
1. Introduction

Optics since its discovery has attracted much interest in 

sensing applications from astrophysics to optical fibers. 

Narrowing it down to a very specific level, soft optical 

waveguides are now well-established in recent years, for their 

use as sensors, and their applications as sensors in soft 

actuators. The waveguide has a core in a cladding made of fiber 

in relation to fiber optics [1-4], making use of light propagation 

through a combination of elastomers having several properties. 

Likewise, the operation principle of fiber optics, the waveguide 

can respond to physical deformation due to the intensity 

variation of photons arriving at the receiver end, and further, it 

is very sensitive to be used as sensor. The core and its cladding 

are fabricated using totally different materials with their own 

respective refractive indices. The waveguides are supposed to 

be highly responsive towards physical changes applied to 

themselves [5-9]. These physical deformations can be in the form 

of external pressures due to forces on an area, bending, or strains.

A soft optical waveguide in the normal physical form is 

shown in [Fig. 1] and it consists of a core, cladding and a soft 

body compounded in a soft actuator or surface. The fabrication 

of waveguides has been carried out as two different methods 

[5-8], and how to fabricate them easier would be a big challenge. 

Elastomers have their own different properties as suggested in 

[5], the refractive index and absorbance characteristics play a 

pivotal role in making these waveguides work, however, in 
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general, not every material could match these criteria, and 

thus, the fabrication of the waveguide to be used in actual 

applications is still a challenge. A different approach to the 

fabrication of cladding using gold foil for soft optical sensor has 

been proposed in [6,7]. This approach resulted in achieving the 

soft optical waveguide with high elasticity thanks to the 

elastomers with very low stiffness such as Eco-Flex 30, PDMS 

silicone, etc. Although the waveguide has shown good response 

properties in terms of pressure and strain, however, the results 

do not seem to be promising due to the fact that the strain 

performance is highly nonlinear because of the deterioration of 

the measured signal, and also it cannot measure the bending.

Using the elasticity and flexibility of soft sensor, Eutectic 

Gallium-Indium (EGaIn) based soft sensor has been suggested 

in [10,11]. This sensor is usually fabricated using the conductive 

liquid filled in the micro-channels of the soft sensor. This 

approach makes it possible to integrate these liquid conductors 

to be fabricated/injected within the actuator body resulting in an 

in-body integration. Despite the possibility to be integrated into 

the soft actuator, however, there are several challenges 

associated with these types of sensors. First, the electrical 

resistance of the sensor is very low, e.g. a few Ohms, and it 

makes the sensor sensitive to small change and moreover it 

makes the resolution be very low. Second, the physical stress 

due to the strain makes micro-channels of the sensor be 

deteriorated rapidly and further it results in liquid leakage 

between micro-channels of the sensor. Third, the liquid leakage 

issue makes the sensor system be dangerous when the soft 

sensor is working together with other sensitive electronics or 

electrical equipment.

The potential for optical waveguides sensors is immense in 

that the LED with driving voltage 5[V] and current 10[mA] 

would generate a few billions of photons. It is able not only to 

transfer a huge amount of information but also to bring a high 

resolution that cannot be matched with any other type of sensors 

such as an EGaIn-based sensor. The soft optical waveguide can 

be used not only for one-dimensional deformation but also for 

three-dimensional changes. It might be able to make the 

waveguide be integrated into many applications. If the soft 

actuator including the self-sensing capacity of the optical 

waveguide might result in low-cost robots. However, currently 

available fabrication methods prevent from various application 

extensions of these sensors. Also, in the case of soft actuators or 

robotics, there can be specific physical constraints imposed by 

the applications such as the requirement for either high 

elasticity and low stiffness or high flexibility and low elasticity, 

and so on [12-16]. These could be challenging works and important 

issues for almost every self-sensing actuators in soft robotics.

The usefulness of any sensor can be characterized by several 

properties such as its sensitivity, resolution, physical deformation 

and response speed. The aim of the paper is to find a new 

method in the fabrication of soft optical waveguides that can 

work as soft sensors, so as to improve the performance of soft 

optics-based sensors and make it possible to fabricate these 

sensors with application-specific properties. Another aim of 

this study is to increase the possibility of application for soft 

optical waveguide sensors and to resolve the shortcomings 

during fabrication. We use an infrared (IR) spectrum because 

the frequency ranges of IR signal are independent of ambient 

light sources, it helps keep the integrity of the spectrum in the 

waveguide providing accurate and uninterrupted measurements. 

In the subsequent sections, the calibration as well as 

experimental setups for characterization are presented to 

measure the characteristics of the proposed sensor. This paper is 

organized as follows. The design, fabrication, and materials are 

[Fig. 1] Basic representation of a soft optical waveguide sensor 

in a simple form, where LED and PDE are light-emitting diode 

and photodiode, respectively. LED works as source and PDE as 

detector

[Fig. 2] Illustration of the physical phenomenon caused inside 

the pigmented soft optical waveguide sensor
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presented in section II, and section III suggests several 

characteristics of the proposed sensor with calibration setup 

being used. An application of the proposed sensor is presented 

with the experimental results and the importance of the 

proposed sensor in section IV, and finally, section V concludes 

the paper and discusses possible future applications.

2. Materials and Methods

Soft actuators and sensors are most commonly manufactured 

using a combination of elastomers and flexible materials. When 

being manufactured using elastomers, soft lithography is 

mainly used [17,18], but it is noted that the optical properties (e.g., 

absorbance, reflection, and refraction) of the elastomers may be 

varied. It is known that many elastomers with high elasticity are 

found to have low absorbance and high penetration for optical 

radiation interacting to its surface. Soft optical waveguides are 

manufactured by several methods such as FBG (Fiber Bragg 

Grating)-based, pure elastomer-based or other hybrid 

techniques including gold foil-covered cladding for soft optical 

waveguide core. These waveguides then result in signal 

power-loss according to deformations applied to themselves 

such as bending, pressing, and strain. Thanks to these 

deformations, the soft optical waveguides can potentially be 

used as soft sensors for various applications, although their 

current manufacturing schemes bring some limitations.

Let us consider an overall physical phenomenon caused 

inside an optical sensor as shown in [Fig. 2], in which a photon 

radiation emitting source will spread optical radiations in the 

material covering it. Depending on the propagation properties 

such as refractive index and absorbance, photons will be spread 

in every direction. It means that some photons would travel 

straight while some spread all around due to the difference in 

material properties. However, the refractive photons will not 

enter back into the waveguide. If there are reflective crystals 

present in the waveguide, these would reflect the photons 

coming in the cladding towards waveguide core and in the 

direction of the detector, depending on the combination of the 

direction of radiation flow, reflection, and refraction. For this 

case, if the reflection property of an elastomer can be improved, 

then the overall high optical flow can be achieved from the 

source to the detector end. The optical radiation reflected at the 

detector end will highly be dependent on the relation defined in 

the following equation:

   



 (1)

where 



 represents a ratio of the particle density of pigments 

to elastomer particles in the area A to which photon 

radiation collides. The relation of Eq. (1) expects that the 

quantity ratio 



 dealing with the reflective property within 

the cladding over area A can effectively increase the amount of 

optical radiation detected at the receiver end. In the case of 

reflective crystals, pigments have the property to reflect light 

when light particles contact themselves. Silicone pigments are 

one of the choices of reflective crystals to increase reflective 

property on a specific wavelength for soft elastomers. This 

means a white light would result in a specific wavelength 

reflection in a material. When soft optical waveguides are 

considered, optical radiation or light is propagated from the 

source towards detector end, and also, when the light is 

propagated from the source material into the cladding, the 

radiation would spread around and may lead to emission and 

absorbance within cladding area. In our experiments, we try to 

make optical radiation be reflected towards the core area so that 

the propagation is directed towards the detector end and thus the 

overall radiation transmission happens towards detector end.

To make these soft optical waveguides work, in general, the 

elastomer of a specific mechanical property is chosen, and the 

specific density of pigment crystals are added into the solution 

as shown in [Fig. 3]. The fabrication method suggested in 

the figure is in general different from the complex methods 

proposed in other researches. Also, the soft optical waveguide 

can be tuned for mechanical properties as well as propagation 

[Fig. 3] Making process for solution mixed pigment crystals and 

elastomers



4   로봇학회 논문지 제16권 제1호 (2021. 3)

properties. Mechanical properties able to be tuned are stiffness 

and flexibility, the stiffness property directly influences the 

strain capability of these sensors, meaning either these are 

stretchable and bendable or only capable of one deformation 

and so forth. The propagation properties can be tuned by the 

amount and type of reflective crystals added into the elastomer 

for the fabrication of cladding or waveguide, the crystals can 

be of any type if the physical properties after waveguide 

fabrication are intact.

The proposed new soft waveguide is fabricated using 

elastomers of desired physical properties (stiffness/flexibility), 

in addition, there are no restrictions to have the specific 

refractive or reflective properties for materials in use [19], except 

that the core part and the cladding should have low absorbance 

and loss, respectively. In the paper, we fabricate a new soft 

optical sensor with almost similar refractive indices, by using 

Eco-Flex 30 for waveguide and Vyta Flex 20 (1.43) for the 

core. The reason why we choose Eco-Flex 30 is because of its 

high elasticity having the ability to endure the strain of about 

ten times its original size. And thus, it can be a prime candidate 

for higher strain and lower stiffness applications. The optical 

reflective silicone pigments are added with the ratio 1/65. The 

entire procedures for the fabrication of these silicone waveguides 

are illustrated in [Fig. 4]. Eco-Flex 30 is prepared and the 

silicone pigments are added to the ready solution, after adding 

pigments (the ratio of pigment to elastomer can be varied), the 

solution is mixed together at 2000 RPM (revolutions per 

minute) and, after the mixing process is done, the mixture is 

degassed using a vacuum chamber, and the degassed mixture is 

poured on the mold for the waveguide. This mold is then put 

into the oven for 45 minutes, and then LED and PDE side molds 

are attached to both ends of the fabricated waveguide.

Although the core of the waveguide can be fabricated with 

any material without reflection property, for our study, 

Eco-Flex 20 is used to fabricate the core part for the soft optical 

waveguide, last but not least, careful attention is required to 

guaranteed no air bubbles left in the core part. This is done by 

the proper vacuum of the mixed Vyta Flex 20 solution. The 

precise bubble-free needle to lay down the core part of the 

waveguide is used, and the half-prepared waveguide is put in 

the oven again for an hour. After this process, the remaining 

step involves fabricating the uncovered part of the waveguide 

and completing the procedure.

The physical design of these soft waveguides is changed by 

adding an inextensible layer used to connect them to other 

instruments or parts inside or outside actuators. A textile layer 

with Eco-Flex 30 is used to make inextensible connectors for 

these sensors because the fabric or any other inextensible layer 

is flexible but not elastic. Prototype sensors made using the 

proposed method are compared to the existing method [19], 

however, in our case using Mold Max 30 in terms of the physical 

characteristics (elasticity) as well as to prove the effectiveness 

of the proposed method. Three prototypes are shown in [Fig. 5], 

with two different pigments of blue and red colors.

3. Characterization of Optical Sensors

Soft actuators and sensors involve hyperelastic materials 

and nonlinear deformations, this makes it very hard for their 

mathematical analysis. As an alternative, experiment-based 

[Fig. 4] The entire fabrication process for the proposed new type 

of soft optical sensors

[Fig. 5] Three different soft optical sensors for the property 

comparison, where Eco-Flex 30 plus blue and red pigmentations 

are fabricated by the proposed method, and Mold Max 30 plus 

red pigmentation is made by the method suggested in [19]
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models play an important role in characterizing soft actuators 

and sensors. This is usually done by plotting input-output 

curves, strain-output curves and so on. There are three 

properties associated with these soft optical waveguides and, in 

our study, two types of experimental setups are used to study 

the characteristics of these waveguides. Strain, bending and 

pressing characteristics are presented here for these optical 

waveguides. The signal is measured and plotted as a relative 

power loss from an initial value of the signal received at the 

detector end. In general, the signals are acquired using a data 

acquisition board at 5[kHz] sampling frequency. For clarity 

purposes, the voltage is measured across the resistor attached to 

the PDE end and it is used to calculate the power loss as follow:

    



  (2)

where 


 and 


 represent the initial voltage-drop without 

any deformation and the voltage-drop when being deformed, 

respectively.

3.1 Elongation Characteristics:

The relationship between strain to power loss is measured as 

elongation characteristics and, to characterize this property of 

these soft sensors, a linear actuator that can keep well track of 

the desired displacement is used with high accuracy. For this 

experiment, strain is applied horizontally along the body of soft 

optical waveguides. This process is carried out by applying 

strains from a linear system that is controlled using a driving 

mechanism. The signal are collected using data acquisition 

device (DAQ NI-6216) at a sampling rate of 5KHz. When the 

linear strain is considered in the soft optical waveguides, the 

Beer-Lambert equation is used to relate the power loss to the 

strain as follow:

    
 (3)

where  is a total optical absorbance (optical density) in the 

core material, and the strain is defined as  



. This 

property of the core material of soft optical waveguide 

depends on   the absorbtivity of dye,  the concentration of 

dye in solution, and   the length of light path [cm]. Also, 

   denotes a constant baseline absorbance for the core 

material and  the initial length of light path. Since zero 

absorbance at some wavelength implies that none of the light of 

the particular wavelength has been absorbed, the absorbance 

can be defined via the incident intensity  and the transmitted 

intensity  as follow:

  
  (4)

Since the optical absorbance in a medium can be calculated 

using Eq. (3), which results in a linear relationship when only 

strain is applied to the waveguide, however, the same 

phenomena can be equally modeled by a simple logarithmic 

equation described in Eq. (4).

The mathematical relation of Eq. (3) can be used to 

characterize the curve between strain and power loss. For the 

information about optical signal propagated to the detector end 

through the core part of these optical waveguides, the optical 

power loss is calculated according to the changing length of the 

core area. Since both (red and blue) pigmented waveguides 

were manufactured with their own physical characteristics, the 

result might differ according to the pigmentation level and 

uniformity of pigments in the cladding and other factors. Since 

these must be very important cases to study, we present the 

important characteristics of these waveguides. The strain is 

applied to the waveguide using the calibration setup shown in 

[Fig. 6], in which the moving frame shown in the figure applies 

the strain to the waveguide by about 75 micrometers. During 

the elongation characterization, a strain of over 75% was 

applied to the optical waveguides, and further, a repeated strain 

was applied to check the repeatability of these waveguides as 

well. Over 100 times repeated strain was applied with different 

magnitude and the data were collected using the acquisition 

device. The measured data points for strain and resulting power 

loss are shown in [Fig. 7]. This power loss is calculated using 

the relative power loss formula, and the relative power loss uses 

[Fig. 6] Experimental setup for elongation characterization of 

soft optical waveguide
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the ratio between the initial baseline signal without strain and 

the signal when strain is applied. The blue dots show data points 

collected during strain applied, these data points show some 

spread for the same value due to the noises and variation in the 

signal. This variation remains 5% of the mean value. A 

regression model is calculated using a first-order polynomial 

model, and the regression fit is shown in [Fig. 7] with a red line. 

The graph indicates a linear signal variation against strain 

applied, this linear power loss is a very important property of 

these waveguides, and this apparent linearity suggests that these 

waveguides can be used for strain applications with relative 

ease. The overall loss rate can be adjusted by improving the 

fabrication processes such as removing impurities.

3.2 Force / Pressure Characteristics:

One of the advantages of these soft optical waveguides is that 

they can show the characteristics of power loss according to the 

increase of the applied pressure. The pressure implies the 

contact force per unit area when pneumatic/hydraulic pressures 

are exerted on the surface. For this study, the force was applied 

upto several newtons on the surface of the sensor and the sensor 

signal variations were measured using data acquisition device 

(NI-6216), to have a reference measurement signal, a contact 

tip was designed and used during contact force application, the 

contact tip in this case was equipped with aloadcell (Bongshin 

Co. with a rated capacity of 50N, the entire contact tip was 

printed using 3-D printer (Stratasys). The square-shaped contact 

is designed and manufactured using the 3-D printer (Stratasys) 

with a contact area of 16[mm2]. Analog amplifier (Honeywell 

UV-10) is used to amplify the signal from the waveguide as 

well as to reduce the noise effect. Data acquisition device 

(NI-6216) makes several signals of the loadcell and waveguide 

be sampled and digitized with 5[kHz] frequency.

An electrical current control scheme is implemented for the 

linear motor for monitoring the force signal from a reference 

loadcell. PID controller is implemented to adjust the force of 

the linear motor, ultimately, in order for applying accurate force 

to the surface of the waveguide. During the experiments, 

different waveforms of forces are applied (at lower frequencies) 

perpendicular to the surface of the waveguide. The power loss 

of the waveguide according to the applied force variation is 

shown in [Fig. 8], including the original data and its regression 

fit. The resulting graph shows an important feature of the 

waveguide in that the initial power loss is slightly nonlinear 

until it arrives at 1[N], it becomes linear in the range of 1 ~ 

3[N], and it becomes nonlinear again until it arrives at the 

complete loss of signal at the detector end. Since the contact 

force was repeatedly applied to the surface of the waveguide 

over a long time, the waveguide has very good repeatability.

3.3 Bending Characteristics:

To characterize the bending property, the waveguide is fixed 

(attached) to a bending surface which has the ability to provide 

the bending when the linear actuator moves. Both ends of the 

bending surface are attached to the moving frame and the fixed 

frame as shown in [Fig. 9], where the linear actuator moves 

[Fig. 7] Characteristic curve of average signal power loss in 

[dB] unit according to the strain variation , where the 

experiments are repeated several times

[Fig. 8] Characteristic curve of average signal power loss 

according to the contact force variation in [N], where the contact 

area of the pigmented soft optical waveguide is 16[mm2]
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until the full bending of the surface is completed, and then it 

returns after the maximum bending towards the maximum 

flattening of the waveguide. In [Fig. 9], the graph shows the 

signal change when the red-pigmented waveguide is under the 

repetitive bending motions. Moreover, the characteristics of 

power loss to the repetitive bending/releasing is shown in [Fig. 

10], where it shows very smooth but nonlinear curve under the 

consecutive phase changes between the bending and releasing 

of the waveguide. As another experiment, the bending shape is 

changed in such a way to add one more bending, ultimately, to 

observe the variations of the characteristics. The experimental 

results are shown in [Fig. 11]. The responses in [Fig. 10] and 

[Fig. 12] have two different points in terms of the measured 

data characteristics, in the first, the single point bending has 

resulted in a response curve shown in [Fig. 10], where the 

characteristic curve shows the power loss of about 22[dB], and 

it means a rate of 0.12[dB] loss per m-1 curvature. In [Fig. 11], 

when two-point bending was applied, the characteristic curve 

shows a higher loss rate, which is institutively related to the 

physical change. The loss rate, in this case, was 0.153[dB] per 

m-1 curvature, which is higher than a single point bending with 

the maximum power loss of 30[dB]. The other property is the 

difference in the shape of the loss curve, which was different for 

both single-point bending and two-point bending.

Till now, we have shown several properties for practical 

sensor use in terms of the power loss of the signal. Furthermore, 

its verification is extended to the real-time responses of the 

optical waveguides. For this purpose, two different experimental 

configurations are chosen, such as when the external strains are 

applied and when the external contact forces are applied. 

For arbitrarily given strain, the data are measured from the 

waveguide in response to the strain externally applied and the 

regression model is used to estimate the strain. Also, the true 

strain applied by the linear actuator is measured by the Arduino 

controller. Both signals are compared together to show the 

performance of the waveguide, as shown in [Fig. 12(a)]. In a 

similar way, the data are measured from the waveguide in 

response to the force externally applied and the regression 

model is used to estimate the force. Also, the true force is 

measured using the loadcell installed inside the experimental 

setup. The real-time force data measured from the waveguide 

and the data measured from loadcell are together plotted in [Fig. 

12(b)]. Now, we could know that the strain and force measured 

from the waveguide were well matched with the actual values. 

Especially, in the case of force sensing application, the 

measurement might have a little bit variance due to high 

[Fig. 9] Experimental setup for bending characterization of soft 

optical waveguides, where time response of the waveguide 

bending is shown in the figure
[Fig. 10] Characteristic curve between the power loss measured 

at the detector and the bending of waveguide

[Fig. 11] Characteristic curve between the power loss and 

two-point bending of waveguide
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nonlinearity, but it is enough to warrant a good performance 

thanks to the superior sensitivity and resolution.

3.4 Physical Characteristics:

The main advantage of the proposed waveguide is not 

limited to the prototypes proposed, but it could be applied to the 

different types and designs of waveguides that have various 

physical characteristics. To explain the advantages of the 

proposed method, two types of optical waveguides were 

fabricated, one of the both uses Mold Max 30 and another uses 

Eco-Flex 30, the fabrication of this sensor waveguide is 

followed in the same method as explained in the fabrication 

section. The physical dimensions of the optical waveguides are 

the same each other such as the sensor length of 100[mm], the 

core length 55[mm] and its width 3.5[mm].

The strain (or elongation) tests for the waveguides are 

conducted to show the strain capabilities of these waveguides 

against external loads attached to the free end of the waveguides 

as shown in [Fig. 13]. [Fig. 13(a)] shows both the waveguides 

have the same lengths each other, although the subtle difference 

could be occurred due to the weights from the connectors. In 

[Fig. 13(c)], however, we can confirm the big difference of 

physical strains against two different loads, approximately 

0.5[kg] is required to make 40% strain in the case of Mold Max 

30 based waveguide, while just 0.2[kg] resulted in over 100% 

strain in Eco-Flex 30 based waveguide. This difference of 

characteristics shows how waveguides can be fabricated with 

different elastic modulus, this elastic modulus will depend on 

the properties of the core and cladding elastomers. Such as in 

the case of higher stiffness elastomers will result in an overall 

highly stiff waveguide and vice versa. It is also mentioned here 

that the pigmentation itself does not affect the stiffness of the 

elastic modulus of these waveguides. Therefore, the color 

of pigmentation added during fabrication will not affect the 

physical characteristics of these waveguides.

4. Application to Actuators

There are a number of application areas for the soft optical 

waveguides as sensors, especially, for the measurements of 

elongation, force, and bending. The pneumatic artificial muscle 

actuator is one of the famous types of soft actuators thanks to its 

high force to weight ratio for some industrial purpose as well as 

human assistive applications. It is actuated using the pneumatic 

pressure [16], [20-24] which makes the actuator contract. The 

contraction of the pneumatic actuator is usually ranged to 25% 

(commercially available) or up to 40% (research purpose). Since 

the pneumatic actuator is mostly used to reduce space and 

weight of the structure being used, it is usually desirable to 

integrate the sensors inside the actuator rather than to use 

mechanical sensors outside the actuator due to the size and 

weight of mechanical sensors. In this study, we use the soft 

optical waveguide embedded inside the actuator body. Since 

the displacement or the strain will appear as negative numbers, 

the soft strain sensor should have a pre-strained physical form 

to allow the release of the pre-strain. The pre-strain would result 

in stress, yielding the contraction force in the sensor. To keep 

the contraction force at minimum, a high elastic sensor body is 

desired. For this purpose, the Eco-Flex 30 based pigmented soft 

optical sensor will be integrated inside the pneumatic actuator.

To integrate this soft optical sensor (waveguide), we have 

(a) Real-time Strain Measurement Comparison

(b) Real-time Contact Force Measurement Comparison

[Fig. 12] Real time responses of the soft optical waveguide, (a) 

when arbitrary strain is applied, (b) when arbitrary contact force 

is applied

(a) (b) (c)

[Fig. 13] Comparisons of strain characteristics for Mold-Max 

based waveguide and Eco-Flex based waveguide, in which (a) 

no load condition, (b) 0.5[kg] is attached to Mold-Max based 

waveguide, (c) 0.2[kg] is attached to the Eco-Flex based waveguide
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used the multi-step processes that are involved with several 

different steps including the design of the rigid-end of the 

pneumatic actuator to make it possible for connection and 

pre-strain stability of the sensor. The design is shown in 

[Fig. 14] and the fabrication steps of the pneumatic actuator are 

composed of first fabricating a hallow bladder using hyper- 

elastic elastomer (Dragon Skin 30), second printing the 

rigid-ends for pneumatic actuator using a 3D printing device 

(Stratasys), third attaching the soft optical waveguide (sensor) 

to the rigid- ends, fourth straining soft optical waveguides, fifth 

attaching these to the ends of the soft bladder, sixth covering the 

structure in the braided mesh, and finally completing the actuator.

The soft optical waveguide is pre-stretched about 70% of its 

original length 50[mm] and then fabricated into the body of 

PAM actuator. This approach is necessary for measuring the 

contraction of actuator which has negative direction to optical 

waveguide strain. The amount of pre-stretching may vary 

depending on the maximum contraction in the actuator, 

therefore, when actuators are fabricated with the optical 

waveguide integrated sensors, the dimensions of both actuator 

and sensor must be considered accordingly. The pneumatic 

actuator used in our studies has a longitudinal length of 

100[mm] with a contraction ratio of about 25% and the inner 

diameter of the actuator is about 16[mm]. The actuator body 

with its rigid connections has a weight of 0.08[Kg]. The 

actuator has an inward stress of 1 [N/m]. The PAM actuator 

with the sensor integrated inside was attached vertically with 

weights hanging at the moving end of the actuator, A sampling 

device (NI-6216) was used to capture the signal from the sensor 

as well as the pressure input from the actuator. 

To check the ability of the high strain sensor to measure 

contraction of actuator, a load of 0.45[kg] was also attached to 

the actuator and the pressure was applied in the range of 0 ~ 

150[kPa]. The data during these experiments were measured 

using the data acquisition device as discussed in the section 

before. During this process, the NI-6216 DAQ device samples 

the sensor signal at 5[kHz] rate, the contraction of PAM 

actuators in terms of [mm] displacement of loads was also 

measured. The results data points are plotted for [dB] power 

loss against the different displacement of the load. The graph of 

[Fig. 15] shows the characteristic curve for sensorized PAM 

actuator, the measured data points are represented using dot in 

the graph while the characteristic curve fit line is also plotted in 

[Fig. 15]. This characteristic curve shows in [dB] gain rather 

than [dB] loss, it is due to the fact that the sensor is initially 

strained to the size of the PAM actuator as shown in [Fig. 14]. 

This strain is released during the contraction of the PAM 

actuator, which is negative along the direction of PAM actuator 

motion, therefore, the strain is released resulting in the [dB] 

gain at the PDE end signal. The characteristic curve shows a 

nonlinear response, meaning that the gain rate is high in the 

range of 0-11[mm] and low in the range of 11-17[mm]. This 

result shows that the entire contraction of the PAM actuator can 

be predicted using two linear models representing the high and 

low gain rate of [dB] power during contraction of the PAM actuator. 

5. Conclusions and Future Works

The soft optical waveguide has shown a good promise in that 

it could measure strain, force and bending applied to the 

waveguide. The results of this study showed high repeatability 

as well as about 100% strain with a small force. The bending 

[Fig. 14] The design concept of a pneumatic actuator having 

high-elastic soft optical waveguide, where it is fabricated using 

the proposed method, and the strain arrives at about 70% of the 

sensor's original length without significant stress

[Fig. 15] The characteristic curve of the power loss of signal 

while the actuator is contracted, where the maximum 

contraction is about 16.9[mm]
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characteristic is important in that the waveguide shows different 

responses according to the bending shape. It is expected to play 

an important role in the shape recognition of the soft actuator or 

robot itself in the modeling and control issues. The response to 

small contact force is another important discovery of these 

waveguides, this result shows the potential use in tactile sensing 

for robotic applications. Another important fact in conducting 

the experiment is to use infrared (IR) sources and detectors. 

Since the waveguide has been easily disturbed by the visible 

light, we used IR- based source and detector to maintain the 

constant performance in outputs between day and night. 

Another important fact about IR-based signaling is that the 

signals carry very little noise and thus it is easy to process the 

signal measured by the acquisition device.

We are soon expecting to investigate the waveguide with a 

variety of aspects because the waveguide has responded to all 

the deformations. For example, it is careful that the signal from 

the waveguide can respond to vibrations and other phenomena 

able to disturb itself. Also, one of the best things about the 

waveguide observed was its good repeatability, which is remark-

ably superior to any other soft sensors used in our experience. 

These properties should be confirmed for practical use.
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