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Abstract—Disaster response robots are designed to replace 

human workers in hazardous environments. When 

transporting such robots, transportation by aircraft is 

sometimes desirable because land routes are not always safe. 

The performance of disaster response robots is constantly 

improving; however, their volume and mass tend to increase, 

which makes current disaster response robots unsuitable for 

air transportation. Thus, robots with variable size and 

rigidity should be developed to facilitate effective and 

efficient air transport. Therefore, we developed a lightweight 

robot that can be stored in a small space. The prototype robot 

is composed of a lightweight sponge that can be vacuum 

compressed to save space during transportation and can be 

deployed from the air. After being transported to the site, the 

robot can return to its original size by opening the package 

and releasing it from compression. In addition, the robot’s 

rigidity is realized using UV-curing resin. The robot is also 

equipped with a vibration propulsion mechanism, and we 

confirmed that the robot can move using this mechanism. 

Furthermore, the robot was found to be able to change 

direction and carry lightweight objects.    

 

Keywords—size change, stiffness change, soft robotics, 

disaster response robot 

 

I. INTRODUCTION 

Recently, studies have reported on disaster response 

robots to solve problems in various environments that 

cannot be accessed by humans [1]. Robots equipped with 

crawlers have been designed to work in disaster 

environments on the ground [2–5]. In addition, multi-

legged robots that move in three dimensions have been 

investigated [6–8], and snake-like robots that mimic the 

shape and locomotive abilities of snakes have been 

developed for use in closed spaces [9–11]. Some studies 

have also proposed robots that combine the above 

features [12]. However, as rescue robots become 

increasingly sophisticated, their structures tend to become 

more complex, larger, and heavier. When disaster response 

robots are deployed in disaster environments, it is 

frequently difficult to select an effective land route; thus, 

it is important to develop robots that can be transported by 

air. Our goal is to develop soft and lightweight disaster 

response robots that can be deployed from an aircraft. 
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In the robotics field, small robots have been studied 

actively [13–16]. For example, a starfish-inspired milli-

soft robot has been developed previously [17]. Such small 

robots can easily enter narrow spaces; however, they are 

too small for use as disaster robots. 

Thus, we investigate the feasibility of a robot that is both 

small and soft during transportation but can become 

sufficiently large and hard during operation. 

Previous studies have investigated inflatable robots that 

can their increase volume by increasing air pressure. 

Inflatable robots have been designed with various shapes, 

including human-like robots [18, 19], arm-shaped  

robots [20–22], and sheet-shaped robots [23, 24]. However, 

inflatable robots are made of soft vinyl sheets, and their 

rigidity does not change. Thus, inflatable robots are not 

suitable for various tasks, e.g., transporting supplies 

needed by disaster response robots in the field. 

To solve the problems, we focus on two materials, i.e., 

sponges, which are compressible foam materials, and 

Ultraviolet light curing resin (UV-curing resin), which can 

be cured by sunlight. Sponges are soft and light, and they 

can be deployed safely from the air. In addition, sponges 

are porous; thus, their volume can be reduced via vacuum 

compression when transported by air. If the compressed 

robot body is opened at a disaster site, the sponge will 

return to its original size; thus, much larger robots can be 

used at disaster sites. Sponges are porous; therefore, they 

can store large volumes of liquid. Consequently, we 

considered a method to increase the robot’s rigidity by 

curing it with UV-curing resin. In this study, we developed 

a prototype and achieved locomotion using a vibration 

motor and attaching ratchet materials to the bottom of the 

robot. Evaluations confirmed that such robots can 

transport hex nuts. 

II. BASIC CONCEPT 

Fig. 1 shows a schematic diagram of the basic concept 

of the proposed robot. In the event of a severe disaster, 

major roads can be cut off, which makes it difficult to 

transport supplies and secure personnel to search for 
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missing people. Disaster response robots are a promising 

approach to solving this problem. 

However, many disaster response robots are made of 

hard metal; thus, each robot must be transported directly to 

the disaster area. To solve this problem, we investigate soft 

disaster response robots that can be deployed from the air. 

As shown in Fig. 1, the robot is miniaturized to reduce the 

storage space required when mounted on an aircraft. Once 

the soft robot arrives at the disaster site, it is enlarged to a 

size that is suitable for on-site work. In addition, the robot 

is hardened to improve its ability to perform work. 

 

 

Fig. 1. Basic concept of the proposed robot. The top diagram shows the assumed scenario. The photographs show the sponges in each state. 

In this study, we used sponges to enable the robot to 

change its size. To harden the robot during use, we utilized 

UV-curing resin, which can be cured by sunlight. During 

transportation, the soft sponge body of the robot is 

compressed by vacuum packing. After transportation, the 

robot is enlarged to its original size by releasing the 

pressure. We achieve greater hardness than the original 

sponge by curing the UV-curable resin that has penetrated 

into the sponge. The sponge is cut out according to its 

intended use before vacuum packing. Thus, the finished 

product can be prepared with simple operations at the 

disaster site. This approach reduces storage space during 

transportation. After expanding to the original size, the 

voids in the foam material can be filled with UV-curing 

resin to realize high hardness. As a simple implementation 

example, the prototype robot developed in this study 

employs vibration propulsion, which takes advantage of 

the characteristics of the robot’s constituent sponge using 

vibration motors and ratchet materials. 

III. COMPACT STRAGE OF THE ROBOT BODY 

Here, we describe the actual implementation method 

according to the flow of the scenario (Fig. 1). We also 

describe the compression of urethane, which is the 

constituent material of the robot. We envision that this 

compression will be performed in advance for air transport. 

The urethane sponges can be compressed from the outside 

to reduce their volume significantly, and they can return to 

their original size when the air pressure is released. Thus, 

we sealed the urethane foam sponge in a nylon-

polyethylene sheet bag with a vacuum inside and 

compared the original and compressed sizes. Here, we 

used the VPF-385T (Iris Ohyama Inc.) vacuum-preserving 

food sealer to compress the urethane foam sponges. Its 

degassing power is approximately 66.7 kPa. This allows 

the air pressure inside the nylon-polyethylene sheet bag to 

be reduced to one-third of atmospheric pressure. 

First, we cut out a 2 cm × 7 cm × 3 cm rectangle piece 

of urethane foam sponge. Then, a nylon-polyethylene 

sheet bag was prepared for vacuum packing. The nylon-

polyethylene sheet bag was made of two nylon-

polyethylene sheets. Its size was approximately 16 cm × 

14 cm. The thickness of the bag was 0.35 mm. In addition, 

the urethane foam sponge was placed near the center of the 

nylon-polyethylene sheet bag with the 7 cm × 3 cm side 

facing the sheets. We then degassed the bag with the 

sponge inside and sealed it. Fig. 2 shows the deformation 

of the urethane foam sponge by vacuum compression. The 

flat size of the urethane foam sponge was generally 

unchanged before and after vacuum compression. 

However, the thickness of the sponge was compressed 

from approximately 2 cm to 3 mm, representing a 85% 

reduction in volume. 

 

 

Fig. 2. Image of urethane foam sponge miniaturized by vacuum 

compression. The shrinkage is mainly noticeable in the vertical direction. 
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IV. MECHANICAL PROPRETIES 

A. Experimental Procedure 

In our experimental scenario, we assumed that, after 

being deployed from the air, the robot should become large 

and rigid during the usage stage. Here, a three-point 

bending test was performed to investigate the stiffness of 

the urethane foam sponge cured via UV-curing resin. A 

urethane foam sponge with high porosity was used to 

facilitate the UV-curing resin process. Note that it is 

difficult to cut a sponge with high porosity; thus, the size 

of the test samples was relatively large, with approximate 

dimensions of 10 mm in thickness, 70 mm in length, and 

20 mm in width. After cutting the sponge, we soaked it 

thoroughly in UV curing resin, placed it on a polyethylene 

sheet, and exposed it to UV light. Preparation of the 

sample was completed when the UV-curing resin was 

cured sufficiently. Using this process, a total of 14 samples 

were fabricated while varying the mass of the UV-curing 

resin in the sponge. 

An MCT-2150 (A&D Co., Ltd.) force tester was 

attached to a jig to perform a three-point bending test. The 

radii of the upper and lower fulcrums of this jig were 5 mm, 

the rate of compression was 10 mm/min, and the distance 

between the fulcrums was 50 mm. 

In this test, each sample was placed on the fulcrum stand 

with the surface faced it that was the bottom surface when 

the resin cured. The position of each sample was adjusted 

such that the force was applied near the center during the 

test. 

B. Experimental Results 

The urethane foam sponges were cut prior to conducting 

the experiments. The mass was approximately 0.4 g. These 

were filled with 0–8.8 g of UV-curing resin and cured. The 

mass of the UV-curing resin cured to the same size (70 mm 

× 20 mm ×10 mm) was approximately 13 g. 

In the above samples, the three-point bending test was 

conducted. From this experiment, the deflection-bend load 

curves were obtained for each sample. In addition, the 

bending stresses were calculated from these curves. The 

bending stress value is calculated as follows: 

 σ = 
3FmaxL

2bh2
 (1) 

where σ and Fmax are the bending stress and the maximum 

point of the bending load, respectively, and L, b, and h 

represent the distance between the fulcrums, the width of 

the test sample, and the thickness of the test sample, 

respectively. The bending stress value for the sample size 

was measured at five points at each distance prior to the 

test, and the average value was calculated for each sample. 

Fig. 3 plots the relationship between the bending stress 

of each sample and the mass of the UV-curing resin in the 

sample. As can be seen, the bending stress increased as the 

mass of the UV-curing resin increased. 

 

Fig. 3. Graph plotting the relationship between the mass of UV-curing 

resin in the sample and its bending stress. 

V. PROTOTYPE ROBOT 

A.    Structure Fabrication 

In this section, we describe the method used to fabricate 

the prototype robot. Fig. 4(a) shows the appearance of the 

prototype robot. In this case, a urethane foam sponge is cut 

out a 2 cm × 7 cm×3 cm rectangle. The density of the 

urethane foam sponge was 22 kg/m3. We then soaked one 

side of the 2 cm × 7 cm surface of the sponge in the UV-

curing resin for a few millimeters. After the UV-curing 

resin fully penetrated the target surface, the sponge was 

placed on a polyethylene sheet with the soaked surface 

down. The sponge was moved to the polyethylene sheet to 

make it easier for the sponge to separate from the ground 

surface after curing. Then, the sponge on the polyethylene 

sheet was placed under a UV light and irradiated from the 

top. After the sponge was cured for a sufficient period, it 

was removed and turned upside down, and UV light was 

applied again to complete the curing process. The basic 

structure of the robot primarily comprised coarse urethane 

foam sponge and UV-curing resin. 

B.  Power Source Installation and Drive Mechanism 

 ere, we discuss the imp ementation of the robot’s 

power supply and how the robot moves. The locomotion 

of the robot was achieved using a DC vibration motor. The 

DC vibration motor had an eccentric weight attached to its 

rotating part to generate vibration synchronized with motor 

rotation. This was glued to the top front of the sponge, 

which was previously hardened via UV-curing resin, with 

the hardened side of the sponge on the top side. 

In addition, as shown in Fig. 4(b), a climbing skin with 

a ratchet structure was attached to the nonhardened 2 cm × 

7 cm side (the bottom of the sponge). This implementation 

provides low friction when moving forward. Fig. 4(c) 

shows a schematic diagram of the prototype robot. 
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Fig. 4. Driving mechanism of the proposed robot using vibration motors. (a) Appearance of the prototype robot. (b) Ratchet structure of the climbing 

skin attached to the bottom of the robot. (c) Schematic diagram of the components of the proposed robot. (d) Conceptual diagram of the forward 

movement mechanism by vibration propulsion. 

The robot’s driving mechanism is described as fo  ows. 

The mechanism is generally referred to as vibration 

propulsion [25]. Fig. 4(d) shows a schematic diagram of 

the series of driving mechanisms. First, a current is applied 

to the vibration motor to rotate the eccentric weight. The 

generated vibrations are transmitted to the entire robot. 

During this process, the force that distorts the sponge is 

applied to the middle layer of the sponge. The distorted 

sponge then returns to its original shape due to its elasticity. 

As a result, the frictional forces of the climbing skin create 

a sliding force on the surface. The direction of the 

generated force is fixed due to the ratchet structure of the 

climbing skin. Thus, the robot can move forward by 

repeating these movements at the period of oscillation. 

VI. EXPERIMENTAL DEMONSTRATION AND RESULTS 

 Finally, we demonstrate the operation of the proposed 

robot. In this section, we discuss a robot with the shape 

shown in Fig. 5(a), which is a parallel connection of the 

fabricated robots discussed in the previous sections. We 

expected that this configuration would make it possible to 

change direction by driving either the left or right vibration 

motor. The size of the basic structural part of this robot was 

approximately 8 cm in length and width, and 3 cm in 

thickness, with the front center portion cut out to roughly 

4 cm × 6 cm × 3 cm. The method used to manufacture this 

robot was essentially the same as that described in the 

Section V.  

With this robot, we initially measured the moving speed. 

This experiment was conducted on a desk with a melamine 

resin decorative board top. The left and right motors were 

connected to their own batteries. Fig. 5(b) shows an 

example of the experiment. The distance traveled was 

approximately 40 cm in a straight line. We measured the 

time required to travel this distance four times and 

calculated the average value. As a result, the average 

moving speed of this robot was 0.93 cm/s. 

In addition, we conducted an experiment assuming that 

the robot shown in Fig. 5(a) was equipped with a power 

supply. Here, a battery (mass: 11 g) was fixed to the upper 

rear of the robot, and the speed of the robot’s movement 

was measured. Fig. 5(c) shows an example of this 

experiment. Under this condition, we found that the 

average moving speed of the robot was 0.56 cm/s. 
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Fig. 5. Demonstration of the robot's drive. (a) Appearance of the demonstration robot. (b) View of the robot moving in a straight line. (c) View of the 

robot moving in a straight line with a weight on it. (d) View of the collection and transport of nuts by the robot. The elapsed time up to that point is 

shown near each robot. The initial position of the nut is also shown in (d). 

Finally, we conducted an experiment that assumed the 

collection and transport of objects. Here, we used three 

common hexagonal nuts weighing approximately 2 g as 

collection objects. These objects were placed at three 

locations on the same tabletop as the robot. The objects 

were contained in turn in the empty space in the center of 

the robot and transported in a dragging manner. This 

experiment is shown in Fig. 5(d). We found that the robot 

could collect and transport all three hex nuts. However, the 

robot’s movement speed decreased with each collected hex 

nut. In particu ar, the robot’s movement speed decreased 

significantly after the third hex nut was recovered and was 

two to three times slower than when nothing was being 

carried. 

VII. DISCUSSION AND CONCLUSION 

We have proposed the conceptual design and a 

prototype for a robot that can be stored in a small and soft 

state and then become large and rigid when used. To 

clarify our concept, we developed the robot that enabled 

saving space during transportation by vacuum 

compressing the robot, which was possible due the 

inherent e asticity of the robot’s constituent materia s. The 

basic component of this robot can be reduced to 15% of its 

original volume during transportation. After transportation, 

it can be restored to its original shape and size by releasing 

it from compression. In addition, the robot gains rigidity 

by adding UV-curing resin to its sponge structure and 

exposing it to sunlight in a natural environment, which 

allows it to be used as a disaster response robot. We 

confirmed that the proposed robot can execute basic 

forward vibration propulsion using a vibration motor as a 

driving source. 

In addition, a three-point bending test was conducted to 

investigate the mechanica  strength of the robot’s basic 

structure. A compression test was also conducted, and the 

sample used in the test was 3 cm × 3 cm×2 cm and 

contained approximately 3 g of UV-cured resin. The 

compression test was terminated when the measurement 

limit of 500 N was reached, at which time the sample was 

compressed by approximately 3 mm. This and the three-

point bending test results indicate that the urethane foam 

sponge cured by UV-curing resin is sufficiently strong 

against compression. In addition, we confirmed that the 

proposed robot exhibits sufficient rigidity after curing. 

In addition, in this three-point bending test, variations in 

bending stress were observed when the mass of the UV-

cured resin was relatively large. This is thought to be due 

to the lack of uniformity in the composition of the samples. 

In this study, we manually penetrated and cured the UV-

cured resin into the sponge. This may have caused a slight 

bias in the UV resin in the sponge. We believe that this 

bias caused bending to occur in areas where the density of 

the UV-curing resin was smaller. 

In this study, we soaked a few millimeters of the top 

surface of the robot in UV-curing resin and cured it. This 

was performed because we found that when robot that was 

completely soaked with resin and cured, it had a lower 

forward speed than the partially soaked robot. We consider 

that this was due to the movement method, i.e., the 

vibration motor. When a urethane foam sponge was cured 

with UV curing resin, its rigidity increases; however, its 

elasticity characteristic is lost. The loss of elasticity has a 

negative effect on the robot’s movement. In addition, there 

was a significant reduction in movement speed during the 

object collection and transport demonstration. We believe 

that resistance of the objects being collected affected the 
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vibrational propulsion of the robot. Therefore, in the future, 

we plan to conduct a more detailed mechanical 

investigation of the impact of movement by vibration 

motors on the robot. In addition, we will consider other 

propulsion mechanisms to create more practical robots. 
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