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Abstract 

 
Robots have been used to replace human workers for dangerous 

and difficult tasks that require human-like dexterity. To perform 

sophisticated tasks, force and tactile sensing is one of the key 

requirements to achieve dexterous manipulation. Robots equipped 

with sensitive skin that can play a role of mechanoreception in 

animals will be able to perform tasks with high levels of dexterity. In 

this research, we propose modularized robotic skin that is capable of 

not only localizing external contacts but also estimating the 

magnitudes of the contact forces. In order to acquire three pieces of 

key information on a contact, such as contact locations in horizontal 

and vertical directions and the magnitude of the force, each skin 

module requires three degrees of freedom in sensing. In the proposed 

skin, force sensing is achieved by a custom-designed triangular 

beam structure. A force applied to the outer surface of the skin 

module is transmitted to the beam structure underneath, and bending 

of the beam is detected by fiber optic strain sensors, called fiber 

Bragg gratings. The proposed skin shows 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 

applications of the proposed skin for remote and autonomous 

operations of commercial robotic arms equipped with an array of the 

skin modules. 

 

Keyword : Modularized Robotic Skin, Tactile Sensing, Force Sensing, 

Fiber Optic Strain Sensing, Fiber Bragg Gratings, Remote and 

Autonomous Robot Operation 
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Chapter 1. Introduction 
 

 

Dexterity as high as that of humans is highly beneficial to robots 

for carrying out manipulation tasks in various fields [1], [2]. Robots 

are sometimes required to perform complex tasks in special 

environments that may be dangerous to humans [3], [4]. In order to 

deal with these situations, teleoperations [5], [6]. [7] or autonomous 

robotic systems with high sensing capabilities have been proposed. 

Force and tactile sensing is one of the essential tools in dexterous 

manipulation of a robot, since it not only provides spatial information 

on the surroundings but also enables physical feedback to the robot 

(i.e., mechanoreception in biology) to determine the motion when the 

robot interacts with the environment [8], [9]. The importance of 

force and tactile sensing is further emphasized in harsh environments 

[10] because it increases the success rate in operation while 

reducing the risk of damages to the robot. Therefore, researchers 

have been developing sensors similar to the mechanoreceptors in 

human or animal skin [11], [12], [13], [14], [15]. 

Remote operation is one area that can be directly benefited from 

tactile sensing, since it can effectively convey information on the 

locations of any contacts or on the object for manipulation. This 

allows the operator to quickly recognize the surroundings and to 

complete control tasks with dexterity. Furthermore, it helps the 

operator safely interact with different objects by providing 

information on contact forces [16]. In an autonomous system, a robot 

can perform sophisticated tasks stably even though it experiences 

unexpected collisions if the magnitudes and the locations of the 

contacts can be identified in real-time. This capability is highly 
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useful not only in performing independent tasks but also in 

collaborating with other robots. Therefore, we propose a new design 

of robotic skin that can provide real-time information on the forces 

and the locations of physical contacts for performing high-level 

manipulation tasks. 

It has been well known that tactile sensing in an end-effector is 

one of the key requirements for dexterous manipulation [17], [18], 

[19]. However, that in other areas of the body is also important for 

the robot to be more autonomous, which can be achieved by equipping 

the robot with sensorized skin [12], [20]. Then, the robot will be 

able to quickly explore the surroundings with reduced operation time. 

In addition, robotic skin may increase the stability and the safety of 

the robot [13], even in the environments that have not been explored 

or keep changing. Real-time information on physical contacts helps 

the robot determine and modify its body configuration. Skin with 

tactile sensing also helps to plan the trajectory of the robot [21], [22] 

by providing additional information about the surroundings to visual 

feedback from optical systems, such as cameras or lidars [23]. 

There have been various research groups focusing on different 

types of tactile sensors for robots [13], [14], [24], [25]. However, 

most of them are not only difficult to estimate continuous locations 

of the contact force [26], but also unable to operate in harsh 

environments, such as areas with high electromagnetic interference 

(EMI) or radiation. In addition, most of them are not accurate enough 

in estimating the locations and the magnitudes of contact forces for 

dexterous manipulation. 

In this paper, we propose modularized robotic skin (Figure 1) 

with force sensing capability achieved by fiber optic strain sensors 

called fiber Bragg gratings (FBGs) [27], [28] embedded in the base 
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layer - the sensor layer in Figure 2-a. The skin cover and the sensor 

layer is connected through the join layer and custom-designed joints 

called spherical-linear (S-L) joints that allow displacement of the 

skin cover with three degrees of freedom (DoFs). This three-DoF 

motions enables estimation of the location and the magnitude of a 

contact force applied to the surface of the skin. 

Fiber optic sensing is a perfect solution in this application, since 

fiber optics are compact, flexible, and lightweight and thus easy to be 

embedded in a structure with a complex shape. In addition, they are 

immune to electromagnetic noise and radiations [29], [30], [31], 

making the robotic skin useful even in harsh environments. Moreover, 

the multiplexing capability of FBGs [32], [33], [34], [35] makes the 

system simple even with an increased number of sensors [31], and 

long distance sensing is also possible [36]. 

The modular design of the skin provides several advantages. 

First of all, it makes the skin easy to be applied to existing robotic 

structures with various shapes and sizes [37]. Another advantage is 

easy repair of the skin with failures, since it allows for partial 

replacement of failure modules [13], which not only reduces the 

repair cost but also simplifies the repair process. Finally, the modular 

design enables multi-touch sensing. In general, conventional robots 

equipped with a multi-axis force-torque sensor mostly at the wrist 

joint [38], [39], [40] are not able to identify multiple contacts 

separately. They can only process multiple forces as one 

representative force at the end-effector. This makes the 

conventional force sensing method not so practical for autonomous 

robots. In our approach, however, each skin module estimates the 

force applied to it individually, and the entire skin is able to process 

the information on the multiple forces simultaneously. 
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The prototype of our robotic skin showed 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 bandwidth higher than 850 Hz through modeling 

and parameter optimization. 

The rest of this paper is organized as follows. Chapter 2 

describes the design concept, the key features, and the fabrication 

process of the skin module, followed by the design consideration for 

an arrayed skin structure. Chapter 3 provides modeling of the skin 

structure for force sensing based on the beam theory. This section 

also discusses continuous estimation of the locations and the 

magnitudes of the contact force using beam modeling results. Chapter 

4 presents the result of characterization of the skin module. Chapter 

5 demonstrates applications of the proposed robotic skin to remote 

operation and autonomous control of a robot arm. Section Chapter 6 

discusses the contribution of our skin and future work, and Chapter 

7 finally concludes the work. 
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Figure 1. Conceptual drawing of modularized robotic skin composed 

of a skin cover and a sensing structure hidden under the cover. 
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Figure 2. (a) Components of the skin module. (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. 

 



 

 ７ 

Chapter 2. 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. 

 

2.1. 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 Figure 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 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 Figure 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. In addition to the FBGs on the beams, a fourth FBG 

was bonded at the center of the beam structure for temperature 

compensation, since the strain change at the center area was 
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negligible due to the three screws tightened around the center. 

 

 

 

 

 

 

 

Figure 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. 
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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 Figure 2-b. 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 rotate in 𝑥 and 𝑦 

axes but also to linearly move in 𝑧-axis. Figure 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 a 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, Figure 3-a, all three 

corners of the triangle are compressed and causes bending of the 

beams. However, if the force is outside the convex hull but still in the 

hexagonal area, the farthest corner from the force loses the contact 

due to the moment about the axis that passes the other two corners. 

To address this issue, the sensor layer was bolted to the joint layer 

with prestress. In this way, the farthest beam is only relaxed from 

the prestress rather than losing the contact. Therefore, a force 

applied to anywhere inside the hexagon can be detected by the three 

FBGs. 

4) Fabrication: All the structures and the components were made 
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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 Figure 3-b. 

 

2.2. Skin Array 
 

To test our concept of robotic skin, we selected an industrial 

robot arm with cylindrical links to apply the proposed skin modules, 

as shown in Figure 4. The cylindrical skin structure was composed 

of multiple rows, and each row had six curved skin modules. The 

hexagonal shape of the skin cover enabled to cover the entire surface 

area of the arm without leaving any gaps. 
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Figure 4. Industrial robot arm covered by multiple skin modules that 

form cylindrical skin. 
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Chapter 3. Modeling 
 

 

3.1. 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, 

$\Lambda$, and the effective refractive index, 𝑛𝑒𝑓𝑓, of the FBG, and 

their relationship is [41] 

 𝜆𝑝 = 2𝑛𝑒𝑓𝑓 (1) 

where 𝜆𝑝 is the peak wavelength. 

The grating pitch changes by the axial strain applied to the FBG 

area in the optical 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) ⋅ Δ𝑇 (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 𝛥𝑇 is the temperature change [42]. 

In order to eliminate the effect of temperature change, Equation (2) 

is subtracted by the relative shift of a peak wavelength that is 

affected not by strain but only by temperature [17]. 
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3.2. Estimation of Beam Force and Deflection 
 

1) Beam Modeling: The FBGs attached to the beams detect the 

strain changes caused by beam bending. According to the Euler–

Bernoulli beam theory, the elastic curve equation of a cantilever beam 

in the shape of a cuboid is 

 
𝑣 =

−𝐹𝑥2

6𝐸𝐼
(3𝐿 − 𝑥) (3) 

where 𝑣 is the deflection of the beam, 𝑥 is the horizontal location in 

the beam, 𝐹 is the load, 𝐸 is the Young's modulus, 𝐼 is the moment 

of inertia of the cross-sectional area about the neutral axis, and 𝐿 is 

the horizontal length of the beam [43]. This equation can be 

simplified at 𝑥 = 𝐿 as 

 
𝑣 =

−𝐹𝐿2

3𝐸𝐼
 . (4) 

The differential equation about 𝑥 in this system is given as 

 𝑑𝑣

𝑑𝑥
=

−𝐹

2𝐸𝐼
(2𝐿𝑥 − 𝑥2) . (5) 

Based on the above equations, the beam does not experience uniform 

strains along its length. However, FBGs have their own lengths, and 

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 [44]. 

Therefore, we designed a tapered beam. Figure 5-a compares the 

strain uniformities of a regular beam and a tapered beam. 
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Figure 5. Comparison of strain profiles of a regular beam and a 

tapered beam. The strain at the top surface of the regular beam 

decreases linearly along the length while that of the tapered beam 

maintains relatively constant. (a) Graphical comparison. (b) 

Quantitative comparison. 
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The flexure formula is given as 

 
𝜎 = 𝐸𝜖 =

𝑀𝑦

𝐼
, 𝐼 =

𝑏ℎ3

12
, 𝑦 =

ℎ

2
 (6) 

where 𝜎 is the normal stress about the cross-sectional area, 𝜖 is 

the strain, 𝑦 is the vertical distance from the neutral axis, 𝑀 is the 

internal moment about the neutral axis, 𝑏 is the width, and ℎ is the 

height of the cross-section area [43]. Since 𝑀 is equal to 𝐹(𝑥 − 𝐿), 

Equation (6) can be expressed as 

 
𝜖 =

𝑀𝑦

𝐸𝐼
=

6𝐹(𝑥 − 𝐿)

𝐸𝑏ℎ2
 . (7) 

If we choose 𝑏 = 𝑚(𝐿 − 𝑥)  or ℎ = 𝑛√𝐿 − 𝑥  where 𝑚  and 𝑛  are 

arbitrary real numbers, the strain, 𝜖 , is independent of 𝑥. Since the 

flat top surface is easy to bond an FBG, we choose 𝑏 = 𝑚(𝐿 − 𝑥), and 

the strain can be found from the following relationships: 

 
𝐹 =

𝑚𝐸ℎ2

6
𝜖 = 𝐾𝑏𝜖, 𝐾𝑏 =

𝑚𝐸ℎ2

6
 (8) 

where 𝐾𝑏 is the proportional constant of the beam between the strain 

and the external force. We checked the tapered beam design using a 

finite element analysis (FEA) (COMSOL Multiphysics, Comsol), as 

shown in Figure 5. When the same force is applied to the beams of 

the same length. The strain of the regular beam decreased linearly 

along the length while that of the tapered beam showed much more 

uniform. According to the strain equation, 𝐹 = 𝐾𝑏𝜖, the strain curve 

should be completely flat, but the FEA result shows slight decrease 

toward the end. This is because there is stress concentration at the 

base of the beam and the width is not 𝑚(𝐿 − 𝑥) at the tip that makes 

a contact with the joint layer. 

The beam deflection for the applied force has a linear relationship 

as follows (as seen in Equation. (31) in Chapter 8. Appendix) 
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 𝑣 = 𝐾𝑣𝐹 (9) 

where 𝑣 and 𝐾𝑣 are the deflection and the deflection proportional 

constant, respectively. 

2) Experimental Verification of Beam: According to the FEA 

simulation result, the strain curve was not a completely flat curve, 

meaning 𝐾𝑏 was not constant along the length of the beam. In order 

to experimentally verify the simulation result, a beam bending test 

was conducted. 

We applied a force to a tapered beam with an FBG bonded using 

a motorized stage, and the compression force was measured by a load 

cell. The relationship between the force and the peak wavelength 

shift was linear, as shown in Figure 6-a. After updating the Young's 

modulus of the material in simulation with the one found in the 

experiment, the results from the simulation and the experiment well 

matched. The linear fits of the two results were almost identical. 
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Figure 6. (a) 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. (b) Strain profile of the tapered 

beam along the length when a tip force of 45 N was applied. The 

difference between the maximum and the minimum strains is less 

than 1.2×10-5 between 0.30 mm and 4.34 mm (two red lines). 
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3) Beam Parameters: The maximum sensing force of each beam 

in our design is 45 N, which was determined by the maximum stress 

concentrated at the boundary before yielding, based on the FEA 

result. We can also estimate the minimum sensing force of each beam 

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. Each beam is designed to be long 

enough to hold an FBG of 3 mm. The difference between the 

maximum and the minimum strains of the section for an FBG should 

be 1.2×10-5 or smaller at 45 N considering the accuracy of the 

interrogator. Figure 6-b shows the strain curve and the possible FBG 

area for attachment at a tip force of 45 N. The length of the possible 

area is 4.04 mm, and the difference between the maximum and the 

minimum strains is 1.1×10-5 strain. 4 mm is a sufficient length for 

attachment of an FBG of 3 mm, considering manufacturing tolerances. 

 

3.3. Estimation of 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 Figure 7-a. Since the FBG 

outputs tell the state of beam bending, the positions of the three 

contact points can be obtained using Equation (9). Then, the normal 

vector of the beam plane is 

 (𝑃𝑏𝑒𝑎𝑚2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  − 𝑃𝑏𝑒𝑎𝑚1

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) × (𝑃𝑏𝑒𝑎𝑚1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  − 𝑃𝑏𝑒𝑎𝑚3

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) = 𝑁𝑏𝑒𝑎𝑚
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   (10) 

where 𝑃𝑏𝑒𝑎𝑚1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , 𝑃𝑏𝑒𝑎𝑚2

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , and 𝑃𝑏𝑒𝑎𝑚3
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   are the position vectors of the 

contact points, and 𝑁𝑏𝑒𝑎𝑚
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the normal vector of the inner plane. 
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Figure 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. 
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The equation of the beam plane is determined by the position of 

the first beam contact point as 

 𝑁𝑏𝑒𝑎𝑚
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⋅ (𝑝 − 𝑃𝑏𝑒𝑎𝑚1

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) = 0 (11) 

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 Figure 7-c. Since the prestressed springs always push 

the beads upwards and the beads are manufactured to have bearing 

tolerances with the sockets, the beads remain in the same positions. 

Therefore, the initial bead positions below the bolt heads can be 

maintained. The vertical displacement of the beam plane corresponds 

to the length changes of the springs in the equation for 𝑥 and 𝑦 

positions, which can also be related to the changes of the spring 

forces, 𝛥𝐹𝑠𝑝𝑟𝑖𝑛𝑔,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. 

 

3.4. Estimation of Contact Locations and 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. Figure 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 Equation (8), and 
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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
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + ∑Δ𝐹𝑏𝑒𝑎𝑚,𝑖

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ 

3

𝑖=1

+ ∑Δ𝐹𝑠𝑝𝑟𝑖𝑛𝑔,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

3

𝑖=1

= 0 (12) 

where 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the external forces, 𝛥𝐹𝑏𝑒𝑎𝑚,𝑖

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  is the change of each 

beam force. The moment balance equation is then 

 
(𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗) + ∑(𝑃𝑏𝑒𝑎𝑚,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ × Δ𝐹𝑏𝑒𝑎𝑚,𝑖

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ )

3

𝑖=1

+ ∑(𝑃𝑠𝑝𝑟𝑖𝑛𝑔,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × Δ𝐹𝑠𝑝𝑟𝑖𝑛𝑔,𝑖

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗)

3

𝑖=1

= 0 

(13) 

where 𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the location of the external force. 
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Figure 8. Model of the curved surface skin module. The left is for 𝑥-

𝑧 plane, 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. 
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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. 

The difference in modeling for a curved surface from that for a 

flat one is that the external force has a lateral component to make the 

force perpendicular to the surface of the skin cover. 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 Figure 8. 

Thus, the force is composed of only 𝑥-𝑧 components. 

According to Figure 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

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

(14) 

where 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,ℎ
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the horizontal component of the beam 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. 

We assume that the S-L joints apply forces to the beams 

perpendicular to the beam plane. According to Figure 8, the beam 

force is given as 

 
𝐹𝑏𝑒𝑎𝑚
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =

|𝐹𝑏𝑒𝑎𝑚,𝑣
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |

2

𝐹𝑏𝑒𝑎𝑚,𝑣
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⋅ 𝑁𝑏𝑒𝑎𝑚

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  
𝑁𝑏𝑒𝑎𝑚
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   (15) 

where 𝐹𝑏𝑒𝑎𝑚,𝑣
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the vertical component of the beam force, and 𝑁𝑏𝑒𝑎𝑚

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

is the normal vector of the beam plane. 

𝐹𝑏𝑒𝑎𝑚,𝑣
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   and 𝑁𝑏𝑒𝑎𝑚

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   can be calculated from Equation (8) and 



 

 ２４ 

Equation (10) , respectively. 𝐹𝑠𝑝𝑟𝑖𝑛𝑔,𝑣
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is obtained in the same way as 

the flat surface modeling. Finally, 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑣
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is given as 

 
𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑣
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ∑∆𝐹𝑏𝑒𝑎𝑚,𝑖

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ 

3

𝑖=1

+ ∑∆𝐹𝑠𝑝𝑟𝑖𝑛𝑔,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

3

𝑖=1

= 0 . (16) 

Since the moment balance equation is equal to Equation (13), we can 

finally find the magnitude and the location of the contact force by 

solving Equation (13) and (14). 
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Chapter 4. Experiments 
 

 

We conducted experiments to characterize the proposed system 

by applying forces to various locations on the skin cover. The 

estimated magnitude and the locations of the forces were compared 

with the reference values. Parameter optimization was also 

conducted to increase the estimation accuracy. 

 

4.1. Experimental Setup 
 

Figure 9-a shows the setup for experiments. An indentor was 

combined with a load cell (RFT60-HA01, Robotous, Korea) and 

attached to a motorized 𝑥-𝑦-𝑧 table. Forces were applied to the skin 

cover by the indenter. Figure 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 with a grid pattern, 

as shown in Figure 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. 

Additional data were obtained independently by applying external 

forces to random locations for collecting test data, as shown in Figure 

9-d. The train data were used for parameter optimization, and the 

test data were used to evaluate the result of the optimization. 
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Figure 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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4.2. 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. 

 

4.3. 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 directly 

applying the forces to the three beams without the skin cover and the 

joint layer. The constants were optimized using nonlinear least 

squares method to minimize the difference between the reference 

and the collected data at 2mm intervals. Since the skin module was 

asymmetric about the 𝑥-axis, 𝐾𝑏 and 𝐾𝑣 values for each beam were 

optimized. As a result, 𝐾𝑏  and 𝐾𝑣  were changed by 21.11 % and 

36.49 % in average, respectively. 
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4.4. Result 
 

1) Flat Skin Cover: Figure 10-a,b,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 magnitudes was 1.45 N. The RMSE for increased 

forces of every 5 N is plotted in Figure 10-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 

forces of every 5 mm from the origin is as shown in Figure 10-e. 

When the noise range of the raw data was removed, the minimum 

estimated force based on the modeling was 4.3 N. When the force 

based on the modeling result is between 4.3 N and 4.35 N, the 

average of the reference forces is 2.10 N, and this value is the actual 

minimum force that the sensor can detect. 
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Figure 10. Part of the experimental results for estimating locations in 

(a) 𝑥-axis and (b) 𝑦-axis and (c) magnitudes of forces applied to 

the flat skin cover. RMSE values (d) for every 5 N of applied force 

and (e) for every 5 mm from the origin. 
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2) Curved Skin Cover: We also conducted an experiment for the 

curved skin cover in the same way for the flat skin cover. Figure 11-

a,b,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 

Figure 11-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. The 

RMSE for estimating the locations every 5 mm from the origin is 

shown in Figure 11-e. 
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Figure 11. Part of the experimental results for estimating locations in 

(a) 𝑥-axis and (b) 𝑦-axis and (c) magnitudes of forces applied to 

the curved skin cover. RMSE values (d) for every 5 N of applied 

force and (e) for every 5 mm from the origin. 
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Chapter 5. 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. 

 

5.1. 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. 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 that was 

provided to the operator in real-time. 
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Figure 12. (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. 
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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 Figure 12. 

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 

Figure 13. The average force applied to the object was 12.43 N with 

a standard deviation of 5.59 N. 
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Figure 13. Shape tracing results with 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 are the 

location where the force is applied, and color of the dot is the closer 

to red, the closer to 30 N. (b) Force result when the forces are 

applied the robotic skin. The red line is limitation of the force, the 

orange line is the average force, and the blue line is the range of the 

standard deviation. 
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Figure 14. (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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2) Path Finding with Obstacle Avoidance: The next experiment 

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 (UR5, Universal Robots, Denmark) that 

was controlled by a haptic device (Omega3, Force Dimension, 

Switzerland), as shown in Figure 14. 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 (Figure 15-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. The 

operator was able to complete the task even with multiple obstacles 

using the contact information provided by the skin, as shown in Figure 

15. The average force applied to the obstacles during the experiment 

was 9.23 N with a standard deviation of 4.35 N. 
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Figure 15. 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 Figure 13-a. (b) 

Force result when the forces are applied the robotic skin. The 

expression method is the same as Figure 13-b. 

 

  



 

 ４０ 

5.2. Autonomous Robot Control 
 

In this application, we demonstrate the performance of 

autonomous robot control using the proposed skin system. We 

conducted two experiments: path finding with obstacle avoidance and 

manipulation of a free-moving object through force control. 

1) Path Finding with Obstacle Avoidance: The second experiment 

in Chapter 5.1 was conducted with a human operator. However, in 

this experiment, the robot operated without a human. The robot 

travels passing two waypoints and returns to the starting point 

avoiding 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 

while trying to keep the original trajectory as much as possible. The 

robot was successfully complete the task, as shown in Figure 16. The 

average force applied to the obstacles during the experiment was 

7.46 N with a standard deviation of 2.67 N. 
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Figure 16. 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 Figure 13-a. 

(b) Force result when the forces are applied the robotic skin. The 

expression method is the same as Figure 13-b. 
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2) Object Manipulation through Force Control: Manipulation 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. 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 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. 

The proportional–integral–derivative (PID) controller was used 

to control the contact force. A mass-spring model was used for the 

force control, which is expressed with 

 𝑚�̈� + 𝐾𝑠𝑥 = 𝑓 (17) 

where 𝑚 is the mass, Ks is the spring constant, and 𝑓 is the applied 

force by the robot arm. The PID controller applied to 𝑓 is [45] 

 𝑓 = 𝐾𝑝𝑥𝑒 + 𝐾𝑖 ∫𝑥𝑒𝑑𝑡 + 𝐾𝑑𝑥�̇� , 𝑥𝑒 = 𝑥𝑑 − 𝑥 (18) 

where Kp , 𝐾𝑖  , 𝐾𝑑 , 𝐾𝑒  and 𝑥𝑑  are, respectively, the proportional 

gain, the integral gain, the derivative gain, the position error, and 

desired position. Since the mass-spring system is also applied to the 

object, and we assume the object is static, the contact force equation 

for the object is 

 𝑓 = 𝑚′�̈� + 𝐾𝑠
′𝑥 = 𝐾𝑠

′𝑥 (19) 

where 𝑓 is the contact force which is the same as the applied force 

by the robot, m′ is mass of the object, and Ks
′  is spring constant of 

the object. Using Equation (18) and Equation (19), the 𝑓 is given as 

 
𝑓 =

1

𝐾𝑠
′ (𝐾𝑝𝑓𝑒 + 𝐾𝑖 ∫𝑓𝑒𝑑𝑡 + 𝐾𝑑𝑓�̇�) , 𝑓𝑒 = 𝑓𝑑 − 𝑓 (20) 
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where fe is the force error, and fd is desired force. The equation for 

the position can be converted to the equation for the force, and we 

can include the measured force in the controller. 

Then the force equation in our application is 

 
𝑑 −

𝑓𝑛𝑒𝑥𝑡

𝐾𝑠
′ = [(𝑑 −

𝑓𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝐾𝑠
′ +

𝑓

𝐾𝑠
′)

2

+ 𝐿2]

0.5

 (21) 

where 𝑑 is the distance from the center of the fixed cylinder to the 

contact position, fnext is the applied force in the next step, fcurent is 

the applied force in the current step, and $L$ is the travel distance 

in the direction perpendicular to the force. This equation is a 

combination of the mass-spring system and the geometric 

constraints. The block diagram of the controller used in our 

experiment is shown in Figure 17. 

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 Figure 18. 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. 
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Figure 17. 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. 
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Figure 18. Object manipulation results through force control by 

autonomous robot control. (a) Position result. The expression 

method is the same as Figure 13-a. (b) Force result when the forces 

are applied the robotic skin. The expression method is the same as 

Figure 13-b. 
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Chapter 6. Discussion 
 

 

The main contribution of this work is the modular design of 

optically sensorized robotic skin that can not only detect the location 

but also measure the force of a contact. Each skin module has three 

DoFs for estimating three values, the contact locations in 𝑥 and 𝑦 

axes and the magnitude of the contact force. The modular design 

makes the skin system easily reconfigurable and resizable to fit 

various host structures. 

Another contribution is that the sensor data can be quickly 

processed in real-time. We developed models based on the force and 

the moment equilibriums, and the geometric constraints, and 

optimized only for specific constant values where errors are 

expected. Since only the modeling and optimized constant values are 

used for the sensor data processing, the processing speed is fast, 

which enables real-time processing of sensor data in multiple robot 

environments. 

The robotic skin has room for improvement. The estimation error 

exists in the skin module. When the external force disappears, the 

joint layer should return to the initial position by elasticity of the 

wave springs in the S-L joints and the beams. However, the layer 

does not completely return to the initial position due to friction. This 

friction occurs between the bead and the bolt of the S-L joint, and 

also between the bead and the socket in the joint layer. In order to 

minimize the effect of friction, we lubricated the surfaces of the beads, 

the sockets in the joint layer, and the bolts of the S-L joints. In 

addition, the position of the wave spring affected return of the joint 

layer, since the wave springs provide elasticity for returning to the 
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original position. Although the wave springs were placed as far as 

possible from the center in our design, it was impossible to 

completely eliminate the friction. The RMSE in estimating locations 

in a low force range is relatively large, since it was hard to return to 

the original position when a small force was applied due to the friction. 

Our future work is to minimize the impact of frictions by designing 

one body with structural three DoFs. 

The other improvement can be made by estimating the direction 

of the contact force if additional DoFs can be added to the current 

design. Detection of shear force in addition to normal force will enable 

more sophisticated manipulation of a robot. 
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Chapter 7. Conclusion 
 

 

We developed robotic skin with modular design that can detect 

contact force and its location using embedded FBG strain sensors. 

The FBG sensor not only enables precise sensing but also is immune 

to electromagnetic noise, which makes the proposed skin highly 

useful in harsh environments, such as EMI and radioactive 

surroundings. The application experiments successfully 

demonstrated the performance of the proposed robotic skin for 

remote manipulation and autonomous control or robots. 
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Chapter 8. Appendix 
 

 

8.1. Beam Deflection 
 

 

Figure 19. (a) 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. (b) Graph of the deflection for the force using FEA. The 

deflection is proportional to the force. 
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Figure 19-a 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 . (22) 

Because the width is linearly changed, the width can be given as 

 

𝑏 =  {
  
𝑤

𝐿
(𝐿 − 𝑥1), 𝑖𝑓 0 ≤  𝑥1 ≤ 𝑙1

  
𝑚 − 𝑛

𝑙2
𝑥2  +  𝑛, 𝑖𝑓 0 ≤ 𝑥2 ≤ 𝑙2

. (23) 

When 𝑥1 is larger than 0 and smaller than 𝑙1, the moment of inertia 

and moment are expressed as 

 
𝐼1 =

𝑤ℎ3(𝐿 − 𝑥1)

12𝐿
, 𝑀1 = 𝐹(𝐿 − 𝑥1) . (24) 

The second derivative of 𝑣1 is as follows [43] 

 𝑑2𝑣1

𝑑𝑥1
2 =

𝑀1

𝐸𝐼1
=

12𝐿

𝐸𝑤ℎ3
𝐹 .  (25) 

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
𝐹𝑥1

2 + 𝐶2 =
6𝐿

𝐸𝑤ℎ3
𝐹𝑥1

2 . 

(∵ 𝑣1|𝑥1=0 = 0) 

(26) 

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
𝐹𝑙1

2 =
𝑉2

𝐸
𝐹 

(27) 

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 and moment are expressed as 
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𝐼2 =

ℎ3

12
(
𝑚 − 𝑛

𝑙2
𝑥2 + 𝑛) , 𝑀2 = −𝐹𝑥2 . (28) 

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 (29) 

where 𝑓′′(𝑥2) is function of 𝑙2, ℎ, 𝑚, 𝑛, and 𝑥2. 

𝑥1 = 𝑙1 is equal location to 𝑥2 = 𝑙2. Consequently, Equation (29) 

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) 

(30) 

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 (31) 

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 Figure 19-b. 
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Abstract 

 

로봇은 인간과 같은 높은 조작성이 필요한 어려운 작업 환경이나 위

험한 환경에서 인간을 대체할 수 있도록 연구되고 있다. 이를 위해 동물

의 기계적 감응(mechanoreception) 역할과 같은 기능을 수행하면서 로

봇에 부착될 수 있는 스킨을 연구하고 있고, 민감한 로봇 스킨이 부착된 

로봇은 높은 수준의 조작성을 가지고 주어진 작업을 성공할 수 있다. 다

시 말해 로봇의 힘 센싱과 촉각 센싱 기능은 정교한 로봇 조작의 핵심 

요소들 중 하나로 로봇의 세밀한 작업들을 수행하기 필요로 하다. 따라

서 우리는 이 연구에서 외부 접촉의 위치뿐만 아니라 외력의 크기도 추

정할 수 있는 모듈화된 로봇 스킨을 제안한다. 접촉 힘의 크기, 접촉의 

수직 및 수평 위치 등 접촉에 대한 3가지 정보를 얻기 위해서 각 스킨 

모듈은 3 자유도를 가지도록 설계하였다. 제안한 스킨에서 힘 센싱은 새

롭게 설계한 삼각형 형태의 빔 구조의 변형을 통해서 측정한다. 구체적

으로 스킨 모듈의 외피에 가해진 힘은 빔 구조로 전달되고, 이로 인해 

발생하는 빔 구조의 변형은 “fiber Bragg gratings” 이라고 불리는 광섬

유 스트레인 센서들에 의해서 측정된다. 제안한 스킨은 1.45 N의 힘 추

정 해상도를 가지고, 수평 및 수직 위치 추정은 각각 1.85 mm와 1.91 

mm의 해상도를 가진다. 우리는 상용화된 로봇팔에 여러 개의 스킨 모

듈을 배열 및 부착하여 로봇의 원격 조작 및 무인 조작을 실행하였고, 

스킨의 활용성을 검증하였다. 
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