[image: image1]Detection of Foreign Bodies in Soft Foods Employing Tactile Image Sensor

		ORIGINAL RESEARCH
published: 03 December 2021
doi: 10.3389/frobt.2021.774080


[image: image2]
Detection of Foreign Bodies in Soft Foods Employing Tactile Image Sensor
Kazuhiro Shimonomura*, Tinghsuan Chang and Tomomi Murata
Department of Robotics, Ritsumeikan University, Kusatsu, Japan
Edited by:
Akihiko Yamaguchi, Tohoku University, Japan
Reviewed by:
Chaoyang Song, Southern University of Science and Technology, China
Edoardo Milana, Helmholtz Association of German Research Centers (HZ), Germany
* Correspondence: Kazuhiro Shimonomura, skazu@fc.ritsumei.ac.jp
Specialty section: This article was submitted to Soft Robotics, a section of the journal Frontiers in Robotics and AI
Received: 10 September 2021
Accepted: 16 November 2021
Published: 03 December 2021
Citation: Shimonomura K, Chang T and Murata T (2021) Detection of Foreign Bodies in Soft Foods Employing Tactile Image Sensor. Front. Robot. AI 8:774080. doi: 10.3389/frobt.2021.774080

In the inspection work involving foodstuffs in food factories, there are cases where people not only visually inspect foodstuffs, but must also physically touch foodstuffs with their hands to find foreign or undesirable objects mixed in the product. To contribute to the automation of the inspection process, this paper proposes a method for detecting foreign objects in food based on differences in hardness using a camera-based tactile image sensor. Because the foreign objects to be detected are often small, the tactile sensor requires a high spatial resolution. In addition, inspection work in food factories requires a sufficient inspection speed. The proposed cylindrical tactile image sensor meets these requirements because it can efficiently acquire high-resolution tactile images with a camera mounted inside while rolling the cylindrical sensor surface over the target object. By analyzing the images obtained from the tactile image sensor, we detected the presence of foreign objects and their locations. By using a reflective membrane-type sensor surface with high sensitivity, small and hard foreign bodies of sub-millimeter size mixed in with soft food were successfully detected. The effectiveness of the proposed method was confirmed through experiments to detect shell fragments left on the surface of raw shrimp and bones left in fish fillets.
Keywords: food inspection, tactile sensing, camera, image analysis, tactile image sensor
1 INTRODUCTION
Food safety is a major concern for consumers. Therefore, for companies engaged in food production and processing, quality control of food products is among the most important issues. In food factories, food pretreatment process such as washing, removal of inedible parts, and cutting of food materials takes place. In this process, the detection of foreign bodies can also be an important consideration. The term foreign bodies here refers to undesirable solids present in food products, and it includes intrinsic foreign bodies such as shell and bone in animal products, and extrinsic foreign bodies such as stones, strings, and insects. In order to detect foreign bodies in food automatically and efficiently, food inspection machines can be used. Food inspection machines for detecting foreign objects currently include metal detectors, X-ray inspection machines, and image inspection machines. Metal detectors can detect metal contamination by detecting changes in the target’s magnetic field which is affected by metal passing through it (Yamazaki et al., 2002). X-ray inspection machines are used to see through manufactured products (Mohd Khairi et al., 2018). The captured image can be analyzed to distinguish between foreign objects and other objects, and thus X-ray inspection machines can detect a wider range of objects than metal detectors, such as stones, glass, bones, and plastics. Such machines can also check for cracks and chips in weight and appearance (Mohd Khairi et al., 2018). Image inspection machines process camera images to inspect the appearance and size of the food product, and various computer vision algorithms have been developed depending on the target food (Brosnan and Sun, 2004). These conventional inspection methods for foods are noncontact methods that can detect foreign objects. However, when it comes to foreign objects that cannot be easily identified visually or small objects such as small bones, detection can be difficult, and in many cases, the final inspection is performed by human eyes or by touch. For example, if the food is soft and the foreign object to be detected is harder than the food, such as a bone left in a raw fish fillet, it may only be detectable through touch. This entails significant human resources and time, which add cost.
Tactile sensing in humans is distributed or arrayed to obtain the position and shape of the contact area. Tactile sensors with similar performance to a human fingertip should have a spatial resolution of 1–2 mm and encompass 50 to 100 sensing points (Dahiya et al., 2010). Furthermore, human tactile sense can clearly perceive submillimeter unevenness in terms of height. Depending on the type of product, some inspection work relies on the extremely sensitive tactile function of the human hand. To automate such inspection work, a tactile sensor with high spatial resolution and high sensitivity is required.
Tactile sensors that can obtain high spatial resolution and rich information using a camera have been proposed (Shimonomura, 2019). Here, we refer to such sensors as tactile image sensors. Various types of tactile image sensors have been developed to date (Shimonomura, 2019), and other new tactile image sensors have been proposed recently (Kuppuswamy et al., 2020; Lambeta et al., 2020). Our research group has developed several tactile image sensors and have tried to use them primarily for grasping control of robot hands and manipulation tasks so far (Shimonomura and Nakashima, 2013; Shimonomura et al., 2016; Nozu and Shimonomura, 2018). Tactile image sensors generally consist of a camera and a tactile skin that converts physical contact into a light signal that can be captured by a camera. Depending on how the contact is converted into optical information, it can be classified into several types (Shimonomura, 2019). For example, the marker displacement method is one of the most popular methods, in which a camera measures the displacement of a visual marker embedded in a soft material (Ward-Cherrier et al., 2018; Sferrazza and D’Andrea, 2019; Hofer et al., 2021). This method is suitable for detecting the magnitude and direction of a force. In the reflective membrane method, the camera captures small deformations on the surface of a sheet of flexible material covered with a reflective membrane (Yuan et al., 2017). Because minute irregularities on the sensor surface are emphasized by the illumination applied from the side, even very small irregularities in the contact area, such as human fingerprints, can be visualized. In this study, we develop a tactile image sensor using the reflective membrane method to detect minute foreign objects.
The main application of tactile image sensors is in robotic manipulation. Therefore, most of the sensors are of the fingertip or gripper type (Yamaguchi and Atkeson, 2019; Wang et al., 2020; She et al., 2021; Song et al., 2019). In addition, this type of sensor has been used for object identification (Li and Adelson, 2013) and texture classification (Patel et al., 2021). In (Lepora and Ward-Cherrier, 2016), a fingertip-shaped tactile image sensor was applied for quality control tasks. That demonstrated that their tactile quality control robot equipped with a tactile fingertip could perform a gap width inspection and identify gaps with submillimeter accuracy.
When using a fingertip-type sensor for inspection, multiple inspection points are touched sequentially one by one while repeatedly moving the sensor up and down. Therefore, when a large number of objects are to be inspected (such as in a food factory), these sensor shapes are not always efficient. Inspection work in food factories generally requires high inspection speed. To meet this requirement, we propose a cylindrical tactile image sensor. The cylindrical sensor surface is rolled over the inspection object to efficiently acquire a high-resolution tactile image. In this paper, we describe a method for detecting small and hard foreign bodies in soft foods using a cylindrical tactile image sensor. In the following sections, we describe the details of the cylindrical tactile image sensor. Then, we consider the conditions for detecting small foreign objects placed on soft objects through experiments using artificial objects. Finally, we apply the sensor to detection of foreign bodies in soft foods such as raw shrimp, raw fish fillet, and minced chicken.
2 MATERIALS AND METHODS
2.1 Principle of Detection of Hard Foreign Bodies in Soft Food Using a Tactile Image Sensor
A tactile image sensor using a camera detects the necessary tactile information through the image acquired by the camera observing the deformation of the sensor surface and the associated phenomena that occur when the sensor surface physically contacts an object (Shimonomura, 2019). The shape of the sensor surface is often flat or hemispherical, and the sensor surface is generally fixed to the camera.
In food factories, the target food ingredients are often placed in large quantities on an inspection table or belt conveyor. When using a flat tactile sensor found in many studies on tactile image sensor, the inspection is performed by moving the sensor up and down and touching the objects one by one. This method using a flat tactile sensor is very time consuming. Because inspection work in food factories requires reasonable inspection speed, it is necessary to perform inspections more efficiently. Therefore, in this study, we used a cylindrical-shaped sensor and acquired images by rolling it over objects on an inspection table or belt conveyor. This allows for more efficient inspection because it allows continuous inspection without moving the sensor up and down. We previously presented a prototype of the cylindrical tactile image sensor in (Shimonomura, 2019), and a similar sensor was reported in (Cao et al., 2021), in which the geometry of the cylindrical sensor was discussed.
In the cylindrical tactile image sensor used in this study, the method of conversion from physical contact to light signal is the reflective membrane-based sensor, as used in GelSight (Yuan et al., 2017) and a sensor we previously developed (Nozu and Shimonomura, 2018). Figure 1A shows the basic structure of the reflective membrane-based tactile image sensor used in this study. The surface of the transparent elastomer sheet is coated with a reflective membrane so that the illuminating light from the light source is well reflected. When an object makes contact with the sensor surface, the elastomer surface deforms, and some illumination light is reflected by the reflective membrane at the deformed point. By representing the surface as a height function, z = f (x, y), and assuming a diffuse reflective surface, the reflected light intensity I (x, y) can be expressed as follows:
[image: image]
where R is a reflective function defined based on the gradient of the surface ∂f/∂x and ∂f/∂y, and E is the illumination light intensity. The intensity of the reflected light can be changed by changing the gradient of the surface. As a result, a shading image reflecting these deformations appears in the image obtained from the camera. Of the deformation of the sensor surface, the side exposed to the illumination light looks bright on the image, and the opposite side looks dark on the image due to the shadow.
[image: Figure 1]FIGURE 1 | Principle of contact sensing with the tactile image sensor and detection of foreign bodies in soft foods. (A) basic structure of the reflective membrane-based tactile image sensor. Because the illumination light was installed only on the left side of the figure, the left side of the deformation which is exposed to the illumination light looks bright on the camera image, and the right side looks dark on the camera image due to the shadow. (B) and (C) mechanism of detection of foreign bodies. When pressing the soft food by the tactile sensor, the soft food which is softer than the elastomer in the sensor deforms and the sensor skin does not deforms. Since the foreign body is harder than the sensor skin, deformation of the sensor skin occurs at this point, and it can be detected on the camera image.
In this manner, the sensor responds to the unevenness of the contact surface, and the steeper the change in unevenness, the more clearly the response tends to appear on the image. On the other hand, even if the force applied to the sensor surface is large, if the shape of the sensor surface does not change, there is no response. For example, even if the sensor is firmly pressed to a hard flat surface without unevenness, no change occurs in the image. Figure 1B shows the expected mechanism with respect to the detection of hard foreign bodies on soft food. When pressing the sensor onto soft food, the food itself deforms. If the food is softer than the surface of the sensor, the foodstuff deforms largely and the surface of the sensor will not deform and no response will occur. On the other hand, when there is a hard foreign object, some of the hard foreign object will deform the sensor surface owing to the relationship between the hardness of the sensor surface and the hardness of the food. This allows the sensor to respond to and detect foreign objects.
2.2 Cylindrical Tactile Image Sensor
Figure 2A shows the structure of the cylindrical tactile image sensor used in this study. A layer of soft sensor surface is formed on the outer surface of a transparent hard acrylic cylinder. A transparent urethane gel sheet was used for this purpose. A reflective membrane (silver coating) is then formed on the surface of the sensor surface. To protect the surface, a thin sheet of polyurethane was used to cover the reflective surface. Using this structure, the entire outer surface of the cylinder becomes the contact detection surface. A camera is placed inside the cylinder. The camera is fixed to a shaft that does not rotate with the cylinder, and photographs the contact area from inside the cylinder. LEDs for illumination are placed near the camera to illuminate the sensor surface from within. Figure 2B shows a picture of the cylindrical tactile image sensor. The diameter and width of the acrylic pipe used for the cylindrical sensor body were 80 and 120 mm, respectively. The elastomer sheet used in the sensor surface was an urethane gel sheet (EXSEAL Co., Ltd.) with a thickness of 5 mm and with Asker C23 hardness. The outer surface of the urethane gel sheet was coated with silver paint and then covered with a 20 μm thick film of polyurethane (3M Tegaderm Roll). A camera (IDS UI-3251LE-C-HQ) and a white LED illumination light source were placed inside the cylinder. The resolution of the camera is 1,600 × 1,200 pixels. The cables for the camera and illumination light source were routed through the hollow shaft and were not affected by the rolling motion of the sensor body (Figure 2D).
[image: Figure 2]FIGURE 2 | The cylindrical tactile image sensor. (A) internal structure of the sensor seen from the side, (B) picture of the sensor, (C) enlarged view of the sensor skin. Outside surface of the urethane gel layer is coated by reflective membrane. (D) camera and illumination set in the cylindrical sensor body.
In actual use in a food factory, the cylindrical tactile image sensor can be fixed over a belt conveyor, assuming that the foodstuff is being moved by a belt conveyor. However, for the laboratory experiments in this study, the sensor was attached to a robotic arm (UFACTORY xArm 5 Lite) so that it could move at a certain speed in a specific direction (Figure 3).
[image: Figure 3]FIGURE 3 | Pictures of the robotic arm equipped with the cylindrical tactile image sensor.
2.3 Tactile Image Processing
Figure 4 shows a camera image obtained from the cylindrical tactile image sensor. The image was captured when the sensor was in contact with a board with periodically arranged holes. In the image, a response can be seen in the row near the middle of the image, indicating that this area is in contact with the board. In this study, the line near the middle (shown by the red dashed line in Figure 4) that makes contact when the sensor is pressed against the object from above is extracted and used. Because a short focal length lens is used, a large lens distortion is observed. To determine where the foreign object is detected, it is necessary to calibrate for the lens distortion to match the image coordinates to the external coordinates in addition to the position of the sensor itself. To calibrate the lens distortion, a standard camera calibration tool, such as those implemented in OpenCV (https://opencv.org/) which is an open source library for computer vision, can be used before the camera is placed inside the cylindrical sensor body. However, even after the camera is placed inside the cylinder of the tactile sensor, the x-direction of the image can be calibrated by a simpler method, that is, polynomial fitting can be applied by using the sensor output image responding to a flat plate with equally spaced bumps and holes to estimate the lens distortion in the x-direction. Figure 4B shows the image area of the row near the middle extracted from the original image shown in Figure 4A, and Figure 4C shows the image with correction in the x-direction after polynomial fitting.
[image: Figure 4]FIGURE 4 | Output image obtained from the tactile image sensor. (A) raw image. Red dashed line shows the center line in the y coordinate. (B) extracted image from the contact region without calibration, (C) calibrated image.
Figure 5 shows the flow of the tactile image processing to detect foreign bodies when continuously inspecting a target area. The cylindrical tactile sensor acquires image sequence while rolling over the target. The speed of the image acquisition depends on the frame rate of the camera. Then, a line around the middle (that corresponds to the location where makes contact) is extracted from each frame, and these lines are connected in the order of the frames to create an x − t image, of which size is 1,600 × (frame number). As mentioned previously, the deformation on the sensor surface occurred by the small hard foreign bodies in soft food appears as bright and dark pixel in the camera image. Here, the foreign bodies is detected by detecting bright pixel through simple binarization using fixed threshold value.
[image: Figure 5]FIGURE 5 | Tactile image processing for detecting foreign bodies in the proposed cylindrical tactile image sensor.
3 RESULTS
3.1 Detection of Hard Small Object in a Soft Object
Prior to the experiments using real food, we conducted preliminary experiments using artificial objects to clarify the conditions under which a hard foreign body can be detected in soft foodstuff. Figure 6 shows the experimental setup. A sheet of soft urethane gel sheet was used instead of soft food. Two levels of hardness were used: Asker C23 and Asker C0. The Asker C23 urethane gel is the same material used for the tactile sensor skin. For comparison, an experiment was conducted on a solid plate (metal tray) without a soft material. Nylon threads whose length was 5 mm, having diameters of 0.25, 0.5, and 0.9 mm were used as small hard foreign objects. The nylon thread pieces were placed on top of the urethane gel or solid plate, and the sensor output image was acquired by pressing the tactile image sensor to the thread. Figure 6B shows a picture of the nylon thread placed on white urethane gel.
[image: Figure 6]FIGURE 6 | Experimental setup for hard object piece detection experiment using artificial objects. (A) arrangement of the materials. Three kinds of object ware used; Solid plate (metal tray), urethane gel with Asker C23 hardness (EXSEAL Gel tack series), and urethane gel with Asker C0 hardness (EXSEAL seitai gel series). On these object, the nylon thread piece with 5 (mm) of length and with three different diameter were arranged; ϕ0.25 (mm), ϕ0.5 (mm), and ϕ0.9 (mm). (B) picture of the nylon thread piece located on the urethane gel sheet.
Figure 7 shows some output images obtained from the tactile image sensor for a 0.25 mm diameter nylon thread. In each image, a 100 × 300 pixel region around the response to the nylon thread was cropped from the output image. From the top row down, each row shows the tactile sensor output images for a solid plate, a urethane gel with hardness Asker C23, and a softer urethane gel with hardness Asker C0, respectively. The image for the Asker C0 material exhibited a weak response, but that for the solid plate exhibited a very strong response. The harder the material underneath the nylon thread, the larger the response, because the nylon thread presses more deeply into the sensor surface, causing greater deformation of the sensor surface. From left to right columns, the images were taken when the pressing force on the sensor was less than 1 N, approximately 2 N, and 3 N or higher, respectively. The larger the pressing force, the larger the response. When the soft material is Asker C0 and the pressing force is approximately 1 N, there is almost no response. On the other hand, when the object under the thread is a soft material with Asker C23 hardness or a solid plate, a clear response is obtained even when the pressing force is low, less than 1 N.
[image: Figure 7]FIGURE 7 | Experimental results of hard object piece detection: Output image for ϕ0.25 (mm) nylon thread piece. (A) raw image from the sensor, (B) binarized image. The area shown by white pixel is used as response of the sensor for each condition.
Figure 8 shows some of the output images of the tactile image sensor when the pressing force of the sensor was between 3 and 5 N. As indicated by Figure 7, the harder the object under the nylon thread is, the larger the response. Starting from the left column, the images were taken when the diameter of the nylon thread was 0.25, 0.5 and 0.9 mm, respectively. The larger the diameter of the nylon thread piece is, the larger the response. This is because the larger the size of the hard foreign object, even on soft material, the more it bites into the sensor surface, causing greater deformation of the sensor surface.
[image: Figure 8]FIGURE 8 | Experimental results of hard object piece detection: Output image for 3 to 5 (N) of pushing force. (A) raw image from the sensor, (B) binarized image.
Figure 7B and Figure 8B show the binarized images obtained from the output image of the tactile image sensor shown in Figure 7A, Figure 8A, respectively. Simple binarization with a fixed threshold value successfully extracts the response to the nylon thread. The area of the response region, represented by white pixels in the binarized image, was used to evaluate the strength of the response in each condition.
Figure 9 summarizes the results obtained in this experiment using artificial objects. In all graphs, the vertical axis indicates the area of the foreign object in the binarized image, and the horizontal axis represents the pressing force of the tactile image sensor. The three graphs show the results for different diameter of the nylon thread, and in each graph, the results for different hardness of the material on which the nylon thread piece was placed are compared. Although there were some exceptions, in all graphs, the response tended to increase as the pressing force increased, and the response appeared to become saturated when the pressing force exceeds 4 N. The harder the material placed under the nylon thread piece is, the larger the response. By comparing the plots represented by the same color in these three graphs, we can see that the larger the diameter of the nylon thread, the larger the response.
[image: Figure 9]FIGURE 9 | Experimental results of hard object piece detection: Relationship between sensor response (detected area) and pushing force in various conditions.
These results demonstrates that even in the condition with the smallest response, which is the combination of the 0.25 mm diameter nylon thread and Asker C0 urethane gel, if the tactile image sensor is pressed with a force of 4 N or higher, the response will be sufficiently large to allow detection. A clearer response was obtained for thicker nylon thread and harder object even for lower pressing force values.
3.2 Experiments Using Food
We conducted experiments to detect hard foreign bodies using actual food. The foods used were raw shrimp (Figure 10A), raw fish fillets (Figure 10B), and minced chicken (Figure 10C). In food factories, shrimp is often used as an ingredient in ready-to-eat foods. The hard shrimp shells should be removed, but some shell material may remain. Filleted fish should be deboned before packaging, but some small bones may be left behind. In these cases, workers sometimes need to find any remaining shells and bones by touching the product in food factories. In addition, minced meat may have small bone fragments mixed in during processing, and it is desirable to detect and remove them. In all cases, hard foreign bodies are mixed into soft food, and we attempt to detect the foreign bodies using the proposed cylindrical tactile image sensor.
[image: Figure 10]FIGURE 10 | Experimental results for foods. (A) raw shrimp, (B) raw fish fillet, and (C) minced chicken. From top to down, photo of the real foods, raw output images from the tactile image sensor (x − t image obtained by stacking single line extracted from each frame), and results of foreign bodies detection (binarized image).
In Figure 10, although somewhat difficult to see foreign bodies in food, there are small hard foreign bodies present in the area circled by red dashed line. In the experiment using raw shrimps, two out of the three shrimp have some shell pieces remaining and for comparison, one shrimp had its shell completely removed. In the fish fillet, there are bones present in three locations. You cannot see these bones in the figure, but when you touch these locations of the fish fillet used in the experiment, you can feel the hard bones. For the minced chicken, three small pieces of chicken bones were added to the minced meat prior to the experiment.
We acquired output images by rolling the cylindrical tactile image sensor over these food materials at a constant speed of approximately 30 mm/s. The middle row of Figure 10 shows the images acquired for each type of food. From each frame of the sensor output image, the lines corresponding to the contact region were extracted and concatenated in frame order to form an x − t space image, as mentioned in Section 2.3. For each food, it took approximately 10 s to scan the food item from the bottom to the top of the image, and the vertical axis of the x − t image corresponds to this timing. The brighter the pixels, the larger the response; furthermore, the largest response occurs where the hard foreign bodies are located in the food, as indicated by the red arrows. On the other hand, there is little response to the soft foods themselves. The binarized images are shown in the bottom row. In each food sample, all hard foreign bodies were detected, as expected. There were almost no false positives in areas where there were no foreign bodies, but one false positive was observed in the raw shrimp results, slightly above the center of the image.
4 DISCUSSION
4.1 Mechanism of Hard Piece Detection in Soft Object
The experimental results indicated that the larger the diameter of the nylon thread and the harder the object placed under the nylon thread, the greater the response of the tactile image sensor. This result seems intuitively reasonable, but we discuss the mechanism further based on the model shown in Figure 11. Consider the case where a hard nylon thread is placed on top of a soft object and the sensor surface is pressed against it. We consider the area where the nylon thread is inserted and the area where the sensor surface is in direct contact with the soft object as two separate compartments. In each compartment, the flexible material layer that makes up the sensor surface and the soft object layer are considered as springs with spring constants k1 and k2, respectively. We consider a state in which a force is applied from the natural length state (where no force is applied from above) and a state in which a force is applied and a displacement x occurs.
[image: Figure 11]FIGURE 11 | Simple spring model of foreign bodies detection mechanism with the tactile image sensor. Right image shows the same situation as Figure 6A, where the sensor skin is pushing the hard foreign object located on the soft food. Considering a small compartment extracted from two different part of the right figure, the part including hard object and the part without hard object, to estimate the static characteristics of the deformation of sensor skin and soft object in these two compartments.
For the model of the area where the sensor surface and the soft object are in direct contact, if the displacements of the flexible material layer that makes up the sensor surface and the soft object layer are x1 and x2, respectively, then x = x1 + x2, and the ratio of each displacement is the reciprocal of the ratio of the spring constants. Therefore, the ratio with respect to the total displacement is
[image: image]
For the model where the sensor surface and the soft object sandwich a piece of nylon thread, let the height of the nylon thread be T. Because of the hard acrylic plate on the sensor surface, the overall displacement is x as in the above case. However, assuming that the nylon filament is sufficiently hard so that it does not deform, the displacement between the sensor surface and the soft object layer will be x + T. Assuming a linear spring, for the displacement corresponding to T, the ratio of the displacement between the flexible material layer that makes up the sensor surface and the soft object layer will be the reciprocal of the ratio of the spring constants. Based on the principle shown in Figure 1, the magnitude of the tactile sensor response depends on the difference d in the sensor surface position between the areas without and with the hard nylon filament. Therefore, d is the displacement of the flexible material layer that makes up the sensor surface for the amount corresponding to T
[image: image]
In the compartment of the model, if the natural length and cross-sectional area of the flexible material layer that makes up the sensor surface and the layer of the soft object are the same, the spring constant can be replaced by the Young’s modulus of the material. The Young’s modulus of the flexible material used was provided by the manufacturer. Using these values, d = 0.41T if the object is Asker-C0 and d = 0.5T if the object is Asker-C23. These results indicated that the larger in diameter the nylon thread is, the stronger the sensor response will be because T (the nylon thread diameter) is larger. The softer the object is, the smaller the deformation of the sensor surface at the location where the nylon filament is pressed, and thus the smaller the sensor response. However, the quantitative relationship between the amount of deformation of the sensor surface and the strength of the sensor response is not clear; therefore, building a model that can quantitatively explain the sensor response is a future challenge.
4.2 Tactile Sensing for Food Inspection
In our experiments, we were able to detect hard foreign objects in three types of soft food. In all cases, the tactile image sensor detected foreign objects that were difficult to detect visually and could require tactile detection (by a human). In this paper, we demonstrated that the proposed sensor works well in some food samples. As a future work, it is necessary to evaluate the detection performance using a large number of target food in the environment of an actual food factory. In the experiment to detect remaining shells in raw shrimp, shells attached to the front side where the sensor surface made contact were detected. However, if a shell is located on the back side of the shrimp, it cannot be detected by touching it from the front side, so the shrimp must be turned to its other side to achieve full inspection. In this case, a mechanism to flip the shrimp over can be added, or a method to inspect the shrimp by sandwiching it between two roller-type sensors can be considered. For practical use, it is necessary to consider installing sensors according to the actual requirements in food factories. It is also necessary to consider how to remove detected foreign matter. The location of the detected foreign object can be determined from its position in the image, and this information can be used for removal purpose.
In this experiment, we acquired images while moving the sensor horizontally at a constant speed. Some of the foodstuffs used were moist, and the magnitude of friction varied depending on the foodstuff. Therefore, in some cases, the roller-type sensor rolled, and in other cases, it slipped over the food surfaces. However, in either case, the process of concatenating partial images from each frame of the output image was not affected. The rotating cylindrical structure of this sensor not only allows continuous inspection over a wide area, but also helps to limit the force applied to the foodstuff in the shear direction.
The force applied to the foodstuff varied depending on the height of the foodstuff and ranged from 2 to 7 N. This was the condition under which a sufficiently large sensor response to foreign matter could be expected based on the results of preliminary experiments. On the other hand, from the viewpoint of keeping the inspection conditions constant, it would be desirable to apply a constant pressing force to food under inspection. Adding such a mechanism to the sensor section is a topic for future work.
4.3 Speed of Inspection With Cylindrical Sensor
In the pretreatment of foodstuffs in a food factory, it is generally necessary to process a large amount of foodstuffs, and therefore, inspections should be performed as quickly as possible. In this study, we proposed a cylindrical tactile image sensor that can continuously inspect food while rolling over the food to be inspected, assuming that the food is moving on a belt conveyor. This allows the inspection to proceed smoothly, and the inspection speed was approximately 30 mm/s in the experiments using actual food. The inspection speed should be further increased for practical applications.
In the cylindrical tactile image sensor, the physical length of the contact surface corresponding to the width of one pixel was approximately 100 μm. If only one line of the sensor output image is cut out and the camera is set to a frame rate of 30 fps, the possible scanning speed to avoid missing foreign objects would be 100 μm/(1/30) s = 3 mm/s. If the scanning speed is faster than this, either foreign objects will be missed or the area of the foreign object detected will be small. In this experiment, the area of foreign matter detected appears to be slightly smaller owing to this effect. If a high-speed camera with a frame rate 10 times faster is used, the scanning speed can also be increased by 10 times.
In addition, the scanning speed can be improved by increasing the range of the image to be extracted and used for foreign object detection. If 100 lines are used in the sensor output image, instead of only the center row (one line) on the image corresponding to the lowest point of the cylindrical sensor surface, a foreign object can be detected if it falls within the corresponding 10 mm range in each frame. Therefore, the scanning speed can be increased by a factor of 100, which reaches 300 mm/s and is suitable for the belt conveyor inspection. To adopt this method, it will be necessary to evaluate the detection accuracy when a foreign object touches a position deviating from the lowest point of the cylindrical sensor surface, and to determine the appropriate pressing force so that the contact range between the sensor surface and the food is widened and the detectable range of foreign objects is increased. Such improvements involving higher speeds are future tasks.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article are available from the corresponding author upon request.
AUTHOR CONTRIBUTIONS
Contributions of the authors are as follows: KS, Proposal of the concept, data analysis and writing; TC, Data collection and analysis; TM, Sensor fabrication and data collection. All authors have read and agreed to the published version of the manuscript.
FUNDING
This work was supported by the Cabinet Office (CAO), Cross-ministerial Strategic Innovation Promotion Program (SIP), “An intelligent knowledge processing infrastructure, integrating physical and virtual domains” (funding agency: NEDO).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Brosnan, T., and Sun, D.-W. (2004). Improving Quality Inspection of Food Products by Computer Vision-Aa Review. J. Food Eng. 61, 3–16. doi:10.1016/S0260-8774(03)00183-3
 Cao, G., Jiang, J., Lu, C., Fernandes Gomes, D., and Luo, S. (2021). Touchroller: A Rolling Optical Tactile Sensor for Rapid Assessment of Large Surfaces. arXiv:2103.00595. 
 Dahiya, R. S., Metta, G., Valle, M., and Sandini, G. (2010). Tactile Sensing-From Humans to Humanoids. IEEE Trans. Robot. 26, 1–20. doi:10.1109/tro.2009.2033627
 Hofer, M., Sferrazza, C., and D’Andrea, R. (2021). A Vision-Based Sensing Approach for a Spherical Soft Robotic Arm. Front. Robot. AI 8, 8. doi:10.3389/frobt.2021.630935
 Kuppuswamy, N., Alspach, A., Uttamchandani, A., Creasey, S., Ikeda, T., and Tedrake, R. (2020). “Soft-Bubble Grippers for Robust and Perceptive Manipulation,” in 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),  (October, 2020), 9917–9924. doi:10.1109/IROS45743.2020.9341534
 Lambeta, M., Chou, P.-W., Tian, S., Yang, B., Maloon, B., Most, V. R., et al. (2020). Digit: A Novel Design for a Low-Cost Compact High-Resolution Tactile Sensor with Application to In-Hand Manipulation. IEEE Robot. Autom. Lett. 5, 3838–3845. doi:10.1109/lra.2020.2977257
 Lepora, N. F., and Ward-Cherrier, B. (2016). Tactile Quality Control with Biomimetic Active Touch. IEEE Robot. Autom. Lett. 1, 646–652. doi:10.1109/lra.2016.2524071
 Li, R., and Adelson, E. H. (2013). “Sensing and Recognizing Surface Textures Using a Gelsight Sensor,” in 2013 IEEE Conference on Computer Vision and Pattern Recognition,  (Portland, OR, June, 2013), 1241–1247. doi:10.1109/cvpr.2013.164
 Mohd Khairi, M., Ibrahim, S., Md Yunus, M., and Faramarzi, M. (2018). Noninvasive Techniques for Detection of Foreign Bodies in Food: A Review. J. Food Process Eng. 41, e12808. doi:10.1111/jfpe.12808
 Nozu, K., and Shimonomura, K. (2018). “Robotic Bolt Insertion and Tightening Based on In-Hand Object Localization and Force Sensing,” in 2018 IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM),  (Auckland, New Zealand, July, 2018), 310–315. doi:10.1109/aim.2018.8452338
 Patel, R., Ouyang, R., Romero, B., and Adelson, E. (2021). “Digger finger: Gelsight Tactile Sensor for Object Identification inside Granular media,” in Experimental Robotics. ISER 2020. Springer Proceedings in Advanced Robotics , 19, 105–115. doi:10.1007/978-3-030-71151-1_10
 Sferrazza, C., and D'Andrea, R. (2019). Design, Motivation and Evaluation of a Full-Resolution Optical Tactile Sensor. Sensors (Basel) 19, 928. doi:10.3390/s19040928
 She, Y., Wang, S., Dong, S., Sunil, N., Rodriguez, A., and Adelson, E. (2021). Cable Manipulation with a Tactile-Reactive Gripper. Int. J. Rob. Res. . doi:10.1177/02783649211027233
 Shimonomura, K., and Nakashima, H. (2013). A Combined Tactile and Proximity Sensing Employing a Compound-Eye Camera.IEEE Sens. 2013, 1464–1465. doi:10.1109/icsens.2013.6688497
 Shimonomura, K., Nakashima, H., and Nozu, K. (2016). “Robotic Grasp Control with High-Resolution Combined Tactile and Proximity Sensing,” in 2016 IEEE International Conference on Robotics and Automation (ICRA),  (Stockholm, Sweden, May, 2016), 138–143. doi:10.1109/ICRA.2016.7487126
 Shimonomura, K. (2019). Tactile Image Sensors Employing Camera: A Review. Sensors 19, 3933. doi:10.3390/s19183933
 Song, H., Bhattacharjee, T., and Srinivasa, S. S. (2019). “Sensing Shear Forces during Food Manipulation: Resolving the Trade-Off between Range and Sensitivity,” in 2019 International Conference on Robotics and Automation (ICRA),  (Montreal, Canada, May, 2019), 8367–8373. doi:10.1109/ICRA.2019.8794350
 Wang, C., Wang, S., Romero, B., Veiga, F., and Adelson, E. (2020). “Swingbot: Learning Physical Features from In-Hand Tactile Exploration for Dynamic Swing-Up Manipulation,” in 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),  (October, 2020), 5633–5640. doi:10.1109/IROS45743.2020.9341006
 Ward-Cherrier, B., Pestell, N., Cramphorn, L., Winstone, B., Giannaccini, M. E., Rossiter, J., et al. (2018). The Tactip Family: Soft Optical Tactile Sensors with 3d-Printed Biomimetic Morphologies. Soft Rob. 5, 216–227. doi:10.1089/soro.2017.0052
 Yamaguchi, A., and Atkeson, C. G. (2019). Recent Progress in Tactile Sensing and Sensors for Robotic Manipulation: Can We Turn Tactile Sensing into Vision?Adv. Rob. 33, 661–673. doi:10.1080/01691864.2019.1632222
 Yamazaki, S., Nakane, H., and Tanaka, A. (2002). Basic Analysis of a Metal Detector. IEEE Trans. Instrum. Meas. 51, 810–814. doi:10.1109/TIM.2002.803397
 Yuan, W., Dong, S., and Adelson, E. (2017). Gelsight: High-Resolution Robot Tactile Sensors for Estimating Geometry and Force. Sensors 17, 2762. doi:10.3390/s17122762
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Shimonomura, Chang and Murata. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_2.gif
.
o Kk

@





OPS/xhtml/nav.xhtml
Contents

		Cover

		Detection of Foreign Bodies in Soft Foods Employing Tactile Image Sensor		1 Introduction

		2 Materials and Methods		2.1 Principle of Detection of Hard Foreign Bodies in Soft Food Using a Tactile Image Sensor

		2.2 Cylindrical Tactile Image Sensor

		2.3 Tactile Image Processing





		3 Results		3.1 Detection of Hard Small Object in a Soft Object

		3.2 Experiments Using Food





		4 Discussion		4.1 Mechanism of Hard Piece Detection in Soft Object

		4.2 Tactile Sensing for Food Inspection

		4.3 Speed of Inspection With Cylindrical Sensor





		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/math_1.gif
[(x.9) = R|

E(xy)

[0





OPS/images/math_3.gif
&





OPS/images/frobt-08-774080-g011.gif
-

P——
hoor 23)

P
-sonctiec






OPS/images/frobt-08-774080-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
1N Robotics and Al





OPS/images/frobt-08-774080-g005.gif





OPS/images/frobt-08-774080-g006.gif
e

s @az8 0% 2o

o =

@ et v





OPS/images/frobt-08-774080-g003.gif





OPS/images/frobt-08-774080-g004.gif





OPS/images/frobt-08-774080-g009.gif





OPS/images/frobt-08-774080-g007.gif
AakorCO

o Aomd 2Nl o3 e v r———





OPS/images/frobt-08-774080-g008.gif
A

sm,“‘m_-":“' T“ ==3

et e e mas






OPS/images/cover.jpg
frontiers
In Robotics and Al

Detection of Foreign Bodies in
Soft Foods Employing Tactile
Image Sensor





OPS/images/frobt-08-774080-g001.gif





OPS/images/frobt-08-774080-g002.gif





