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Fiber-Optic Force Sensing of Modular Robotic Skin for Remote and
Autonomous Robot Control

Sudong Lee, Jae In Kim, Youngjoon Baek, Dongjune Chang, Jeongseob Lee,
Young Soo Park, Dongjun Lee, and Yong-Lae Park

Abstract— Robots have taken the place of human operators
in hazardous and challenging jobs requiring high dexterity in
manipulation, and robots with skin for force and tactile sensing
that mimics the function of mechanoreception in animals will
be highly dexterous in performing complex tasks. In this
study, we propose the design of modular robotic skin, capable
of detecting the magnitude and the location of a contact
force simultaneously. Each skin module needs three degrees of
freedom in sensing in order to estimate the horizontal and the
vertical locations of the contact force as well as its magnitude.
Force sensing in the proposed skin is enabled by a custom-
designed triangular beam structure underneath the skin cover.
A force applied to the skin cover causes the bending of the
beam, which is detected by fiber optic strain sensors. The
result shows the resolutions of 1.45 N for force estimation and
1.85 mm and 1.91 mm for contact localization in horizontal and
vertical directions, respectively. We also demonstrate how the
proposed skin can be used for remote and autonomous control
of commercial robotic arms equipped with an array of the skin
modules.

I. INTRODUCTION

High dexterity, comparable to that of humans, is one
of the critical requirements for autonomous robots when
it comes to performing intricate manipulation tasks across
various domains [1], [2]. Robots are often required to execute
complex operations in environments that can be hazardous
to humans [3], [4]. To address these challenges, two pri-
mary approaches have emerged: teleoperation [5]–[7] and
autonomous robotic systems equipped with advanced sensing
capabilities. Force and tactile sensing play a crucial role in
dexterous manipulation of a robot. These sensors not only
provide spatial information on the surroundings but also offer

This work was supported in part by the International Nuclear Energy
Research Initiative (Grant No.: NRF-2017M2A8A1092482) and in part by
the Institute of Information and Communications Technology Planning and
Evaluation (IITP) (Grant No.: 2021-0-00896), through the National Research
Foundation funded by the Korean Government (MSIT). (S. Lee and J. I. Kim
contributed equally to this work.) (Corresponding author: Y.-L. Park)

S. Lee was with the Soft Robotics Research Center, Seoul National
University, Seoul, Korea. He is now with the CREATE Lab, Insti-
tute of Mechanical Engineering, EPFL, Lausanne, Switzerland. (E-mail:
sudong.lee@epfl.ch)

J. Kim is with Samsung Electronics, Suwon, Korea. (E-mail:
snu08mae@gmail.com)

Y. Baek, J. Lee, D. Lee, and Y.-L. Park are with the Department of
Mechanical Engineering; the Institute of Advanced Machines and Design;
the Institute of Engineering Research, Seoul National University, Seoul,
Korea. (E-mails: {byj4667; overjs94; djlee; ylpark}@snu.ac.kr)

D. Chang is with the Department of Mechanical Engineering, Arizona
State University, Tempe, AZ, USA. (E-mail: Dongjune.Chang@asu.edu)

Y. S. Park is with the Argonne National laboratory, Lemont, IL, USA.
(E-mail: ypark@anl.gov)

Skin Cover

Sensor Layer

Skin Module

Robotic Skin

Fig. 1. Conceptual drawing of modularized robotic skin composed of a
skin cover and a sensing structure hidden under the cover.

physical feedback to the robot, similar to mechanoreception
in biology. This feedback enables the robot to discern its
motion when it interacts with the environment [8]–[10]. The
significance of force and tactile sensing is further emphasized
in challenging environments [11], as it increases the success
rate of task completion while minimizing the risk of damag-
ing the robot. Researchers have been working on developing
sensors that mimic the behavior of the mechanoreceptors
found in human or animal skin [12]–[15].

Tactile sensing offers substantial advantages in remote
operation, particularly in conveying information on contact
locations and objects during manipulation. This feature en-
ables operators to quickly perceive their surroundings and ex-
ecute precise control tasks. Moreover, it enhances interaction
safety by providing the information on contact forces [16].
In autonomous systems, the robot can execute complex tasks
reliably, even in the face of unexpected collisions, provided
that it can identify the magnitudes and the locations of
the contacts in real-time. This capability is important not
only for independent task execution but also for seamless
collaboration with other robots. Therefore, we propose a new
design of robotic skin capable of providing real-time data
on contact forces and their locations, facilitating high-level
manipulation tasks.

A. Related Work

Tactile sensing is a crucial element in an end-effector
functionality and its dexterous manipulation, as discussed in
various studies [17]–[22]. However, it is also important in
other areas of a robot’s body to enhance autonomy, which is
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achievable through sensorized skin [12], [23], [24]. This en-
ables robots to efficiently explore their surroundings, reduc-
ing operational time and enhancing stability and safety [13],
even in dynamic or unknown environments. The real-time
data from physical interactions are useful in determining or
modifying the body configuration, while tactile sensing skin
provides valuable information for planning trajectory [25],
[26] and complementing visual feedback from optical sys-
tems, such as cameras and lidars [27].

Several research groups have focused on developing vari-
ous types of tactile sensors for robots using different meth-
ods, including room-temperature liquid metals, conductive
fabrics, air pressure sensing, hall-effect sensing, proximity
sensing, capacitive sensing, vision sensing, electron tomog-
raphy, and fiber-optic fiber sensing [13], [14], [28], [29].

The liquid-metal sensor detects external forces by moni-
toring the change in resistance of liquid-filled microchannels
embedded in an elastomer matrix, as the channel changes
its shape based on the deformation of the structure when
external forces are applied [15]. Similarly, the electrical resis-
tance of conductive fabrics varies with surface pressure [30].
Air pressure sensing detects pressure changes resulting from
volume reduction in a chamber when forces are applied [31].
Although these mechanisms are soft and easy to attach to the
robot’s surface, they may not withstand harsh environments
where high impact forces are present or do not always
provide high accuracy in tactile sensing due to undesired
effects, such as hysteresis and creep.

Hall-effect sensing detects change in magnetic field when
an external force displaces a nearby magnet relative to
the sensor [32], [33]. Vision sensing mechanisms observe
structural changes induced by external forces through cam-
eras [34]–[37]. Contact forces can be detected by electron
tomography by monitoring changes in impedance or ca-
pacitance within the electrical network [38], [39]. Proxim-
ity sensors [14], [28] or capacitance sensors can be also
used [40], [41]. However, it should be noted that these
mechanisms may require additional devices for shielding or
noise reduction in harsh environmental conditions, such as
electromagnetic interference (EMI) or radiation, as they rely
on semiconductors and electric circuits.

Alternatively, fiber-optic sensing is highly accurate and
robust, even in harsh environments, especially in challenging
environments, since they are electrically passive. This makes
it an ideal solution for applications where robot failure or
task malfunctions in such environments can be costly. Fiber-
optic sensing also provides a spatial advantage to the design,
as it can be achieved in a compact form factor and operate
reliably in radiation environments without additional shield-
ing. Consequently, many studies have focused on developing
tactile sensors for robots using fiber optics [42]–[44].

B. Proposed Approach

In this paper, we propose modularized robotic skin (Fig. 1)
equipped with force-sensing capabilities, achieved through
fiber optic strain sensors known as fiber Bragg gratings
(FBGs) [45], [46], which are strategically embedded within

the sensor layer, as shown in Fig. 2(a) [47]. The connection
between the skin cover and the sensor layer is established
via a joint layer, employing custom-designed joints, called
spherical-linear (S-L) joints. These S-L joints allow displace-
ment of the skin cover with three degrees of freedom (DoFs):
one for translation and two for rotation. This three-DoF
motion enables model-based estimation of both the location
and the magnitude of the contact force applied to the skin.
Unlike sensors with FBG arrays for discrete estimation of
the contact forces [48], the proposed robotic skin allows for
continuous estimation of contact force locations.

FBG-based force sensing provides an ideal solution for
this application due to several key advantages. First, fiber
optics are compact, flexible, and lightweight, and thus easy
to embed in structures of complex geometries. Furthermore,
FBGs are not only highly sensitive to strain for force
sensing but also immune to electromagnetic noise and radia-
tions [49]–[51], providing a potential in robotics applications,
including tactile sensing [48], [52], robotic grippers [8], [20],
[29], manipulators [53], [54], and medical devices [51], [55],
[56]. Moreover, the multiplexing capability of FBGs [57]–
[59] makes the system simple, even when employing a
large number of sensors [51]. A single optical fiber with
multiple FBGs can detect multiple local strains, allowing the
sensing system to simultaneously acquire data from many
skin modules using just one data acquisition device. FBGs
are also capable of long-distance sensing [60] and effectively
shielding electrical components from harsh environmental
conditions, making themselves less susceptible to electro-
magnetic interference (EMI) and radiation.

C. Contributions
The modular design of the robotic skin offers several

advantages. First, it enhances versatility by facilitating easy
integration with existing robotic structures of varying shapes
and sizes [61]. This adaptability allows for the application
of the skin to a wide range of robotic systems. Another
advantage is easy repair of the skin with failures, since it
allows for partial replacement of failure modules [13], which
reduces the repair cost as well as the time. Furthermore, the
modular design enables multi-touch sensing capabilities. In
conventional robotic systems equipped with multi-axis force-
torque sensors, typically located at the wrist joint [62], [63],
the ability to distinguish multiple simultaneous contacts is
limited. They can only process multiple forces as a single
lumped force at the end-effector, thereby constraining their
practicality for autonomous robotic applications. In contrast,
in our approach, since each skin module estimates the force
applied to itself individually, the entire skin is able to process
the information on the multiple forces simultaneously.

D. Result and Contents
Our prototype of the proposed robotic skin showed the

resolutions of 1.85 mm and 1.91 mm for localization in
lateral and longitudinal directions, respectively, and 1.45 N
for force estimation. We were able to achieve a sensing band-
width higher than 850 Hz through modeling and parameter
optimization.
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Fig. 2. (a) Components of the skin module with dimensions. (b) Four-DoF
motions of the S-L joint. (c) Three-DoF motions in the skin module. The
skin module has roll, pitch, and z-axis translation motions.

The rest of this paper is organized as follows. In Section II,
we describes the design concept, key features, and fabrication
process of the skin modules, along with considerations for
an arrayed skin structure. Section III explains the modeling
of the skin structure for force sensing, incorporating beam
theory, and discusses the continuous estimation of contact
force locations and magnitudes based on the modeling re-
sults. Section IV presents the results of the skin module
characterization. Section V demonstrates the applications
of our robotic skin, particularly in remote operation and
autonomous control of a robotic arm. Section VI discusses
the contribution of our skin and future work, and Section VII
finally concludes the work.

II. DESIGN

The robotic skin is a combination of hexagonal grids and
can easily cover a curved surface. Each grid is called as a
skin module in our design, and the top layer (i.e., skin cover)
of each module was designed to have three-DoF motions
in order to obtain three pieces of force information (the
magnitude and the locations in x- and y-axes). The skin
module consists of four components: a skin cover, a joint
layer, three spherical-linear (S-L) joints, and a sensor layer.

A. Skin Module

1) Sensor Layer: The sensor layer is the base of the skin
module, composed of a triangular beam structure and three
wings with screw holes, as shown in Fig. 3(a). Each beam
has a small protrusion at the end, making a contact with
the joint layer. A force applied to the skin cover combined
with the joint layer is transmitted to the sensor layer only
through these three points, and bending of the three beams
allows for detection of the force with three DoFs. In other
words, the strain changes of the three beams provide enough
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(a) (b)

Convex Hull

3 × Contact Points (c)
3 × S-L Joints

(c) Side View

FBG

Fig. 3. (a) Three contact points form the convex hull of a triangle. (b)
Layout of four FBGs on the sensor layer. Three FBGs attached on the beam
are for force sensing and one at the center for temperature compensation.
(c) Side view of the skin module without the skin cover and the magnified
view of the sensor layer center position.
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Obstacles

Fig. 4. (a) Each link of an industrial robot arm with multiple skin modules.
(b) Additional link with robotic skin added to the distal end of the arm.

information to find out the location and the magnitude of
the force. Each beam has an FBG bonded on top, which
measures the strain changes of the beam, as shown in
Fig. 3(b). Since each FBG had its own length (approximately
3 mm) and uniform strains needed to be applied over the
area where the FBG was bonded, the beam was designed
to have a tapered shape. To compensate for temperature
effects, a fourth FBG was bonded at the center of the beam
structure, in addition to the FBGs on the beams. To minimize
the strain change at the center area, fixed parts were added
between the center and the deformed beams with three bolts.
Moreover, the height difference of the center reduced stress
concentration at the line where the surface angle changed
to 90◦, which minimized the strain change on the FBG
attachment area. As a result, the strain change at the center
area was negligible and affected only by the temperature.

2) Joint Layer: The joint layer, which connects the sensor
layer and the skin cover, has three cylindrical sockets. Each
socket holds a S-L joint composed of a large-hole bead, a
wave spring, and a half threaded bolt. The bead allows four-
DoF motions of the joint layer, such as vertical translation
and rotations about three axes, as shown in Fig. 2(b) that
shows possible movements near the one S-L joint. In order
to achieve three DoFs in a skin module, three S-L joints were
used at 120◦ intervals. Although each joint has four DoFs
individually, the sensor layer fixed at the bottom constrains
the yaw motion of the joint layer composed of three S-L
joints. Therefore, this allowed the skin cover not only to
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rotate in x and y axes but also to linearly move in z-axis.
Fig. 2(c) shows the resulting three DoFs of the skin module;
roll, pitch, and vertical translation.

3) Skin Cover: The skin cover is the outermost layer
of the skin module with a hexagonal shape. Hexagons are
one of three types of polygons that can cover a large area
without leaving gaps when arrayed, making the entire skin
easily reconfigurable depending on the size or the shape of
the host structure. When a force applied inside the convex
hull of the sensor layer, Fig. 3(a), all three corners of the
triangle are compressed and causes bending of the beams.
However, if a force is applied outside the convex hull but still
within the hexagonal area, the farthest corner from the force
may lose contact due to the moment of the axis that passes
through the other two corners. As a result, the farthest tip
of the beam may lose contact with the joint layer, making it
difficult to measure the applied force and estimate its location
and magnitude. To address this issue, the sensor layer was
bolted to the joint layer with prestress, ensuring that contact
is maintained. This means that the farthest beam is only
relaxed from the prestress instead of losing contact, allowing
the three FBGs to detect a force applied anywhere inside the
skin cover.

The skin module requires a flat sensor layer, as shown in
Fig. 2(a), but the skin cover can be designed with various
shapes, including curvatures. Estimation models for distinct
geometries can be formulated by considering geometric
constraints on the shape. In this paper, we designed and
tested skin covers with both a flat and a curved surfaces
that can cover a cylindrical robotic arm.

4) Fabrication: All the structures and the components
were made of stainless steel by machining. The total weight
of a single module is 113 g. For accuracy in sensing, both of
the sensor layer and the joint layer were precisely machined
to have tolerance of less than 0.01 mm. Also, the beads and
the sockets of the joint layer were machined to have bearing
tolerance of 0.01 mm, respectively, in order to minimize the
friction. In addition, a groove (length: 4 mm) was engraved
on each place for an FBG to be bonded on the joint layer
using a laser cutter (Speedy 300 Flexx, Trotec, Austria).
The FBGs were bonded to the grooves using cyanoacrylate
adhesive, as shown in Fig. 3(b). The modules are assembled
as the exploded view from the side, shown in Fig 3(c). The
width and the depth of a module is 58 mm and 76 mm,
respectively.

B. Skin Array

The skin can be attached to a curved surface by incorpo-
rating a structure between the robot and the skin. The design
of the skin cover offers considerable flexibility, allowing it to
continuously integrate with the robot’s surface when affixed,
as shown in Fig. 4. In this research, the skin modules can be
utilized with industrial robot arms, as shown in Fig. 4(a). The
robotic skin is cylindrical following the shape of the robot
limb. It consists of multiple rows of six curved skin modules.
The hexagonal shape of the module enabled to cover the
entire surface area of the arm without leaving any gaps. The
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Fig. 5. Model of the tapered beam. The right view 1 is right side of the
beam for x1, and the right view 2 is right side of the beam for x2.

skin module can be adjusted in size to enable installation as
closely as possible to the surface of the robot, thanks to their
scalability. Details on scalability are provided in APPENDIX
D. To evaluate the robotic skin, an additional limb covered
with a row of skin modules is attached to the end effector
(Fig. 4(b)). There exist parallels between Figs. 4(a) and 4(b)
in the processing and exploitation of the sensor data for
the control of the robotic arm, owing to the similarity in
the configuration. Furthermore, the case of Fig. 4(b), which
aligns with the application setup of Section V, shows the
versatility of the tactile skin by employing all DoFs of the
robotic arm.

III. MODELING

A. FBG Sensing Principle and Temperature Compensation

When a light injected into an optical fiber meets an FBG, a
specific wavelength of the input light is reflected back to the
origin while the rest wavelengths are transmitted to the other
side. This specific wavelength is called as a peak wavelength
or a Bragg wavelength. The peak wavelength is determined
by the grating pitch, Λ, and the effective refractive index,
neff , of the FBG, and their relationship is [64]

λp = 2neffΛ (1)

where λp is the peak wavelength.
The grating pitch changes by the axial strain applied to the

FBG area in the fiber or the temperature change of the FBG.
The relative shift of the peak wavelength, ∆λp

λp
, is given as

∆λp
λp

= (1− pe) · ε+ (αΛ + αη) ·∆T (2)

where ε is the strain applied to the FBG, pe is the photo-
elastic coefficient, αΛ is the thermal expansion coefficient,
αη is the thermo-optic coefficient, and ∆T is the temperature
change [65]. In order to eliminate the effect of temperature
change, Eqn. (2) is subtracted by the relative shift of a
peak wavelength that is affected not by strain but only by
temperature [20].

B. Tapered Beam

1) Strain of the Beam: A typical cuboid-shaped cantilever
beam does not experience uniform strains along its length
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the maximum and the minimum strains is less than 1.2 × 10�5 between
0.30mm and 4.34mm (two red lines).

direction when the beam is bent. If FBGs are attached to the
cuboid-shaped cantilever beam, there is a problem that the
changing strains cannot be accurately sensed by the FBGs
since the FBGs have their own lengths. It will be highly
useful if uniform strains can be applied at least to the area
to which an FBG is bonded. This will not only reduce the
computational cost but also increase the accuracy in strain
measurement. Moreover, we do not need to use any special
calibration process to find a nominal strain of a section [66].
Therefore, the design of the beam needs to be revised in
order to have a constant strain along its length direction.
The flexure formula is given as

σ = Eε =
My

I
, I =

bh3

12
, y =

h

2
(3)

where σ is the normal stress, E is the Young’s modulus, ε is
the normal strain, M is the internal moment, y is the vertical
distance from the neutral axis, and I , b, and h are the moment
of inertia, the width, and the height of the cross-sectional
area, respectively [67]. Since M is equal to F (L−x), where
F , x, and L are the external force, the horizontal location
of the beam, and the length of the beam, respectively, the
strain can be expressed as

ε =
My

EI
=

6F (L− x)

Ebh2
(4)

by using Eqn. (3). If we choose b = p(L − x), where p
is an arbitrary real number, the strain (ε) finally becomes
independent of x as follows

ε =
6

pEh2
F. (5)

The tapered beam was designed based on this concept,
as shown in Fig. 5. The width of the beam (b) decreases
linearly, but the slope changes at the tip that makes contact
with the joint layer as

b =

{
w
L (L− x1), if 0 ≤ x1 ≤ l1
m−n
l2

x2 + n, if 0 ≤ x2 ≤ l2.
(6)

Since the FBG is attached between 0 ≤ x1 ≤ l1, the strain
(ε) can be found as

ε =
6L

wEh2
F =

F

Kb
, Kb =

wEh2

6L
(7)

where Kb is the proportional constant. Since the force
applied to the beam (F ) is proportional to the strain (ε) the
force can be calculated from the strain detected by the FBG.

The strain uniformities of the cuboid-shaped beam and
the tapered beam are compared using a finite element analy-
sis (FEA) (COMSOL Multiphysics, Comsol) as shown in
Fig. 6(a)-(b). When the same force is applied to beams
of the same length, the strain of the cuboid-shaped beam
decreases linearly along the length while that of the tapered
beam shows much more uniform. According to the strain
equation (ε = F/Kb), the strain of the tapered beam should
be completely flat between 0 ≤ x1 ≤ l1, but the FEA result
slightly decreases at the base and near x1 = l1 (In our design,
l1 is 10 mm). This is because stress concentration occurs
at the base and the slope of the tapered beam changes at
x1 = l1.

2) Deflection of the Beam: According to the Eu-
ler–Bernoulli beam theory, the quadratic differential equa-
tions of the deflection of the beam are [67]

d2v1

dx2
1

=
M1

EI1
(if 0 ≤ x1 ≤ l1),

d2v2

dx2
2

=
M2

EI2
(if 0 ≤ x2 ≤ l2)

(8)

where I1, M1, I2 and M2 are as follows

I1 =
wh3(L− x1)

12L
, M1 = F (L− x1),

I2 =
h3

12

(
m− n
l2

x2 + n

)
, M2 = −Fx2.

(9)
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Fig. 7. Model of the skin module. (a) Free body diagram of the joint layer
and the skin cover. cross-sectional plane (black solid line) is formed by the
center of the skin module and the external force. (b) Free body diagram of
the cross-sectional plane. (c) Deformed shape of the module on the cross-
sectional plane showing the displacements of the three springs in the S-L
joints.

The boundary conditions are

dv1

dx1

∣∣∣∣
x1=0

= 0,
dv1

dx1

∣∣∣∣
x1=l1

=
dv2

dx2

∣∣∣∣
x2=l2

,

v1|x1=0 = 0, v1|x1=l1
= v2|x2=l2

.

(10)

Using the quadratic differential equations and the bound-
ary conditions, the deflection of the tapered beam at the tip
can be calculated as

v = KvF (11)

where Kv is the deflection proportional constant (Details on
the beam deflection is written in Appendix A). Since the
deflection of the beam at the tip is proportional to the force,
the deflection can be calculated from the force. This linearity
is also verified by the FEA as shown in Fig. 6(c).

3) Beam Specifications: The maximum sensing force of
each beam is 45 N, which is determined by the maximum
stress concentrated at the boundary before yielding, based
on the FEA result. Also, the minimum sensing force of each
beam is 0.62 N, considering the noise level of the FBG
interrogator (SI255, Micron Optics, USA), approximately
1.2×10−2 nm, which corresponds to 1.2×10−5 strain. The
FBG attachment section is between 0.30 mm and 4.34 mm
as shown in Fig. 6(d). When the maximum sensing force
is applied at the tip of the beam, the difference between the
maximum and the minimum strains is 1.1×10−5 strain which
is less than the strain corresponding to the noise level of the
interrogator. Since the length of each FBGs is designed to be
3 mm, 4.04 mm is sufficient for attachment when considering
the manufacturing tolerance. (The specifications of the FBGs
and the interrogator are provided in APPENDIX B.)

C. Spring Force

When a force is applied to the skin cover, the three beams
in the sensor layer bend while maintaining the contacts with
the joint layer. The three contact points between the beams

and the joint layer constitute a beam plane, as shown in
Fig. 7(a). Since the FBG outputs tell the state of beam
bending, the positions of the three contact points can be
obtained using Eqn. (11). Then, the normal vector of the
beam plane is(
~Pbeam2 − ~Pbeam1

)
×
(
~Pbeam1 − ~Pbeam3

)
= ~Nbeam (12)

where ~Pbeam1
, ~Pbeam2

, and ~Pbeam3
are the position vectors

of the contact points, and ~Nbeam is the normal vector of the
beam plane.

The equation of the beam plane is determined by the
position of the first beam contact point as

~Nbeam · (~p− ~Pbeam1
) = 0 (13)

where ~p is an arbitrary point of the beam plane. The initial
position of the bead in each S-L joint is constrained by the
wave spring and the bolt head of the joint. When a force is
applied to the center of the skin cover, the beads are located
below the bolt heads because the joint layer moves down
horizontally. If the force is applied to anywhere on the cover
except for the center, the joint layer is tilted, as shown in
Fig. 7(c). As the joint layer moves, the beads are located
along the bolts to satisfy geometric compatibility with the
sockets of the joint layer. The vertical displacement of the
beads with respect to the beam plane corresponds to the
length of the springs in the equation for x and y positions,
which can also be related to the changes of the spring forces,
∆~Fspring,i for i = 1, 2, 3. The beam plane equation can be
used to find the x, y positions where the spring and the joint
layer meet because the bolts constrain the x, y positions of
each spring. These positions are expressed as ~Pspring,i for
i = 1, 2, 3.

D. External Force

1) Flat Skin Cover: We assume that the external contact
force is applied perpendicular to the surface of the skin cover
and the shear force is thus negligible. Fig. 7(b) shows the
configuration of the external force, the beam forces, and the
spring forces in each skin module. The beam forces can
be obtained by Eqn. (7), and prestressed beam forces can
also be obtained. Since the skin module needs to achieve
a static equilibrium, the sum of the spring force changes
and the beam force changes becomes the magnitude of the
external force. We can now estimate the magnitude and the
location of the external force using a force balance equation
and a moment balance equation. The force balance equation
is given as

~Fexternal +

3∑
i=1

∆~Fbeam,i +

3∑
i=1

∆~Fspring,i = 0 (14)

where ~Fexternal is the external forces, ∆~Fbeam,i is the
change of each beam force. The moment balance equation
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and the right is for y-z plane. x is the location of the force in x-axis, and
r is the radius of the surface curvature.

is then(
~Pexternal × ~Fexternal

)
+

3∑
i=1

(
~Pbeam,i ×∆~Fbeam,i

)
+

3∑
i=1

(
~Pspring,i ×∆~Fspring,i

)
= 0

(15)
where ~Pexternal is the location of the external force. To
summarize, all the forces and moments that occur in the skin
module are calculated, and then the locations of the external
forces are estimated using this information.

2) Curved Skin Cover: In the same way as the flat
skin cover modeling, we assume that the external force is
perpendicular to the surface of the skin cover and that the
shear force is negligible due to the low surface friction.
However, it is necessary to consider the surface shape of the
skin cover in modeling. To solve this problem, a geometric
constraint and additional forces are added to the model.

When modeling a curved surface, an additional lateral
component is added to the external force, not present in flat
surface modeling. This lateral component causes the force
to become perpendicular to the skin cover surface. The skin
cover is curved only about y-axis, assuming it covers a
cylindrical robotic structure whose axis is parallel with y-
axis, as shown in Fig. 8. Thus, the force is composed of
only x-z components.

According to Fig. 8, the magnitude of the horizontal
component of the force and the force vector are given as∣∣∣~Fexternal,h∣∣∣ =

∣∣∣∣ x√
r2 − x2

~FExternal,v

∣∣∣∣ ,
~Fexternal = ~Fexternal,v + ~Fexternal,h

(16)

where ~Fexternal,h is the horizontal component of the external
force, x is the location of the force in x-axis, and r is the
radius of the surface curvature, which is the same as the
radius of the cylindrical robotic skin.

Fig. 8 shows that each beam applies the force perpendic-
ular to the beam plane. Since we can estimate ~Fbeam,v that
is the vertical component of the beam force, the total beam
force can be calculated as

~Fbeam =

∣∣∣~Fbeam,v∣∣∣2
~Fbeam,v · ~Nbeam

~Nbeam (17)

where ~Nbeam is the normal vector of the beam plane.
~Fbeam,v and ~Nbeam can be calculated from Eqn. (7) and

Eqn. (12), respectively. ~Fspring,v is obtained in the same way
as the flat surface modeling. Finally, ~Fexternal,v is given as

~Fexternal,v +

3∑
i=1

∆~Fbeam,i +

3∑
i=1

∆~Fspring,i = 0. (18)

Since the moment balance equation is equal to Eqn. (15), we
can finally find the magnitude and the location of the contact
force by solving Eqns. (15) and (16).

3) Line, Surface, or Multiple Forces: The skin module
detects the two moments generated by distributed or multiple
forces, which are equivalent to the moments produced by
the resultant force. The magnitude and the location of the
resultant force are the net force and the centroid of the
area created by the original forces, respectively. The skin
module thus estimates both the magnitude of the net force
and the location of the force area’s centroid. Although each
skin module cannot distinguish multiple external forces,
the proposed skin consists of multiple skin modules, and
each module can estimate the forces applied to itself si-
multaneously. Thus, the sensing system can separate and
identify each contact point using the information from the
skin modules. Moreover, by adjusting the size of each skin
module, we can control the spatial resolution of the tactile
information from the skin system.

IV. EXPERIMENTS

We conducted experiments to characterize the proposed
system by applying forces to various locations on the skin
cover. The estimated magnitude and locations of the forces
were compared with the reference values. Parameter opti-
mization was conducted to increase the estimation accuracy.

A. Experimental Setup

Fig. 9(a) shows the setup for experiments. An indenter was
combined with a load cell (RFT60-HA01, Robotous, Korea)
and attached to a motorized x-y-z stage. Forces were applied
to the skin cover by the indenter with a hemispherical tip
for point contact with the skin. In the case of the curved
skin cover, forces were applied to the skin cover with an
angle emulating normal forces, as shown in Fig 8-bottom-
left. Fig. 9(b) shows the system configuration and the data
flow. The FBG data were collected by the interrogator, and
the reference force data were measured by the load cell.
The position commands for the x-y-z table were used as the
reference location of the force.

For the experiments, forces were applied to the entire
area of the skin cover every 2 mm in both x and y axes
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Fig. 9. (a) Experimental setup. (b) System configuration and data flow.
(c) Train data and (d) test data of force locations on the skin cover.
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Fig. 10. Comparison between the experimental and the FEA results. The
FEA result using the modified Young’s modulus is almost identical with the
experimental result. Both results show that force is linearly proportional to
strain and are the initials value for parameter optimization.

with a grid pattern, as shown in Fig. 9(c). The grid did not
include the areas for bolts fixing the skin cover. The force at
each location was continuously increased up to the limit and
decreased back for collecting train data. The force limit of
the skin module was determined by considering the range of
elastic deformation of the sensor layer and the safety factor.
Additional data were obtained independently by applying
external forces to random locations for collecting test data, as
shown in Fig. 9(d). The train data were used for parameter
optimization, and the test data were used to evaluate the
result of the optimization.

B. Initialization

Since the FBG peak wavelength may change depending on
the external environment, such as temperature. It is necessary
to initialize the sensor outputs at the start of sensing, which

can be done by simply subtracting the offset from the
outputs. The average of the first 60 FBG data before applying
external forces was used to determine the offset value. By
processing the data through modeling, the offset values that
make the external force closest to zero were numerically
obtained.

C. Parameter Optimization

Although we assumed a frictionless condition in modeling,
there was actually friction in the S-L joints of the prototype,
which prevented full transmission of the force applied to the
skin cover to the sensor layer. Therefore, it was necessary to
optimize the constants, Kb and Kv , for accurate estimation
of the magnitude and position of the beam forces.

The initial values of optimization were obtained by di-
rectly applying the forces to the three beams without the
skin cover and the joint layer. The constants were opti-
mized using nonlinear least squares method to minimize
the difference between the reference and the collected data
at 2 mm intervals. Kb and Kv values for each beam were
optimized respectively, and the initial values of Kb and Kv

were determined based on the results of Fig. 10. As a result,
Kb and Kv were changed by 21.11% and 36.49% in average,
respectively.

D. Result

1) Flat Skin Cover: Fig. 11(a)-(c) shows part of the
experimental results of estimating the locations and the
magnitude of forces applied to the skin cover based on the
beam model and the optimized Kb and Kv . The RMSEs for
estimating the x and y locations were 1.85 mm and 1.91 mm,
respectively. The RMSE for estimating the magnitude was
1.45 N. The RMSE for increased forces of every 5 N is
plotted in Fig. 11(d). When the magnitude of the force is
low (near zero), the accuracy of the location is relatively
low. This is because the signal to noise ratio was small in
the small force range, and the skin module did not completely
return to the initial position due to the friction. The RMSE
for increased distances of every 5 mm from the origin is as
shown in Fig. 11(e). The minimum estimated force based
on the modeling was 4.3 N due to the noise level of the
interrogator. The result of hysteresis analysis is provided in
APPENDIX E.

2) Curved Skin Cover: We also conducted an experiment
for the curved skin cover in the same way for the flat skin
cover. Fig. 12(a)-(c) shows the results of estimating the
locations and the magnitude of forces based on the model
of the curved surface and the optimized Kb and Kv . The
RMSEs for estimating the x and y locations were 1.80 mm
and 1.67 mm, respectively. The RMSE for the magnitude was
1.74 N. The RMSE for every 5 N of applied force is shown
in Fig. 12(d). When the magnitude of the force is low, the
accuracy is relatively low, similar to the result of the flat
skin cover. Since the correction for the lateral component of
the external force was not perfect, the RMSE for magnitude
estimation was relatively high. Friction can be a factor in this
scenario, as the movement of the indenter in the z-direction
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(a)

(b)

(c)

(d) (e)

Fig. 11. Experimental results for the flat skin cover: the estimated locations
of in (a) x- and (b) y-axis and (c) magnitudes of the applied forces and
the RMSE values of the estimations with increments of (d) 5 N of force
and (e) 5 mm of displacement. (This part shows various cases among the
estimation results.) The RMSE values were evaluated using the test data
acquired at random locations shown in Fig. 9(d). Force at each location
was continuously increased up to the limit and decreased back to the initial.

and the angle at which it comes into contact with the skin
can cause it to slide or rub against the surface. This can result
in larger ranges of RMSE compared to cases where the skin
surface is flat and the indenter makes contact perpendicular to
it. The RMSE for estimating the locations every 5 mm from
the origin is shown in Fig. 12(e). The result of hysteresis
analysis is provided in APPENDIX E.

V. APPLICATION

We demonstrate two application areas where the proposed
robotic skin can be effective on improving the performance:
remote manipulation and autonomous control of robots.
The application showcases the capacity to leverage tactile
information from the skin to enable interaction with external
environments, thereby enhancing the robot’s environmental
awareness and overall functionality. By enabling the robot
to sense and respond to its surroundings, the skin facilitates
improved control, dexterity, and potential for survival. In
summary, the skin plays a critical role in the robot’s ability
to interact with and understand its environment, leading to
increased performance and adaptability.

         

        

   
   
   

 
  
  
  

  
  

 
 
 
  
 
 
  
 

 
                    

         

        

   
   
   

 
  
  
  

  
  

 
 
 
  
 
 
  
 

 
                    

         

        

 

 

  

  

  

  

  

 
 
  

 
  
 

 

                   

            

         

 

 

 

 

 

 

 

 

 
 

 
 

              

              

         

            

                             

 

 

 

 

 

 

 

 

 
 

 
 

              

              

         

(a)

(b)

(c)

(d) (e)

Fig. 12. Experimental results for the curved skin cover: the estimated
locations of in (a) x- and (b) y-axis and (c) magnitudes of the applied
forces and the RMSE values of the estimations with increments of (d) 5 N
of force and (e) 5 mm of displacement. (This part shows various cases
among the estimation results.) The RMSE values were evaluated using the
test data acquired at random locations shown in Fig. 9(d). Force at each
location was continuously increased up to the limit and decreased back to
the initial.

The skin modules were arranged at 60◦ intervals around a
robotic arm to provide complete 360◦ coverage, with appro-
priate curvature and skin radius as illustrated in Fig. 4. In
the demonstrated scenario, all contacts involved cylinder-to-
cylinder interactions, resulting in ideal line forces. However,
when encountering obstacles, surface contacts and forces
may occur, leading to deformation. In such cases, each
module estimates the magnitude of the net force and the
location of the force area’s centroid. (See Section III-D-3
for further details.)

A. Remote Robot Manipulation

The robotic skin was mounted on a robotic arm close to the
end-effector, and the arm was controlled by a human operator
using a haptic feedback device. The user was asked to move
the robot by manipulating the haptic device. When the robot
makes a contact with an unknown object, the information
on the contact force was provided to the operator through
the force feedback of the haptic device. The force feedback
includes the magnitude and the direction, which is calculated
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Fig. 13. (a) Robot arm and operator setup for shape tracing by remote
robot manipulation. The robot arm, the haptic device, and the interrogator
are, respectively, connected to each computer. (b) System configuration and
data flow for shape tracing by remote robot manipulation.

by the force magnitude and location estimation of the robotic
skin. We conducted two experiments in this demonstration:
shape tracing of an unknown object and path finding with
obstacle avoidance. During the experiments, force feedback
was the only information provided to the operator in real
time.

The entire system, comprising the robotic arm, haptic
device, skin modules, and interrogator, was integrated and
communicated data via the Robot Operating System (ROS)1.
Specifically, communication with the skin modules was fa-
cilitated through LAN communication using the interrogator,
and libraries were utilized to interface with the interrogator2.
This software was then integrated with the main controller
via ROS, which handled sensor data processing, robotic
arm and haptic device control, real-time visualization, and
logging modules. The controller also communicated with the
haptic device and robotic arm using ROS.

In the sensor data processing stage, the tactile information
from each skin module was converted to the base coordi-
nate system to enable the representation of all information,
including the robot arm and skin, in a unified space. The
base coordinate was defined as the center of the cylinder
formed by the skin. Additionally, the position and direction
of external forces detected by each skin module were trans-
formed with respect to the base coordinate system, leveraging
homogeneous transformation matrices.

1[Online]. https://www.ros.org/
2[Online]. https://lunainc.com/product/hyperion-si255

       
        

 

 

  

  

  

  

  

  

 
 
  

  
  

 

(a) (b)

Fig. 14. Shape tracing results with a haptic device. (a) Position result. The
black line is the robot arm path, and the black circle is current position of
the robot arm. The yellow to red dots show the locations of the contacts, and
the more red means the closer to the force limit (30N). The criteria to set
the force limit was discussed in Section IV-A. (b) Force response during the
experiment. The red, orange and blue lines indicate the upper limit (30 N),
the average, and range of the standard deviation of the measured force,
respectively.
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Fig. 15. (a) Robot arm setup. The robot arm and the interrogator are,
respectively, connected to the computer using the LAN communication. (b)
Operator setup. (c) System configuration and data flow. (d) Multi obstacles
for path finding experiment with obstacle avoidance (Experimental setup).
This setup was used in remote robot manipulation and in autonomous robot
control. (e) Objects for object manipulation experiment through force control
(Experimental setup). This setup was used in autonomous robot control.
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1) Shape Tracing: The skin was mounted on a robotic
arm (Sawyer, Rethink Robotics GmbH, Germany) that was
controlled by a haptic device (Touch, 3D Systems, USA),
as shown in Fig. 13. The operator was asked to start the
experiment by moving the robot arm straight forward using
the manipulator of the haptic device. As soon as the robot
touches an object fixed on the ground, the operator feels the
contact through force feedback. Then, the operator was asked
to detour the object maintaining the contact. If the operator
applies too large force to the object, it is hard to detour it. If
the force is too small, it is easy to lose the contact. This task
was possible, since the end of the arm was surrounded by
the skin that can detect both the magnitude and the location
of the contact force. The operator was able to maintain
the contact during the experiment, as shown in Fig. 14.
The average force applied to the object was 12.43 N with
a standard deviation of 5.59 N. As a result, the robotic skin
allows the operator to recognize the shape of an unknown
object and helps to interact safely with surroundings.

2) Path Finding with Obstacle Avoidance: The next ex-
periment is extension of the previous one by increasing the
number of the objects and the travel complexity of the robot.
The skin was mounted on an industrial robot arm (UR5e,
Universal Robots, Denmark) that was controlled by a haptic
device (Omega3, Force Dimension, Switzerland), as shown
in Fig. 15. In this experiment, the operator was asked to
move the robot to two waypoints one after the other and to
return to the starting location. Before starting the experiment,
the operator has information only on the initial position of
the robot and the locations of the two waypoints on a map
(Fig. 16(a)). As soon as the robot moves, the trajectory of
the robot and the contact information of the obstacles up to
the current position are provided on the screen. The operator
feels the contact force during the experiment through the
force feedback of the haptic device. If the contact force is
greater than the threshold, the robot arm returns to its 1.3
seconds previous position and the haptic device also returns
to the origin. The operator was able to complete the task
even with multiple obstacles using the contact information
provided by the skin, as shown in Fig. 16. The average force
applied to the obstacles during the experiment was 9.23 N
with a standard deviation of 4.35 N. Therefore, the robotic
skin is able to help in exploring the surroundings and creating
trajectory by providing the location of objects. The robotic
skin also enables the operator to protect the robot from the
excessive contact force.

B. Autonomous Robot Control

We demonstrate the performance of autonomous robot
control using the proposed skin system. We conducted two
experiments: path finding with obstacle avoidance and ma-
nipulation of a free-moving object through force control.

1) Path Finding with Obstacle Avoidance: The second
experiment in section V-A was conducted with a human
operator. However, in this experiment, the robot operated au-
tonomously without an operator. The robot traveled passing
two waypoints and returned to the starting point avoiding

(a) (b)

Fig. 16. Path finding results with obstacle avoidance by remote robot
manipulation. (a) Position result. The large brown dots are target points.
Other expressions are the same as Fig. 14(a). (b) Force result when the
forces are applied the robotic skin. The expression method is the same as
Fig. 14(b).

       
        

 

 

  

  

  

  

  

  

 
 
  

  
  

 

(a) (b)

Fig. 17. Path finding results with obstacle avoidance by autonomous robot
control. (a) Position result. The large brown dots are target points. Other
expressions are the same as Fig. 14(a). (b) Force result when the forces are
applied the robotic skin. The expression method is the same as Fig. 14(b).

obstacles autonomously. The initial path of the robot was
given only by straight lines that connect the origin and
the waypoints. However, if the robot meets obstacles, it
autonomously avoids them based on the estimated contact
position while trying to keep the original trajectory as much
as possible. The robot was successfully complete the task, as
shown in Fig. 17. The average force applied to the obstacles
during the experiment was 7.46 N with a standard deviation
of 2.67 N.

2) Object Manipulation through Force Control: Manip-
ulation of a free-moving object requires a combination of
detection of the contact location and sensing of the contact
force of the target object, which can be enabled by our
robotic skin. In this experiment, two same-sized cylindrical
objects were prepared, as shown in Fig. 15(e). One was fixed
on the ground and the other object can move freely around
the first object. In this task, the robot was ordered to rotate
the second cylinder around the first one while maintaining the
contact and controlling the contact force. The trajectory was
determined as shown in Fig. 18 [25], [26]. The direction of ~vv
is perpendicular to the direction of the external force from the
center of the robotic skin, and the direction of ~vh is opposite
to the direction of the external force from the center of the
robotic skin. The magnitude of ~vh is proportional to that
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Fig. 18. Trajectory for obstacle avoidance.

(a) (b)

Fig. 19. Object manipulation results through force control by autonomous
robot control. (a) Position result. The expression method is the same as
Fig. 14(a). (b) Force result when the forces are applied the robotic skin.
The expression method is the same as Fig. 14(b).

of the external force. (The detail control method is seen in
Appendix C.) The contact location on the robot continuously
changes during rotation, but a constant contact force needs
to be applied even with the continuous change of the contact
location.

During the experiment, the robot rotated the free-moving
cylinder around the fixed one counterclockwise first and
returned it to the original location by rotating it clockwise.
The target force is 6 N, and the result is shown as Fig. 19. The
average force applied to the object was 6.04 N with an RMSE
of 0.64 N. The robotic skin allowed the robot to control the
contact force on the surface of the arm autonomously even
with the change of the position.

VI. DISCUSSION

This paper introduces a modular robotic skin sensorized
with FBGs and presents an associated model. The robotic
skin serves to provide essential environmental information
and facilitate interactions with objects during remote and
autonomous robot operations. This enhanced functionality
contributes to improved controllability, dexterity, and safety,
as demonstrated in our applications. These improvements
may also save the cost by increasing the likelihood of task
success and reducing the occurrence of task failures or
malfunctions.

The primary contribution of this research lies in the modu-
lar design of the optically sensorized robotic skin, which not
only detects the location of contact but also measures the
applied force. Each skin module of the robotic skin offers
three DoFs, allowing the estimation of contact locations
along the x and y axes, as well as the magnitude of the

contact force. The modular design enhances the adaptability
of the skin system, making it easily reconfigurable and
scalable to suit different host structures.

Another contribution is the real-time processing of sensor
data. We developed models based on force and moment equi-
libriums, incorporating geometric constraints, and optimized
only for specific constant values where errors are anticipated.
As only the modeling and optimized constants are used for
sensor data processing, the processing speed is considerably
fast, which enables real-time sensor data processing across
multiple modules for various robotic situations. (Additional
details on scalability are provided in APPENDIX D.)

The robotic skin demonstrates promise but exhibits po-
tential areas for improvement, particularly in addressing
estimation errors within the skin modules. When external
forces disappear, the joint layer is expected to return to its
initial position, owing to the elasticity of the wave springs in
the S-L joints and beams. However, the presence of friction
between the bead and bolt of the S-L joint, as well as between
the bead and socket in the joint layer, impedes the complete
restoration of the layer to its initial state. Although efforts
have been made to mitigate friction by applying lubrication
to the bead, socket, and bolt surfaces, the estimation accuracy
remains suboptimal, especially in low force scenarios. This
is due to the challenges associated with restoring the initial
position after receiving low forces. A potential avenue for
future research involves minimizing the impact of friction by
designing the sensing structure as a single body with three
degrees of freedom. Alternatively, more advanced machine
learning techniques could be used to train the model on
nonlinear effects, such as friction between components or the
viscoelastic properties of polymer materials. This could lead
to improved estimation results. (Additional details regarding
characterization results using a basic machine learning model
can be found in APPENDIX F.)

In prior studies, which employed hall effect and piezoresis-
tive sensors, estimations were achieved with RMSEs ranging
from 0.05 to 0.16 N for force estimation and ranging from
0.38-0.98 mm for location estimation [32]. To further im-
prove the sensing performance of our proposed mechanism,
advanced machine learning techniques can be harnessed,
and modifications to the dimensions and materials can be
considered. For instance, employing a softer material for the
sensing layer and thinner beams could result in larger strain
for the same applied force, thereby reducing RMSEs in force
perception by the robotic skin.

It is reasonable to use softer and lighter materials. The
use of soft components within the sensor layer facilitates
sufficient shifts in the peak wavelength of the FBGs even
when subjected to lower forces. This leads to an enhanced
minimum detectable force and accuracy. Although the use
of soft materials induces challenges, such as hysteresis
and durability concerns, these issues can be effectively
addressed by advanced machine learning techniques and
design optimization. Moreover, reduction in weight of the
skin module could be achieved by fabricating the layer and
the cover components using lightweight polymer materials,
considering that the weight of the optical fiber with FBGs
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is negligible. When the weight is reduced, it is possible to
minimize the constraints imposed on a robot’s payload and
its dynamic characteristics even when a substantial number
of sensor modules are installed to the robot.

An additional improvement to the current design involves
estimating the direction of the contact force by adding
additional DoFs. This allows the robotic skin to detect shear
forces as well as normal forces, opening up possibilities
for more sophisticated manipulation in robotic applications.
To understand the impact of shear force, it is important
to conduct a thorough analysis of estimation results and
accuracy when forces are applied to surfaces of varying sizes
and curvatures, emanating from diverse angles.

VII. CONCLUSION

In this study, we successfully developed a versatile and
robust robotic skin with a modular structure. This skin detect
both the magnitude and location of contact forces, using the
embedded FBG strain sensors. This sensing technology not
only delivers highly accurate and precise force measurements
but also exhibits immunity to electromagnetic noise, making
it ideal for use in harsh environments, including EMI and
radioactive conditions.

Our application experiments demonstrate the performance
of the robotic skin for remote manipulation and autonomous
control of robots, highlighting its potential for a wide
range of real-world applications in various fields, such as
healthcare, manufacturing, and space exploration. Overall,
our findings indicate that the proposed robotic skin has the
potential to significantly improve the safety, efficiency, and
autonomy of robotic systems, allowing for the development
of more advanced and sophisticated robotic technologies in
the future.

APPENDIX I
BEAM DEFLECTION

Fig. 5 shows constants, variables, and conditions for the
beam location estimation. The force, F , is applied to the tip
of the beam, and the beam surface at x1 = 0 is fixed. The
length constrains are always satisfied as follows

x1 + x2 = l1 + l2 = L. (19)

The width is given as Eqn. (6). When x1 is larger than 0
and smaller than l1, the moment of inertia (I1) and moment
(M1) are expressed as Eqn. (9). The second derivative of v1

is as follows [67]

d2v1

dx2
1

=
M1

EI1
=

12L

Ewh3
F, (20)

which serves as the initial point for deriving the deflection
through the process of integration. This equation can be
integrated for x1, and applied the boundary condition at

x1 = 0 as follows

dv1

dx1
=

12L

Ewh3
Fx1 + C1 =

12L

Ewh3
Fx1,(

∵ dv1/dx1|x1=0 = 0
)

v1 =
6L

Ewh3
Fx2

1 + C2 =
6L

Ewh3
Fx2

1.(
∵ v1|x1=0 = 0

)
(21)

Thus, dv1
dx1

and v1 at x1 = l1 are given as

dv1

dx1

∣∣∣∣
x1=l1

=
12L

Ewh3
Fl1 =

V1

E
F,

v1|x1=l1
=

6L

Ewh3
Fl21 =

V2

E
F

(22)

where V1 and V2 are constants of l1, L, w, and h.
When x2 is larger than 0 and smaller than l2, the moment

of inertia (I2) and moment (M2) are expressed as Eqn. (9).
The second derivative of v2 is as follows

d2v2

dx2
2

=
M2

EI2
= − 12l2x2

h3((m− n)x2 + nl2)

F

E
= −f

′′(x2)

E
F

(23)
where f ′′(x2) is function of l2, h, m, n, and x2.
x1 = l1 is equal location to x2 = l2. Consequently,

Eqn. (23) can be integrated for x2, and applies the boundary
condition at x2 = l2 as follows

dv2

dx2
=− f ′(x2)

E
F + C3 = (−f ′(x2) + f ′(l2) + V1)

F

E
,(

∵ dv2/dx2|x2=l2
= dv1/dx1|x1=l1

)
v2 = (−f(x2) + f ′(l2)x2 + V1x2)

F

E
+ C4

= [−f(x2) + (f ′(l2) + V1)(x2 − l2) + f(l2) + V2]
F

E
.(

∵ v2|x2=l2
= v1|x1=l1

)
(24)

If we apply x2 = 0, we can get the deflection at the tip as
follows

v2|x2=0 = [−f(0)− (f ′(l2) + V1)l2 + f(l2) + V2]
F

E
=KvF

(25)

where Kv is the deflection proportional constant. Since the
deflection at x2 = 0 is proportional to F , the location of
the beam forces can be determined by the magnitude of the
force. This linearity is also verified by the FEA as shown in
Fig. 6(c).

APPENDIX II
SPECIFICATIONS OF FBGS AND INTERROGATOR

Each FBG has a resolution in strain measurement of up
to 8 × 10−3 strain. In order to enable the simultaneous
measurement of a greater number of sensors with a single
interrogator, we adjusted the wavelength bands to limit the
measurement range to 5 × 10−3 strain. Consequently, each
FBG is able to measure up to 5 × 10−3 strain. Each FBG
has a sensing length of 3 mm, and the optical fiber has a
polyimide coating with low optical loss in bending, which
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Fig. 20. Position-based force-control block diagram. Ftarget is the target
contact force and F is the contact force. Pinput, Pdesired, and P are,
respectively, the input command end-effector position, the desired end-
effector position, and the end-effector position. Q is the input commands
of each joint.

improves robustness in sensing when attaching an optical
fiber with a small radius of curvature to a small skin module.

The interrogator has 16 channels, and is capable of de-
tecting a range of 100 nm in each channel. Given that each
FBG needs a wavelength spacing of 5 nm to measure up to
5 × 10−3 strain, the proposed system with one interrogator
can concurrently estimate up to 80 modules. These modules
can cover the area of a square with a side length of 4.83 m.
The device receives reflected lights from all the channels
at 1000 Hz and detects peak wavelengths through post-
processing. We tested the interrogator’s noise level and found
it to be around 1.2 × 10−2 nm, corresponding to a strain
sensitivity of 1.2× 10−5 for the FBG.

APPENDIX III
CONTROL METHOD

To control the contact force, a mass-spring model was used
for the force control [68], which is expressed with

mẍ+Ksx = fc (26)

where m is the mass of the robotic skin arm, Ks is the
effective stiffness of the skin and environment, and fc
represents the control force by the robot arm. When we
assume the object is static, the measured contact force (fs)
at the skin is given as

fs = Ksx. (27)

The contact force is controlled by a proportional-integral-
derivative (PID) controller [68], [69] as

fc = fs −m
[
Kdḟs +Kp (fs − fd) +Ki

∫
(fs − fd)dt

]
(28)

where Kd, Kp, and Ki are the derivative, proportional,
and integral gains, respectively, and fd is desired force.
Furthermore, the closed loop behavior can be expressed with
the above equations as

ẍ+

[
Kdḟs +Kp (fs − fd) +Ki

∫
(fs − fd)

]
= 0. (29)

Since the arm is controlled by the position command, the
control force is converted to the control position based
on Eqn. (27). The next control position in the horizontal
direction of the control force is thus xch = fc/Ks. Also, to
rotate around the fixed object, the next control position in
the perpendicular direction of the control force is xcp = L

     

         

 

   

   

   

 
 
 
  
  
 
 
 
 
  
 
 
 
  
 
 
  

  
 
 
 
  
  
 
 
 

       

         

     

         

 

   

   

   

 
 
 
  
  
 
 
 
 
  
 
 
 
  
 
 
  

  
 
 
 
  
  
 
 
 

       

         

(a) (b)

Fig. 21. Results of hysteresis analysis for the skin module with (a) a flat
skin cover and (b) a curved skin cover.

(Fig. 18). The estimated force obtained through the robotic
skin is used for computing the force errors, and these values
serve as the inputs to the controller, as shown in Fig. 20.

APPENDIX IV
SCALABILITY AND FORCE SENSING RANGE

The skin module can be designed with various sizes,
curvatures, and ranges of detectable forces. For a smaller
module, a section of at least 3 mm for FBG attachment
should be secured on the beam covered by a composite
skin layer made by precision machining. When fabricating
a larger module, the beam should not undergo plastic defor-
mation even with the maximum force applied. The prestress
should be also adjusted to maintain the contact between the
beam and the joint.

The minimum and the maximum detectable forces are
design parameters that can be adjusted. In this paper, we
selected those forces by considering the force range required
to implement the proposed application and the size of the
robot arm where the skin will be mounted. Specifically,
we considered the positional accuracy and the speed of the
robot arm, the stiffness of the obstacles, and the control
performance of the robot arm in the case of remote operation.
However, the skin’s performance can be enhanced by altering
the materials and dimensions of the beam layer in each skin
module or by utilizing a more high-performance interrogator.

APPENDIX V
HYSTERESIS ANALYSIS

Fig. 21 shows the results of hysteresis analysis in both
cases of a flat and a curved skin cover.

APPENDIX VI
CHARACTERIZATION BY MACHINE LEARNING

We developed a Pytorch3-based deep neural network
(DNN) model with an input layer of three nodes, followed by
three hidden layers (256, 128, and 64 nodes), and an output
layer with three nodes. The DNN model was optimized using
Adam optimizer with a learning rate of 0.001 and trained
for 1000 epochs with a batch size of 256. We evaluated the
model’s performance using the test data, as shown in Fig. 22

3[Online]. https://pytorch.org/
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Fig. 22. Estimation results using machine learning (a, e, and e) for a flat
skin cover and (b, d, and f) for a curved skin cover. The data used here are
the same as those of Figs. 11 and 12. The plots show the estimation results
for (a and b) x and (c and d) y locations and (e and f) the magnitude of
the applied force.

and summarized in Table I. The estimated results align match
those obtained in Section IV.

The skin module with the flat cover outperformed the
DNN model, but for the curved cover, the DNN model
showed better force estimation but less accurate location
estimation due to the non-linear effects from the skin cur-
vature and friction. Advanced machine learning techniques
may improve the accuracy by capturing these effects.
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