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Introduction  

Petroleum-based plastics, particularly those contributing to marine plastic pollution, impose a 
significant environmental burden and have become a global issue. [1] Therefore, alternative materials that can 
decompose more easily in nature and be produced sustainably are increasingly required. Plants contain 
components involved in material formation, such as cellulose fibres and starch. Therefore, this study examined 
the potential and limitations of vegetable-derived materials by producing paper-like materials from several 
types of vegetables and comparing their strength and structure. 

 

Background  

Although petroleum-derived plastics are lightweight and easy to process, they decompose slowly in 
nature. According to UNEP, 19 to 23 million tonnes of plastic waste leak into aquatic ecosystems every year. [1]  

An important component of plant-derived materials is cellulose. Cellulose is a major structural 
component of plant cell walls and consists of linear molecular chains of β-glucose. These molecular chains are 
connected by hydrogen bonds and form highly crystalline microfibrils. Because this fibrous structure 
contributes to the tensile strength of plant cell walls, cellulose fibres remaining after processing may affect the 
strength of the paper-like samples. [2] However, its biodegradability varies depending on the fibre structure, 
the number of other components such as lignin and pectin, and environmental conditions. [3] 

Starch is also a natural polymer involved in material formation. When heated with water, starch 
gelatinises, and the leaching of amylose forms a continuous network. Therefore, starch may help form film-like 
materials. On the other hand, starch-based films tend to become brittle after drying and are also easily affected 
by moisture. Thus, differences in cellulose fibres and starch between vegetables may affect sample structure 
and strength. 

 

Research Question  

How does vegetable type affect the fibre structure and tensile strength of paper-like samples? 

 

Hypothesis  

In vegetable-derived paper-like samples, internal structure after processing may depend on raw 
material. In particular, the way components such as plant fibres and starch remain in the sample is considered 
to affect how well the sample holds together and how resistant it is to tensile load. Therefore, this study 
predicted that differences in the internal composition of each type of vegetable may be related to the tensile 
strength of the paper-like samples produced. 
 



Methods  

The experiment was conducted in three stages: preparation of paper-like samples, microscopic 
observation, and tensile strength testing. 

Variables are defined in Table 1. 

Variable type Variable in this 
study 

Details 

Independent 
variable 

Type of vegetable Four vegetables were compared: celery, potato, sweet potato, and 
carrot. 

Dependent 
variables 

Tensile strength Tensile strength was calculated from the breaking load measured 
using the Vernier Structures & Materials Tester and the cross-
sectional area of each test piece. 

Controlled 
variables 

Sample preparation 
conditions 

For the preparation of the paper-like samples, the following 
conditions were controlled: 

• Mass of vegetable: 60 g 

• Size of vegetable pieces: 1cm cubes 

• Sodium hydroxide solution: 150 mL of 0.1 mol/L NaOH solution 

• Heating time: 35 minutes 

• Neutralisation process: 30 mL of 0.5 mol/L hydrochloric acid was 
used. 

• Grinding method: the collected solids were ground into a paste 
using a mortar and pestle. 

• Forming method: the paste was spread onto baking paper. 

• Pressing method: the samples were pressed with a total of 3 
kilograms of weights twice for 3 minutes each. 

• Drying method: the samples were dried in a fume cupboard. 

Controlled 
variables 

Tensile testing 
conditions 

The tensile testing conditions were also controlled. Each test piece 
was cut to a width of 10.0 mm, and a central unsupported section of 
20.0 mm was left between the fixed sections. Both ends of each test 
piece were attached to cardboard supports using adhesive, and for all 
samples, the cardboard supports were clamped to the Vernier 
Structures & Materials Tester in the same way. The maximum load at 
the point of breaking was recorded using the measurement system. 

Table 1. Independent, Dependent, and Controlled Variables in This Investigation 

1. Preparation of paper-like samples 

Each vegetable sample, weighing 60 g, was cut into 1 cm cubes and heated in 150 mL of 0.1 mol/L 
aqueous NaOH solution for 35 minutes. After heating, the mixture was neutralised with 30 mL of 0.5 mol/L 
hydrochloric acid, and the solid material was collected by filtration. The collected solids were ground into a 
paste using a mortar and pestle, spread onto baking paper, and pressed with weights twice for 3 minutes each 
to make the thickness more uniform. After excess water was removed, the samples were dried in a fume 
cupboard to reduce the risk of mould growth. 

This method was based on Japanese washi papermaking, in which plant fibres are dispersed, formed 
into thin sheets, and dried. [5] [6] However, this experiment did not reproduce the raw materials or processes 
used in traditional washi production. Instead, it was a simplified method for producing paper-like samples using 
vegetable-derived fibres. 

2. Microscopic observation 

Optical microscopy was chosen because it allowed visible features, such as fibre-like structures, fibre 



density, and granular structures, to be directly observed and compared between samples. Each sample was 
observed at magnifications of 40× and 100×. During the observations, attention was paid to features such as 
the remaining fibres and fibre density, and the structures were compared to determine whether differences 
could be observed depending on the type of vegetable. 

3. Tensile strength testing 

The Vernier Structures & Materials Tester was chosen because it could measure the breaking load 
more consistently and quantitatively than pulling the samples by hand. This made it possible to apply a 
controlled tensile load and compare the samples under fairer experimental conditions. 

The prepared paper-like samples were cut into test pieces with a width of 10.0 mm, and both ends 
were fixed to cardboard supports using adhesive. A central section of 20.0 mm was left between the fixed parts, 
where the sample was not covered with adhesive. 

A Vernier Structures & Materials Tester was used for the strength testing. The cardboard support was 
attached to the device, and a vertical tensile load was applied to the test piece. The maximum load at the point 
of breaking was recorded. The cross-sectional area was calculated from the width of 10.0 mm and the 
measured thickness, and the tensile strength per unit area was calculated by dividing the maximum load by 
the cross-sectional area. For each sample, three measurements were planned, and the mean value was used 
for comparison. 

 

Materials, Chemicals, and Equipment Used 

Table 2 lists the equipment used. 

1. Vegetables 

• Celery: 60g 

• Potato: 60g 

• Sweet potato: 60g 

• Carrot: 60g 
 

2. Chemicals 

• 0.1mol/L sodium 
hydroxide solution:  
150mL per sample 

• 0.5mol/L hydrochloric 
acid: 30 mL per sample 
 

3. Equipment used to make 
the paper-like materials 

• 250mL Beaker x4 

• Measuring cylinder x2  

• Burner x4 

• Tripod x4 

• Wire gauze x4 

• Heat-resistant mat x4 

• Filter paper x4 

• Funnel x4 

• Conical flask x4 

• Mortar x4 

• Pestle x4 

• Baking paper x1 

• Cutting board x1 

• Knife x1 

• Cutter x1 

• 1 kg weight x2 

• 250g weight x4  

• Fume cupboard x1 

4. Equipment used for 
microscope 
observation 

• Optical microscope x1 

• Microscope slides x4 

• Cover slips x4 

• Tweezers x1 
 

5. Equipment used for 
strength testing 

• A4 Cardboard x1 

• Adhesive x1 

• Scissors x1 

• Cutter x1 

• Ruler with 0.1 mm 
scale divisions x1 

• Vernier Structures & 
Materials Tester x1 
(Figure 1.) 

Table 2. Materials, Chemicals, and Equipment Used in This Investigation 

 



 

 

 

 

 

 

 

Risk Assessment 

Risks were considered as shown in Table 3. 

Material or 
Procedure 

Main Risks Control Measures 

0.1 mol/L sodium 
hydroxide solution  
[7] [8] 

Irritation to the skin and 
eyes; possible corrosive 
effects 

Wear safety glasses, gloves, and a lab coat, and avoid 
contact with the skin and eyes. If the solution is spilled or 
comes into contact with the body, report it to the teacher 
immediately. 

0.5 mol/L 
hydrochloric acid 
[9] [10] 

Irritation to the skin and 
eyes; possible damage 
caused by acid 

Wear safety glasses, gloves, and a lab coat, and handle 
the acid carefully in small amounts. If it comes into 
contact with the skin or eyes, rinse immediately with 
water and report it to the teacher. 

Heating procedure Burns, splashing of hot 
liquid, and contact with 
hot glassware 

Use a heat-resistant mat, and do not touch equipment 
directly during or immediately after heating. Do not leave 
the area while heating is in progress. 

Knife, cutter, and 
scissors 

Cuts Use them on a stable cutting board, and do not place 
hands in the direction of the blade. After use, place them 
in a safe location. 

Glassware Injury caused by 
breakage 

Handle glassware carefully and avoid strong impacts. If 
glassware breaks, do not touch it with bare hands, and 
report it to the teacher. 

Pressing with 
weights 

Dropping weights and 
trapping fingers 

Use weights on a flat surface, and do not place hands 
under the weights. Place the weights slowly and 
carefully. 

Drying in a fume 
cupboard 

Contact with mould or 
odour; contamination of 
samples 

Avoid direct contact with the samples. If any abnormal 
changes are observed, confirm them with the teacher. 
Wash hands after observation. 

Microscope 
observation 

Breakage of microscope 
slides or cover slips; 
damage to equipment 

Handle glass materials carefully, and do not allow the 
objective lens to press strongly against the sample or 
glass. 

Vernier Structures 
& Materials Tester 

Fingers being caught in 
moving parts; scattering 
of fragments when the 
test piece breaks 

Keep hands and face away from the moving parts and 
the test piece during measurement. Operate the device 
according to the teacher’s instructions. 

Adhesive Contact with skin; 
inhalation of vapour 

Use the minimum necessary amount and handle it in a 
well-ventilated area. If it comes into contact with the 

Figure 1. 

Vernier Structures & Materials Tester used to 
measure the breaking load of the vegetable-based 
paper samples. 



skin, do not rub it forcefully, and check with the teacher. 

Table 3. Risk Assessment for the Experimental Procedures 

 

Results  

1. Results of paper-like sample preparation 

Measurable paper-like samples were produced from celery, potato, sweet potato, and carrot. (Figures 
2-5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 

Celery paper-like sample after drying. The sample maintained 
a sheet-like shape and showed visible fibrous texture. 

 

Figure 3. 

Potato paper-like sample after drying. The sample formed a sheet, 
but its surface appeared less fibrous than the celery sample. 

Figure 4. 

The dried sweet potato sample formed a sheet-like material 
with a texture similar to the potato sample. It showed slight 
flexibility, while some fibrous texture was also observed. 



 

 

 

 

 

 

2. Results of microscopic observation 

Microscopic observation showed differences in internal structure depending on the type of vegetable. 
In the celery sample (Figure 6), several fibrous structures remained and overlapped with each other. Similar 
fibrous structures were also observed in the carrot sample, although their amount and clarity were lower than 
those in celery (Figure 7). In the sweet potato sample (Figure 8), some fibrous structures were observed, but 
they were less abundant than in celery and carrot. In the potato sample (Figure 9), clear fibrous structures 
were limited, and many round granular structures, which were considered likely to be starch granules, were 
observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results of tensile strength testing 

Figure 5. 

The dried carrot sample formed a thin, fibrous sheet-like 
material with a texture similar to the celery sample. 

Figure 6. 

Microscopic image of 
the celery sample at 
100× magnification. 
The celery sample 
showed clear and 
overlapping fibre-like 
structures. 

Figure 8. 

Microscopic image of 
the sweet potato 
sample at 100× 
magnification. 
The sweet potato 
sample showed some 
fibre-like structures, 
but these were less 
clear than those 
observed in the 
celery and carrot 
samples. 

Figure 9. 

Microscopic image of 
the potato sample at 
40× magnification. 
The potato sample 
showed many round 
granular structures, 
and clear fibre-like 
structures were 
rarely observed. 

Figure 7.  

Microscopic image of 
the carrot sample at 
100× magnification. 
The carrot sample 
showed a thin, 
fibrous structure 
similar to that 
observed in the 
celery sample. 



Two valid measurements per sample were used. (Table 4.) 

Sample Thickness 
(mm) 

Breaking 
Load 1 (N) 

Breaking 
Load 2 (N) 

Average 
Breaking 
Load (N) 

Cross-sectional 
Area (mm2) 

Tensile 
strength 
(N/mm2) 

Celery 0.6 31.3 32.2 31.75 6 5.29 

Potato 1.3 24.5 22.8 23.65 13 1.82 

Sweet 
potato 

1.0 26.1 27.0 26.55 10 2.66 

Carrot 0.5 23.4 24.2 23.80 5 4.76 

Table 4. Thickness, Breaking Load, Cross-sectional Area, and Tensile Strength of Each Sample 

Discussion  

1. Effects of differences in tissue and components among vegetables on the structure after 
processing 

Although the same treatment was applied to all vegetables, clear differences in internal structure 
were observed under the microscope. NaOH treatment is used as a process to remove or modify non-cellulosic 
components such as hemicellulose and lignin in plant fibres, making it easier to extract the fibres. [11] In this 
study as well, heating and alkaline treatment may have softened the tissues and weakened the bonds between 
cells, allowing fibres to remain relatively clearly in vegetables that originally contained many fibrous structures. 

In the celery sample, the clearest fibrous structures were observed. Since the edible parts of celery 
are the stem and leaves, and celery has string-like structures running along its length, long and continuous 
fibrous structures may have remained even after NaOH heating and grinding. Fibrous structures were also 
observed in carrot, but because carrot is a storage root, fewer long fibre bundles may have remained compared 
with celery. 

In the sweet potato sample, a small number of fibrous structures were observed, but they were less 
abundant than in celery and carrot. Since sweet potato is a storage root, its starchy parts may have softened 
during heating and contributed to forming the sample into a sheet. [12] However, the formation of a 
continuous fibre network was likely limited. In the potato sample, clear fibrous structures were hardly 
observed, while many round granular structures, which were considered likely to be starch granules, were 
observed. In tubers such as potatoes, starch granules are abundant inside parenchyma cells, which may explain 
why granular structures remained prominent after processing. 

2. Effects of the remaining structure on tensile strength 

The tensile strength results generally corresponded with the differences in internal structure 
observed under the microscope. The highest mean tensile strength was observed in celery at 5.29 N/mm², 
followed by carrot at 4.76 N/mm², sweet potato at 2.66 N/mm², and potato at 1.82 N/mm². This order generally 
matched the clarity of the observed fibrous structures. 

Cellulose microfibrils are considered to have high tensile strength and to contribute to the mechanical 
strength of plant cell walls. [3] Although the fibrous structures observed in this study cannot be identified as 
pure cellulose, the overlapping fibres observed in celery and carrot may have helped transmit tensile load over 
a wider area. If fibres are continuous and have many contact points, force concentrated in one area can be 
distributed to other fibres, making local cracks less likely to develop into complete fracture. 

The highest tensile strength obtained in celery may be explained not only by the presence of 
remaining fibres, but also by the formation of an overlapping structure that distributed the applied load. In 
carrot, the mean breaking load was relatively small at 23.80 N, but because the cross-sectional area was 5 mm², 
the tensile strength per unit area was high at 4.76 N/mm². This result indicates that even a thin sample can 
show high tensile strength if a fibre structure capable of supporting the load remains. 



In contrast, in sweet potato and potato, even though sheet-like samples were formed, the fibre 
network supporting the tensile load may not have been sufficient. In sweet potato, the starchy components 
may have helped form the sample. However, although starch gelatinises with water and heating and 
contributes to the formation of gel or film-like structures, starch-based films have also been reported to 
become brittle after drying. [4] Therefore, load distribution by fibres may have been limited, resulting in lower 
tensile strength than in celery and carrot. 

In potato, many granular structures were observed, suggesting that there were fewer continuous 
pathways for transmitting tensile load. Stress may have concentrated at the boundaries between granules or 
in uneven areas, making these local weak points more likely to become starting points for fracture. This may 
explain why potato showed the lowest mean tensile strength. Overall, these results suggest that, for vegetable-
derived paper-like materials, the important factor is not simply whether the material can be formed into a 
sheet, but whether a continuous fibre network capable of supporting tensile load can remain after processing. 

 

3. Evaluation of the Experiment 

In this study, samples in which more fibrous structures were observed under the microscope tended 
to show higher tensile strength. This suggests that differences in the internal structure remaining after 
processing may be related to the tensile strength of vegetable-derived paper-like samples. However, there 
were several limitations in this investigation. First, the amounts of cellulose and starch were not chemically 
quantified. Therefore, the differences in strength cannot be explained solely by the amounts of these 
components. In addition, the round granular structures observed in the potato sample could not be definitively 
identified as starch granules, as they were not confirmed using iodine solution or other identification methods. 

The microscopic observations were also limited to qualitative comparisons. The number, length, and 
density of fibres were not measured numerically. Therefore, the relationship between fibre structure and 
tensile strength can only be discussed as a possible trend. There were also limitations in the tensile strength 
testing. In some trials, peeling at the fixed sections or breakage during measurement occurred, so only two 
valid measurements were used for each sample. Because the number of measurements was small, the results 
may have been affected by individual variation and random errors. 

 

Outlook  

In future work, the number of test pieces should be increased to improve the reliability of the mean 
values and variation. The fibre structure should also be quantified, and the amounts of cellulose and starch 
should be measured more directly. In addition, the origin of the granular structures should be confirmed using 
methods such as the iodine-starch test. 

Furthermore, to evaluate these materials as possible alternatives to plastic, properties other than 
tensile strength should also be investigated. Practical use would depend on factors such as water resistance, 
flexibility, storage stability, and production cost. Future research should examine these additional properties 
and consider what types of applications vegetable-derived paper-like materials may be suitable for. 

 

Conclusion 

In this study, paper-like samples were produced from common vegetables, and their internal 
structures and tensile strengths were compared. Paper-like samples were successfully produced from celery, 
carrot, sweet potato, and potato. Microscopic observation showed that clear fibrous structures remained in 
the celery and carrot samples, a small number of fibres were observed in the sweet potato sample, and many 



granular structures were seen in the potato sample. In the tensile strength test, samples with more fibrous 
structures tended to show higher tensile strength, suggesting that the fibre network remaining after processing 
may be related to the strength of the samples. 

However, the amounts of cellulose and starch were not directly measured, and the microscopic 
observations were qualitative. Therefore, the differences in strength cannot be explained solely by the 
amounts of these components. In future work, it will be necessary to increase the number of measurements 
and quantitatively analyse both the fibre structure and component amounts to evaluate the relationship 
between internal structure and mechanical strength more accurately. 

 

Appendix: Observation of mould in samples not used for strength testing  

In this study, samples that showed changes after drying were observed separately from the samples 
used for strength testing. In some of the sweet potato and celery samples, white, cotton-like spots were 
observed. When these spots were examined under a microscope, thread-like structures spreading in a cotton-
like manner were seen. These features were consistent with the appearance and microscopic images of mould, 
which is a type of fungus. Therefore, in this study, the white spots were identified as mould, specifically fungal 
mycelium. However, because culturing, detailed observation of spore-forming structures, and species 
identification were not conducted, the type of mould could not be identified. 

The observation of mould growth during storage indicates that vegetable-derived paper-like samples 
can be affected by microorganisms. This suggests that they may be decomposed in the natural environment; 
however, biodegradability was not directly measured in this study. In future work, biodegradability should be 
evaluated more objectively by controlling temperature, humidity, and storage period, and by measuring 
changes in mass and structure. 

 

 

 

 

 

 

 

(2199 words) 

Acknowledgements 

I would like to express my sincere gratitude to my teachers, Ms Mihelios, Mr Noack, Mr Lewis, and 
Mr Fisher, for their guidance and support throughout this research project. I also acknowledge the Tokyo 
Metropolitan Board of Education for providing financial support for my study abroad program. 

In addition, I used ChatGPT and DeepL to support the translation of this report, and ChatGPT to help search 
for relevant reference materials. The final content, interpretation, and conclusions of this report are my own 
responsibility. 

 

Figure A1.  

White spots 
observed on the 
sweet potato sample. 
White cotton-like 
spots were observed 
on part of the dried 
sweet potato sample. 

Figure A2.  

Microscopic image of 
the white spot 
observed on the 
sample. 
Thread-like structures 
spreading in a cotton-
like form were 
observed under the 
microscope. 
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