of the multi-segment flex sensor
exhibiting integrated technologies: (a) the side view showing the
elastic recovery mechanism of the slider, (b) the low-friction steel
spring- double needle sliding mechanism to maintain he direction of
the motion, (c) the U-shape fiber optic arrangement.

1. EXPERIMENTAL CALIBRATION AND FLEX
SENSING VALIDATION

In order to validate the design and implementation of the
two-segment flex sensor, we have performed a set of
experiments where either one or both segments were actuated
at time. Two HD cameras were placed at the top and side of
the manipulator to record ground truth shape information. The
present manipulation platform is not yet equipped with motors
or other actuators. So we attached the middle and tip of the arm
to fixed points on the wall, using steel wires, in order to
generate stable shape patterns. Subsequently we have recorded
the light intensity (and corresponding voltage) values from
KEYENCE™ Fiber-Optic Sensors and cameras.

To convert voltage values to corresponding values of
distance between optical fiber tips, we have extracted the
calibration relationship for all six fiber optic channels. The

averaged calibration data, presented together with error bars in
Figure 5, was splined in MATLAB (MathWorks, Inc., Natick,
MA) to form the calibration curve.
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Figure 4. The prototype of the arm and sensing system: (a) the
finished configuration of the sensorized manipulation system, (b)
close-up view of the top part, (c) the v-shaped mechano-optical
coupler, (d) the fully assembled structure of the distance modulation
array, and (e) the structure of the Steiner Chain section.
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Figure 5. The averaged calibration curve and error bars.



Having calibrated the sensors, the manipulator was forced into
various three dimensional shapes, shown in Figure 6 and the
sensor signals were recorded and analyzed.

Figure 6. Examples of key experimental configurations: (a)
independent activation of base segment, (b) independent activation of
the tip segment (note that the intersegment link is clamed to produce
a stationary base), and (c) simultaneous activation of two segments.
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Figure 7. The voltage-distance relationship for the base segment
experiment.
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Figure 8. The experimental results of flex sensing in individual
segments.

In order to use the constant curvature bending model, the
acquired voltage signals were fed into the splined calibration
data presented in Figure 5 to back-calculate the tip-to-tip fiber
optic distances. Subsequently, these distances were substituted
into equations (4) and (5) to calculate the bending curvature
and orientation of the manipulator. Figure 8 shows the
experimental results compared with their corresponding
ground truth information extracted from camera images using
a custom MATLAB (MathWorks, Inc., Natick, MA) code.

In Figure 7, s; ; represents the tip-to-tip distance between
optical fiber pair, where i={1,2,3} is the pair number and
j={1,2,3,4,5} is the trial number. The trend in's; ; /V; ;implies
that the arm was flexed approximately symmetric with respect
to cables by and bs, where these two cables are virtually
stretched (physically only the fed length of cables can
change). The cable b, was only slightly compressed, with
respect to the length change in other two cables which
confirms the design assumption led to equation (10).

Figure 8 shows the experimental results, where segments of
the arm were actuated individually, implying a maximum
tracking error of around 7° in tip segment when the arm was
flexed with ground truth value of 40°. This error was decreased
to 5° as the arm reached a ground truth bending angle of 63°
and around 2° for ground truth value of 122°. A similar
behavior can be seen in the flex data, also presented in figure
8, of the base segment. The finer behavior of the sensor for
large flexions, can be due to better positioning of cables inside
the spring channels. These channels have an internal diameter
of around 0.8mm and are housing two 0.27 mm thick cables,
along the length of the base segment and only one of them
along the length of the tip segment. So there is some room for
cables to play radially, if they are not pulled tightly using
extension springs. However, we have considered a pre-stretch
of 5mm in the design, the experimental results implies that the
error can be reduced if this initial stretch is increased.

1l. CALCULATION OF THE BENDING CURVATURE IN
A TWO-SEGMENT ARM BASED ON COLLOCATED
CABLES

In order to simplify the multi-segment curvature sensing, this
work exploits a method which we call “collocated cables”. As
mentioned in section I1.A this sensing arrangement uses only
three Steiner channels out of twelve for sensing. There are two
passive cables sliding inside each of these three channels; one
fixed between two segments and the other one at the tip of the
manipulator. This allows measuring the bending angle in
multi-segment arms in a modular way (with minimal
amendment in cables’ length computation explained in the
following).When the arm undergoes a complex two-segment
movement, the change in the length of cables passing through
the whole length of the arm to the tip (t-type cables ti, t,, and
ts), is only partially due to the bending of the tip segment.
However, the change in the length of the fibers fixed at the tip
of the base segment (b-type cables by, by, and bs) is purely due
to the bending in this segment. In our sensing arrangement,
each t-type cable is companied by a b-type cable, as shown in
Figure 9. This allows calculating the share of each segment
from the total length change.

collocated

cables

Figure 9. The cross-section of the distance modulation array,
showing the collocated arrangement of passive cables used for
sensing.



To intuitively evaluate this method, we moved segments of the
arm into a complex S-shape configuration, shown in Figure
6(c). Using camera ground truth information, we have
calculated the bending angle in two segments as
eGround,1:91 ~2O, 0 Ground,2:95.1°.

Table 1 summarizes the calculation of length change in each
segment based on collocated cables’ lengths; Vi values,
i={1,2,3}, represent KEYENCE voltage readings associated
with cables that are fixed between two segments; Vy are
readings associated with cables passed through the whole
length of the arm and fixed at the tip. Mapping into the splined
voltage-distance relationship, Figure 5, corresponding fibers’
mutual distances spi and s; are calculated. Whilst values of spi
are representing the pure length change in the base segment,
the pure length change of the tip segment can be computed
through Spi=Sti-Sbi.

Table 1. Calculation of the pure length change in each segment based
on collocated cables approach.

Voltage (V) Vo1 Vb2 Vi3 Vu Ve Vs

399 292 193 189 227 193
Length (mm)  sh Sh2 Sb3 St1 St2 St3
534 7.04 1087 11.11 9.01 10.87
Length (mm) Spi Sp2 Sp3
5.77 1.96 0

By substituting pure distance values into equations (3) to (5),
the sensory bending angles are computed as Osensor1=89.2° and
0 sensor2=92.4°. This implies an error of less than 3° in each
segment.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, we have presented the design and fabrication
of a flex sensing system for a 7.5mm multi-segment flexible
manipulation arm. Starting from theoretical design, we have
optimised the radial location of the passive cables used for
sensing along the periphery of the arm in order to represent a
trade-off between maximum compactness of the sensing
system and using the full capacity of the optical measurement
system in terms of the measurement resolution. In the next
step, we have presented a Steiner Chain design (n=12) for the
flexible part of the sensor system. Three out of twelve Steiner
Chain channels were used for flex sensing in the two-segment
flexible arm. Subsequently we have designed and fabricated a
low-friction fiber-optic distance modulation array based on a
new spring-needle double slider to precisely measure the
change in the length of cables which are embedded in the
periphery of the arm during flexion. The design also employs
a loopback optical method to keep all electronics on one side
and sufficiently away from of the robotic system. Finally, the
complete sensing system is implemented and experimentally
evaluated, resulting in a maximum error of 6° with respect to
the used camera ground truth information in measuring the
bending angle in individual segments. From the experimental
results, it can be implied that the sensing error can be
decreased by increasing the initial stretch length of recovery
springs, to have a tighter cable system in low flexion. We have

also demonstrated the multi segment flex sensing exploiting
collocation of passive cables in successive segments. This
sensing system can be regarded as complimentary for the two-
segment soft actuation system presented in [20, 21].

Future work will focus on further development of the flexible
arm, by activating its internal actuation mechanism using
actuating tendons and motors. Having installed actuators, we
will have the opportunity to produce various motion patterns
and characterise the entire sensing workspace.
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