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Highlights 

 A tactile sensor was fabricated using Mie scattering inside a flexible monolith. 

 Compressing the porous material reduced the amount of light detected. 

 The materials are available for sensors less than 1 mm. 

 

Abstract 

Tactile sensors are an essential technology for robots, and various types have been developed. 

This paper reports on a new optical tactile sensor based on multiple scattering in a porous material 

with a viscoelastic phase-separated structure fabricated by a sol–gel method. When a macroporous 

silicone monolith with a few micrometer diameter skeletons was compressed, the diffuse light 

intensity near the light source was reduced due to Mie multiple scattering. This light intensity 

change was opposite to the behavior of conventional polymer foams (cellular structures), which 

have a large structural scale. A simple tactile sensor using a macroporous monolith and a photo 

reflector was fabricated based on this finding. The skeleton diameter was an important factor for 

the sensor. In the case of macroporous silicones, the voltage-strain curve showed an almost 

hysteresis-free clear response. However, the response of macroporous polymethylmethacrylate 

monolith with a smaller skeleton diameter was weak due to low Mie scattering intensity. Sensors 

using sol–gel derived macroporous materials have the potential to be thinner and provide 

improved surface tactile sensation compared to foam materials. 
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Introduction 

The development of engineering technology has led to the widespread use of robots. In 

experimental research, the use of collaborative robots to reduce labor for routine tasks has 

increased, and attempts have been made to automate cell culture and analytical measurements. 

Various types of sensors are required to operate robots accurately and safely. Tactile sensors are 

essential for precise movements, such as accurately holding an object with a robot gripper, and 

various sensors have been devised.[1-3] One widely used sensor utilizes wires stretched in a 

mesh-like pattern to detect resistance in a membrane.[4-9] Low-cost sheet-type sensors are used 

for pressure-sensing applications other than robotics. In material chemistry, materials whose 

conductivity changes with deformation have been extensively developed. Composites of 

conductive materials added to flexible insulating ones can be used as highly durable sensors with 

elasticity.[10-12] For example, conductive sponges used to protect semiconductor electronic 

components were reported to be utilized as pressure sensors 40 years ago.[13] Improvements 

continue to be made using various materials, and especially in the last decade, composites of two-

dimensional nanomaterials have been investigated to increase pressure sensitivity.[14-18] Optical 

sensors using elastomers have also been developed to measure pressure distribution and surface 

topography of objects in contact.[19] Those tactile sensors have advantages and disadvantages in 

terms of mechanical properties, durability, sensitivity, etc.[20] Different types of sensors are used 

in different manners depending on the application. If a wide variety of sensors are developed, it 

will be possible to select the most suitable sensor for each application.[21] 

Our group has studied flexible silicone macroporous materials fabricated using the 



continuous phase-separated structure generated during liquid-phase reactions.[22-24] Generally, 

macroporous materials prepared using the sol–gel method have finer pores and skeletal 

microstructures than three-dimensional cellular structures such as foams.[25, 26] Our material 

has a porosity of over 90 %, and it shows high flexibility in combination with the mechanical 

properties of silicone. Marshmallow-like gels (MGs) are white because of their microstructure 

because light incident on an MG is multiply scattered (Mie scattering) by several micrometer-

diameter frameworks, while the dense silicone is colorless and transparent. The compression of 

the MG does not cause any color change. However, as the microstructure changes during 

deformation, the light scattering inside the material should change. I hypothesized that a simple 

tactile sensor could be fabricated by detecting this change. 

Optical sensors utilizing the changes in reflectance and transmittance in the flexible 

porous framework have been developed and commercialized.[27, 28] However, there have been 

no reports on sensors utilizing multiple scattering attenuation to the best of our knowledge 

because flexible porous materials with a structural scale similar to MGs are relatively new 

materials. Neither materials researchers nor sensor developers have focused on this application. 

This paper presents the characteristics of a sensor that utilizes the changes in the intensity of 

multiple scattered lights inside MGs. Furthermore, I discuss the general conditions for fabricating 

optical sensors using flexible porous materials by examining the response of the sensors that use 

porous polymethylmethacrylate (PMMA) and melamine sponges. 

 

Experimental 

Materials 

Methyltrimethoxysilane (MTMS), dimethyldimethoxysilane (DMDMS), and n-

hexadecyltrimethylammonium chloride (CTAC), were purchased from Tokyo Chemical Industry 

Co., Ltd. (Japan). Acetic acid, urea, methanol, ethanol, 2-propanol, and glycerol were purchased 

from Kanto Chemical Co., Inc. (Japan). PMMA (average Mw ~ 350,000) was purchased from 

Merck KGaA (Germany). All reagents were used as received. 

 

Sample preparation of MGs 

Macroporous silicone monoliths (MGs) were prepared based on previous studies.[29] First, x mL 

of 5 mM acetic acid was dissolved in a glass tube with 1.0 g of CTAC and 0.33∙x g of urea at 



room temperature (RT ~22 °C). 3.0 mL of MTMS and 2.0 mL of DMDMS were added to this 

solution, and the mixture was stirred well for 15 min at RT. The resulting sol was placed in a 

sealed cylindrical perfluoroalkoxy (PFA) container and heated at 80 °C for 12 h for gelation and 

aging. The gel was removed from the container, immersed in methanol at RT for several hours 

and several times to wash the interior. Then, it was evaporated and dried at 50 °C to obtain the 

target product named MGx. 

 

Sample preparation of PMMA monolith 

According to a previous report,[30] 10 mL of a mixture of 80 % ethanol and 20 % water (by 

volume) in a 20 mL glass tube was maintained at 80 °C, and 0.40 g of PMMA powder was added 

and dissolved while stirring well. After confirming that the PMMA was completely dissolved, the 

vial containing the sol was allowed to stand and cool at 20 °C to gelatinize. The resulting wet gel 

was immersed in a sufficient amount of water for 8 h × 2 times for washing and then immersed 

in an aqueous solution containing 5 % glycerin as a plasticizer for solvent exchange. Finally, 

macroporous PMMA monoliths were obtained by vacuum drying at RT. 

 

Melamine sponge 

A commercially available melamine sponge (Gekiochikun-Cube S00558, LEC, Inc., Japan; 

Basotect W, BASF SE, Germany) was used. 

 

Sensor assembly 

A photoreflector module (QTR-1A, Pololu Corporation, USA) was embedded in a substrate 

fabricated by a three-dimensional printer, and then, a monolithic porous material was placed on 

it. The change in the light intensity at an infrared wavelength of 940 nm was output as an analog 

electric potential value. For multipoint sensing, four circuits identical to the photo reflector 

module were arranged on an electronic board. 

 

Evaluation of macroporous monoliths and sensors 

The bulk density of the macroporous monoliths was calculated from the measured weight and 

volume. The microstructure of the materials was observed using a scanning electron microscope 

(TM3000, Hitachi High-Technologies Corporation, Japan). ImageJ2/Fiji was used for scale 



analysis.[31, 32] The skeletal diameter was determined by averaging from about 20 randomly 

selected locations. Light absorbance was measured using a UV-VIS-IR spectrometer (V-770). In 

addition, an integrating sphere (ISN-923, JASCO Corporation, Japan) was used to obtain the 

diffuse reflection relative to the white diffuse reflectance standard (polytetrafluoroethylene). A 

self-made device was used to measure the change in the light intensity when MG15 was 

compressed to 50 %. Optical fibers were placed under the sample. The distance between the 

emitting and detecting points was 5 mm. A halogen light source (KTX-100E, KenkoTokina 

Corporation, Japan) and a mini-spectrometer (C13555MA, Hamamatsu Photonics K.K., Japan) 

were used for the measurements. Uniaxial compression tests were performed using a universal 

tensile testing machine (EZ-SX, Shimadzu Corporation, Japan) and a 500 N pressure gauge. The 

tactile sensor was connected to the analog input terminal of the testing machine to read the electric 

potential values. 

 

Results and Discussion 

Change in light scattering due to marshmallow-like gel compression and wavelength of sensor 

Marshmallow-like gels (MGs) and PMMA monoliths were prepared as the macroporous materials 

for the sensors in this study based on existing methods. The physical properties of the prepared 

materials are shown in Table 1. First, the properties of MG15 were investigated for optical sensors. 

 

Table 1. Physical properties of materials used in optical tactile sensors. 

 Bulk density/g cm−3 Young’s modulus/kPa Skeletal diameter/μm 

MG10 0.15 22 5 

MG15 0.11 5.0 4 

MG20 0.091 3.6 3 

PMMA monolith 0.17 720 0.3 

Melamine sponge 0.0077 14 10 

 

A simple test was used to observe the change in scattered light caused by the 

compression of MG15. When cylindrical MG15 was placed on an LED array and pressed with a 

finger, the light intensity decreased. This change could be because light scattering inside the 

material reduced the transmittance (Figure 1). The principle of this phenomenon is that particles 



with a size similar to the wavelength of light cause strong Mie scattering. Although MG15 had a 

continuous framework, viscoelastic phase-separated structures,[33, 34] such as fused spherical 

particles, were prone to Mie scattering (Figure 2a). When MG15 was compressed, porosity 

decreased, and the fraction of skeletons in the space increased. In contrast, the skeleton diameter 

remained almost unchanged. Thus, the compression of the monolith increased the scattering 

source density. Mie scattering is more likely to occur when scattering sources increase and 

observed light becomes more attenuated by interference. Thus, as MG15 compression increased, 

the light intensity observed at the monolith exterior decreased. 

 

 

Figure 1. (a) Cylindrical MG15 with a diameter of 17 mm and a height of 10 mm. (b) Change in 

appearance before and after pressing MG15 on the green LED array. See also Movie S1, 

Supporting Information. 

 

 
Figure 2. (a) SEM image of MG15. (b) Schematic of the apparatus used for spectral measurements 



during compression of MG15. (c) Relative light intensity at 50 % compression of MG relative to 

uncompressed. (d) Absorbance of MG15 surface obtained by a total light reflectance 

measurement. The slight peak indicated by the arrow at 740 nm corresponds to the arrow in (c). 

 

I assembled an optical apparatus to quantitatively examine the changes in the light 

intensity before and after compression, as shown in Figure 2b. Optical fibers connected to a 

halogen light source and a small monochromator were installed on a substrate, and the change in 

the visible light range was investigated when MG15 was compressed by 50 %. At wavelengths 

above 400 nm, the light intensity after compression was 30–35 % of the light intensity before 

compression. However, at wavelengths below 400 nm, the light intensity after compression 

decreased significantly. Moreover, a slight change was observed around 745 nm (Figure 2c). 

These changes occurred because the silicone skeleton of MG15 absorbed light at specific 

wavelengths (Figure 2d). Regarding the detectable deformation range, selecting a wavelength that 

is less likely to cause optical absorption to use MGs as sensor components is necessary. From the 

total light reflectance measurement, a wavelength range of 400–1100 nm is appropriate, which is 

almost the same as the photosensitive range of Si photodiodes. 

 

Fabrication of miniature optical tactile sensor using marshmallow-like gel and compression 

response 

The macroporous monoliths were used to fabricate a small optical tactile sensor by utilizing a 

photoreflector with a 940 nm IR LED and a silicon photodiode. The sensor had a simple structure 

with monoliths placed on a commercial photoreflector module. Nevertheless, it could rapidly 

detect changes in response to compression when tested using a single-board microcontroller 

(Figure S1 and Movie S2, the sample code in Supporting Information). Additionally, multipoint 

sensing was performed by placing multiple photoreflectors on the substrate (Figure 3, Figures S2, 

S3, and Movies S3, S4 in Supporting Information). This system enabled us to perform the same 

three-dimensional measurement as is done with commercially available transmissive sensors 

using flexible sponges. 

The relationship between the strain, stress, and potential of a sensor that used MG15 as 

a component was investigated using a mechanical testing apparatus. The component configuration 

and circuit diagram of this sensor are shown in Figure 4a and b. Figure 4c-f shows the results of 



10 cycles of 10 s of loading, 10 s of unloading, and 10 s of standing still at 0–50 % strain. Because 

this sensor was just an MG15 on a photo reflector, the first few cycles of readings were somewhat 

erratic. After that, however, it recorded nearly identical curves and was stable for at least several 

hundred cycles as far as tested. Hysteresis was observed in the stress–strain curve during loading 

and unloading because of the viscoelasticity of the MG15. Furthermore, there was negligible 

hysteresis in the potential–strain curve during loading and unloading because structural changes 

caused the scattering in MG15. This performance is considered sufficient for contact detection. 

Similar results were obtained when MGs with different Young's moduli were used (Figure 5). 

The potential changed significantly below ~5 % distortion in all three cases and showed a gentle 

and almost linear change for 10–40 % distortion. 

 

 

Figure 3. Multipoint sensing using MG15 and four photoreflectors. See also Figures S2, S3 and 
Movies S3, S4, Supporting Information. 

 



 
Figure 4. (a) Schematic of the optical tactile sensor. (b) Circuit diagram of the sensor used for the 

mechanical measurement. (c) Strain and potential changes during the measurement. (d) Stress-

strain curve of MG15 for 10 cycles. (e) Potential-stress curve and (f) potential-strain curve for 10 

cycles. 

 



 
Figure 5. (a) Potential–stress and (b) potential–strain curves of MG10. (c) Potential–stress and (d) 

potential–strain curves for MG20. All measurements were recorded for 10 cycles. 

 

Evaluation of sensor with polymethylmethacrylate monolith and melamine sponge as tactile 

sensing parts 

I attempted to fabricate similar sensors using flexible monolithic macroporous materials other 

than MGs. Polymethylmethacrylate (PMMA) monoliths are macroporous materials easily 

fabricated via the sol–gel reaction with thermally induced phase separation.[30, 35] They have a 

flexible continuous granular skeleton but are not as flexible as MGs. Mechanical tests were 

conducted using this porous material as a tactile sensor component. As the PMMA monolith had 

a low deformation rate, I conducted tests in the range of 0–10 % of strain for 30 s of loading and 

30 s of unloading and found that the potential changed according to the amount of strain (Figure 

6a-c). However, the change was smaller compared to MG15. This difference was because the 

skeleton diameter of the PMMA monolith was smaller than that of MG15 (Figure 6d), resulting 

in lower scattering intensity. 

 



 
Figure 6. (a) Strain and potential change during measurement in a sensor with the PMMA 

monolith. (b) Potential–stress and (c) potential–strain curves of the PMMA monolith. (d) SEM 

image of the PMMA monolith. 

 

When the melamine sponge and urethane foam were used as a flexible optical 

component, the test results differed from the MGs and PMMA monoliths, which caused a negative 

potential change in response to compression. Figure 7 shows the cycle test results at the same 

deformation rate as MG15. Similar results have been reported in previous studies using urethane 

foam and photoreflectors.[28] Melamine sponges have cellular structures formed by foaming, and 

the scale of their framework and pore structure is one order of magnitude larger than the 

wavelength of light used in the sensor (Figure 7d). Mie scattering is more likely to occur in the 

skeleton of the monoliths formed by phase separation, whereas the relatively large rod-like 

structure of the cellular network is more likely to cause reflection near the light source. When 

melamine sponges or urethane foams are compressed, more light is reflected close to the light 

source, resulting in a stronger intensity observed by the photodetector. Therefore, the cellular and 

phase-separated structures change the light intensity detected by the photoreflector owing to 

deformation by different mechanisms. 



 

 

Figure 7. (a) Strain and potential change during measurement in a sensor with the melamine 

sponge. (b) Potential–stress and (c) potential–strain curves of the melamine sponge for 10 cycles. 

(d) SEM image of the melamine sponge. 

 

The advantage of macroporous materials with phase-separated structures is that they can 

change the light intensity even in small and thin bulk. MG15 works well at a thickness of less 

than 1 mm (Movie S5, Supporting Information), where the melamine sponge and urethane foam 

allow for considerable light penetration. The porous silicone surface is almost 100 % reflective 

(Figure 2d), allowing almost no light from the outside to penetrate. Furthermore, differences in 

structure affect the tactile feel as an interface. These features are expected to be applied to grippers 

with thin and flexible skin (Movie S6, Supporting Information). Future research on fabricating 

flexible monolithic porous materials with different compositions can provide a better 

understanding of the response characteristics of tactile sensors and other interface textures. 

 

Conclusion 

The compression of sol–gel-derived monolithic macroporous materials decreased diffuse 



transmittance because of absorption and multiple scattering. When MG15 was compressed by 

50 % relative to its total height, the light intensity around the light source decreased to 30 % of 

that before compression. This phenomenon was used to fabricate a simple tactile sensor by placing 

MGs on a photoreflector, which changed its electric potential upon compression. Multipoint 

sensing was achieved by increasing the number of photoreflectors. The sensor exhibited 

negligible hysteresis in the potential–strain curve but hysteresis in the potential–stress curve 

because of its viscoelasticity. When the PMMA monolith was used instead of MGs as an interface, 

a similar change in the light intensity was detected in response to compression. However, the 

magnitude of the change was smaller. This difference was because the skeletal structure was 

smaller than the optical wavelength and light scattering was less likely to occur. In contrast, when 

a melamine sponge with a cell structure was used as the sensor component, the detected light 

intensity increased with compression. This change was because the amount of light reflected in 

the vicinity of the light source by the skeleton increases with compression in cell structures with 

a scale of one order of magnitude larger than the wavelength of light. The advantage of 

macroporous materials produced using the sol–gel method over cellular networks is that they can 

change the light intensity even in bulk with a thickness of less than 1 mm. The development of 

other flexible porous materials with skeletal diameters close to the wavelength of light can expand 

the applications of this optical sensor. 
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