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PREFACE 

It is a great pleasure to welcome you to the 20th International Conference on Machine Design and 

Production. It has been 40 years since we organized the first UMTIK conference in 1984 in the 

Mechanical Engineering Department of the Middle East Technical University in Ankara. This 

conference will be the 15th of the international and the 20th of all UMTIK conferences which were 

organized every two years since then without interruption, except for the year 2020, due to the 

worldwide pandemic. 

The first day of UMTIK 2024 will be “The Commemoration Day of Professor Metin Akkök”; it is 

dedicated to the memory of the late Professor Metin Akkök who was one of the original initiators and 

organizers of the inaugural UMTIK Conference and continued to make significant contributions to the 

subsequent UMTIK conferences until his passing on May 11, 2023. The first-day program will start by 

welcoming and opening speeches to UMTIK 2024 which will be followed by the commemoration of 

Professor Metin Akkök. There will be a Welcome Cocktail in the evening. 

 

During the four-day UMTIK conference, there will be: 

 

• 11 keynote speeches by the eminent international and national researchers on leading topics 

such as digital machining, additive manufacturing, structural dynamics, innovative design, research 

for value generation, environment friendly manufacturing and future for young engineers. 

 

• 21 sessions under 12 themes such as automotive engineering, metal cutting, simulation and 

modeling, intelligent systems, additive manufacturing, biomedical and engineering applications, 

artificial intelligence in design and manufacturing, mechanics, tribology, and sustainable 

manufacturing.  

 

• 6 special sessions on various topics from dynamics and machining stability for flexible systems 

to design science and time axis design, design and human interface to sustainable design and 

operation. 

 

• 11 sponsor sessions (industry speakers) to introduce themselves to other companies and 

academics for future collaborations.  

 

• Two industrial panels to discuss 1) the development of a national CNC controller for the future 

of Turkish CNC machine tools industry, and 2) the use and applications of TRIZ (innovative problem-

solving theory). 

 

• The Gala Dinner on the third day of the conference by the beautiful Mogan lake of Ankara.   

 

We extend our sincere gratitude to Mr. Yalçın Zaim, Chairman of the Board of Trustees at Atılım 

University, Prof. Dr. Serkan Eryılmaz, Rector of Atılım University, and Prof. Dr. Yılser Devrim, Dean 

of the Faculty of Engineering, for all their support. Additionally, we express our thanks to Prof. Dr. Esra 

Gül Dardağan Kibar, Dean of the Faculty of Law, for her hospitality in allowing us to use the facilities 

of the Faculty of Law. Furthermore, we thank Mr. Ozan Budak, Director of Corporate Communication 

and Promotion, Mr. Kemal Şenoğlu, former Director of Cultural and Social Affairs, Mr. Hüseyin Dölen, 

Director of Distance Education, and all the staff of Atılım University for their support.  

 

We hope all the participants will feel the warm and positive atmosphere at Atılım University. We highly 

acknowledge the Honorary Conference Chairs for their kind support: Presidents of the four 

universities, Professor Serkan Eryılmaz of Atılım University, Professor Hasan Ali Karasar of 
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Kapadokya University, Professor Türkay Dereli of Hasan Kalyoncu University and Professor İhsan 

Sabuncuoğlu of TED University. 

 

We would like to thank the honorary keynote speaker, Professor Yusuf Altıntaş and the other keynote 

speakers, Professor Bilgin Kaftanoğlu, Emeritus Professor H. Nevzat Özgüven, Professor İsmail 

Lazoğlu, Professor Bahattin Koç, Professor Charlie C. L. Wang, Professor Tomoyuki Miyashita, 

Professor Birol Kılkış, Assoc. Prof. Tanfer Yandayan, Mr. Mümtaz Afşin Esi, Mr. Fuat Tiniş. 

 

We would like to express our sincere appreciation to Mr. Berkin Bilge and Mr. Burak Can Çiçek for 

their efforts in organizing and moderating the industrial panels on the second and the fourth days of 

the conference. The panelists, special session organizers, session chairs, authors and all the 

participants are highly acknowledged for their invaluable contributions.  

 

Asst. Prof. Bahram Lotfi and Asst. Prof. Ramazan H. Namlu are gratefully acknowledged for their 

tremendous time and effort in every phase of the conference organization and in the editorial work of 

the Proceedings and the Abstracts Book. 

 

Last but not the least, we would like to thank TÜBİTAK “The Scientific and Technological Research 

Council of Türkiye”, “Turkish Machinery Exporters Union”, silver and bronze sponsors, members of 

the International Program Committee, Conference Secretariat “ORIGINEMC”, Scientific Secretariat 

(Research Assistants Yunus Emre Nehri and Mehmet Furkan Özbey) and all who contributed to the 

success of UMTIK 2024. 

 

We wish all the participants a highly memorable time during their stay in Ankara. 

 

The Organizing Committee 

UMTIK 2024,  

August 14th – 17th 

2024 

Ankara, Türkiye 
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GREEN INDUSTRIAL PARKS, CARBON TAXES, AND GLOBAL WARMING 

 

 

B. KILKIŞ, birol.kilkis@ostimteknik.edu.tr OSTIM Technical University, 06374, Ankara, Türkiye 

 

ABSTRACT 

Based on carbon dioxide emissions, this paper focuses on global warming, associated 

environmental issues, and climate crisis, related to industrial parks facing carbon taxes. Two 

primary components of carbon dioxide emissions are recognized, namely 1- direct emissions 

and 2- nearly avoidable emissions due to availability destructions in industrial processes and 

manufacturing activities. The latter emission responsibility has been linked to availability 

(exergy) destructions taking place in any process as an extension of the Second Law of 

thermodynamics. Green industrial parks are defined and rated with a new metric called Exergy 

Star. Eco-industrial park concept derived by the United Nations International Development 

Organization is expanded and redefined. The carbon tax at the border under way by the 

European Union is criticized in terms of its concealed dangers for industrial parks in Türkiye, 

specifically, for the OSTİM techno city. In this respect, the emissions-based carbon taxes 

versus added values in terms of the final products are formulated with sustainability and 

rationality of energy use and shown that carbon taxes will limit the product development for 

decarbonization in the industry and reduce the added value potential, while European 

countries largely will benefit from carbon taxes. 

Keywords: Industrial parks, Global warming, Paris Agreement, Availability, Exergy analysis,  

                   Carbon tax, Manufacturing, availability, sustainability, energy rationality    

 

                 

1. INTRODUCTION 

1.1. Global Crisis and Thermodynamics 

The United Nations (UN) has issued seventeen Sustainable Development Goals.  Only one of 

them  (13, Climate Action) is related to energy, global warming, and CO2 emissions. Climate 

action, according to the UN, is only related to direct CO2 emissions measured onsite, as shown 

on the right-hand-side of Figure 1 (Power plant stack). This relationship is described with the 

First Law of thermodynamics, involving energy efficiency and conservation of energy. However, 

energy has another vital component, namely the useful work potential (availability). Energies 

mailto:birol.kilkis@ostimteknik.edu.tr
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are not the same, they have different availability. If the so-called exergy is not balanced among 

the supply and demand energies, then nearly avoidable CO2 emissions, which may not be 

observed and measured on site but appears and measurable in the atmosphere, take place 

somewhere else for offsetting the destruction at the original source point. This is shown in 

Figure 2. The inset in Figure 2 and the Figure 3 explains this concept.  

 

Figure 1.Seventeen SDG (Sustainable Development  Goals) By The United Nations 

Targets Are Necessary But Not Sufficient. 

<https://www.un.org/sustainabledevelopment/wp-content/uploads/2023/09/Goal-13_Fast-Facts.pdf> 

 

Figure 2. Seen and Unseen CO2 Emissions in Carbon Taxes 

 

Figure 3. A Solar PV System and CO2 Emission Responsibility 

https://www.un.org/sustainabledevelopment/wp-content/uploads/2023/09/Goal-13_Fast-Facts.pdf
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The first one (in Figure 2) depicts a gas boiler with a First Law efficiency of (ηIB), which 

generates thermal exergy but misses the opportunity of generating electric power, upstream. 

0.87 kW-hex/kW-hen is the unit exergy of natural gas. The Second one (Figure 3) depicts a solar 

PV panel, which generates electric power at a modest First Law efficiency (ηIPV) and destroys 

the useful work potential downstream in the form of heat to the environment, which also adds 

to the formation of heat islands. Instead, the waste heat could be collected and utilized (Solar 

Photo-voltaic-thermal, PVT). Unit exergy of solar energy is in the range of 0.55 kW-hex/kW-hen. 

The term (k) is the proportionality constant, which relates the destruction of the useful work 

potential (added value, quality of energy, exergy). 

 

Because the CO2 concept is not accounted for the global warming analyses and mitigation 

efforts, the CO2 concentration in the atmosphere keeps rising despite all First Law-related 

activities, measures, and all directives. This awareness gap shown in Figure 4 may only be 

closed by the Second Law. Otherwise, current system will also have implications on unfair 

distribution of carbon taxes because one’s CO2 emissions responsibilities will be paid by 

somewhere, by someone, who offsets the exergy destructions (Figure 3). 

                  

Figure 4. Availability (Added Value Potential) of Energy in Global Crisis 

 

1.2. Global Crisis and the Industry 

Another problem is that electricity is regarded as the only energy form. In fact, according to the 

International Energy Agency (IEA), the share of electricity in final energy consumption is 

estimated to have reached only to 20% in 2023, up from 18% in 2015. The highest increase in 
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global electricity demand belongs to the industry (Figure 5). Yet the waste heat in the built 

environment is not generally recognized as a (Secondary) green source of energy, if not 

wasted. At the same time, the industry is the largest producer of waste heat but is not regarded 

as a marketable commodity.  Figure 5 shows an IEA depiction of electric demand. Even though 

the electricity comes from purely renewables, Figure 6 shows that there is a substantial CO2 

remainder, which is not considered. The same also holds for carbon tax directives and rules. 

 

Figure 5. The Highest Increase in Global Electricity Demand Belongs to the Industry 

 

1.3. The Urgency Of A New Carbon Market  

At the heart of global resource use are fundamental inequalities: low-income countries 

consume six times less materials and generate 10 times less climate impacts than those living 

in high-income countries. Despite this fact, developing countries will face the highest Carbon 

Tax (CBAM) at the Border to be imposed by the European Union. Global Temperature keeps 

rising despite First-Law measures, like energy efficiency, energy savings, use of renewable 

energy resources and waste heat, and energy storage to shave off the peak loads, circular 

economy, reducing wastes, recycling, carbon capture. Current Seventeen SDG Targets are 

necessary but not sufficient. 

The European Union takes a series of measures and releases directives and restrictions 

concerning the global warming [1]. Carbon Border Adjustment Mechanism (CBAM). In this 

context, the European Union has declared a comprehensive policy and strategy package in 

2019. The most important section is the Carbon Border Adjustment Mechanism (CBAM), which 

will virtually affect  all the countries, worldwide, with direct or indirect trade connections with 

the EU Countries [2]. Aligning with the Paris Agreement, the objective is to keep the global 

warming temperature below 1.5°C until 2053 by reducing greenhouse gas emissions. 

Accordingly, the concentration of CO2 gas in the atmosphere is expected to decrease to about 

280 ppm (parts per million). Human-induced greenhouse gas emissions cause global warming 
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leading to several global challenges, such as ozone layer depletion [3], wide climatic and 

meteorological disasters of unusual magnitude, deterioration in ecosystems, decline in 

agriculture and animal husbandry, decrease in clean water resources, air quality, and increase 

in magnitude and frequency of pandemics [4, 5]. Causes for all such problems  include CO2 

emissions due to fossil fuel use, inefficiencies, and primarily but most often ignored quality 

mismatches among different energy source, equipment, and systems. The latter, which is two 

to five times more than direct missions at the source is often ignored as shown in Figure 6.  

Every thousand Gton of CO2 released into the atmosphere causes the global average 

temperature to increase by 0.45°C, and an average of 37 Gton of CO2 gas continues to be 

released every year because of energy use alone [6, 7]. The total annual global CO2 emission 

is around 60 Gton CO2/year. Among the root causes that have the ability to explain most of 

these emissions measured in the air, it is the ignorance of the fundamental fact on that all 

energy sources and applications are not equal on earth, and they have different qualities, which 

means ability to do useful work and to add value. Humanity must duly respect all energy 

sources and the environment  In Asian and Near Eastern culture, respect for energy and water 

resources are among these. Western culture, on the other hand, lacks this quality awareness 

and views energy as a commodity that can only be bought and sold on the stock exchange. In 

addition, the current western culture depends on the Pareto principle and the free market rules 

(linear economy) and tries to solve the global warming in a narrow mold. However, global 

warming is a three-dimensionally complex problem. In this respect, although the amount of 

CO2 in the atmosphere can be measured accurately (Visible), many root causes on earth 

remain ignored and unaccounted for. Consequently, adequate, and sustainable solutions 

cannot be implemented. Figure 6 clarifies this problem. In essence, only the Eastern culture 

can solve the unawareness issue and sustainably develop and implement realistic solutions 

by giving attention to the quality of energy rather than quantity of energy. Emissions due to 

quality mismatches are invisible to us on earth. 

Within the framework of the EU's Green Transformation Strategy, it is aimed to reduce carbon 

emissions by 55% compared to 1990 levels in 2030 and to become the first climate neutral 

continent in 2050. The tools and measures to achieve these limited targets, however,  are 

concerned with direct emissions only, as seen in Figures 1 and 2. In recent years, it is observed 

that even these modest goals will not be achieved with today's technology. Unless wide  

awareness of CO2 emissions due to quality mismatches is established and implemented, it will 

not be possible to satisfy the Paris Agreement. Despite the importance of recognizing the 

quality (Exergy) mismatches and trying to solve them with sustainable and fair measures, the 

West, keeps trying to reach the Paris Agreement by 2050, by simply activating impositions 

such as carbon tax at the border and carbon trading rules, all based on linear economy only. 

Without solid scientific foundations, these measures are insufficient, unfair, and unpractical.  
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Figure 6. Visible and Invisible Emission Responsibilities of Different Energy Sources [8] 

 

2. THE NEW MODEL 

 Among the Western solutions in agriculture and animal husbandry, only agricultural insurances 

and limited financial supports within the linear economy rules and interest stand out. These are 

far from being permanent solutions to global warming and, in fact, confine the agriculture and 

animal husbandry in a vicious circle [9, 10, 11]. In a proper response by the East with effective 

and sustainable solutions against such ineffectiveness and inconveniences across the globe, 

integrated farming cooperatives along the beltway must be established in close coordination 

and integration of light agricultural industry and rural communities, attached to these 

cooperatives, which generate and share their own energy [12]. Inconsistencies and 

insufficiencies in the European Union's decarbonization initiatives are reaching significantly 

unreasonable  levels. For example, according to a law that is on the agenda to be implemented 

in Denmark, animal owners will be charged a carbon tax of one hundred Euros for one cow, 

for every year. Farm animals existed throughout the history and their global warming effects 

were not an issue until the industrial revolution, but now the blame is being put on them.  This 

bill shows the West's inadequacy against global warming. If this tax is implemented in a 

broader sense, such an irrational tax may be demanded from animal owners when exporting 

meat or live animals to the West. Moreover, animal husbandry is at the forefront in all Turkic 

States and other Eastern countries and grossly supports their economies. 

 

A cow owner may not get free by just paying 100 Euros every year for the same cow. If farmer 

collects the manure and utilizes it to generate heat and electricity in a biogas facility as an 

effective remedy against global warming, the farmer may have to pay a second tax for the CO2 
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coming out from the exhaust of the biogas facility (cogeneration), since the positive energy 

flow chain is not foreseen in the tax law and the anthropogenicity is not considered. The Danish 

bill does not look at the continuation of the energy chain by saying the tax is per cow, whatever 

you do, and does not consider positive appraisal stages. It looks at each system one by one.  

In the contrary, the same farmer when selling a product produced by using his electricity and 

heat to the EU countries, another carbon tax will be collected at the border. Electricity and 

fertilizer products are at the top of the border carbon tax list.  While the EU struggles with such 

inconsistencies, we should focus on realistic, innovative, and rational solutions with cultural 

fairness and greater respect to our future and environment and create our own carbon market 

against their impositions. There must be a regional carbon trading at the border system with 

Belt Road alternatives. Only with these methods can we eliminate the dangers that the West 

will bring to Türkiye, the Turkic States, and all Belt Road countries. 

 

If this tax is considered as scientifically consistent by some circles in the EU, then it is 

necessary to look at the environmental footprint of an F-35 jet aircraft belonging to the Royal 

Danish Air Force in proportion to this tax. This single aircraft will emit  3.5 tons of CO2 from its 

turbine exhausts by spending fossil fuel in just 15 minutes in a hovering position over the 

ground. This emission is equivalent to the cumulative CO2 emissions of three cows for a 

complete year. As a result, if this aircraft repeats this vertical take-off hovering and landing 

action 15 times in a year, it will have to pay a tax of 4500 Euros. This amount excludes the tax 

liability of the same aircraft during level flights during the year. In the same context, since Afşin-

Elbistan-A lignite thermal power plant generates approximately 4 billion kW-h of electricity 

annually, it may have to pay 0.2 billion Euros in taxes- equivalent to two million cows annually. 

If this electrical energy is exported to neighboring countries (bordering EU countries such as 

Greece and Bulgaria), a tax will be imposed at the border in proportion to the portion exported. 

       

As a result, while EU countries keep themselves busy by taking precautions against global 

warming with such inconsistencies, particularly important opportunities arise for us. By 

conducting algorithmic studies about new carbon market models, we should reach a position 

that enables us to collect carbon taxes, instead of them at the new border against the EU 

impositions, as opposed by the Belt Road and the Turkic States. This will be possible because 

the new model will recognize and respect the virtues of energy quality, of which the EU does 

not want to see. With such a realistic and fair approach, the Eat will protect their trade rights 

and all sectors, including livestock and agriculture, from unfair carbon competition, and will set 

a role model  for Western countries by achieving the Paris Agreement targets on time and will 

ahead of them. This leadership will also reflect on political power. It is obvious that the goals 
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of the Paris Agreement cannot be achieved if the so-called linear, or circular, one-dimensional 

economy, which ties everything to money, continues to be in force. 

      

Among these problems, the biggest threat from the West will apply to Turkic States and all Belt 

Road countries, except certain developed countries (such as China and India, the Russian 

Federation is already subject to disproportionate sanctions.) Figure 7 shows the major threat. 

The basic economy of Asian countries is based on agriculture, animal husbandry, mining, and 

semi-finished goods. According to Figure 7, which represents today’s conflict between West 

and East, EU countries dominantly practice extended R&D activities and novel engineering 

designs. These activities have low CO2 emission responsibilities and high CO2 responsibilities 

due to the nature of such practices. Despite this controversy, they generate exceedingly high 

added values and high selling prices. In essence, the EU countries simply assemble and touch 

them up the semi-finished products with high CO2 emissions that they conceal and keep 

untaxed, yet unfairly attribute CO2 emissions to other countries and charge high carbon taxes 

at their border. Other countries, on the other hand, mostly sell their semi-finished products to 

EU countries with a small profit margin, consuming much energy, practicing some production 

line developments, and emitting larger amount of CO2, thus facing large carbon taxes. As a 

result, these counties will not have a net profit, as shown on the left-hand-side of Figure 7. In 

fact, the fundamental problem is not limited to CO2. Factors such as water (such as cotton 

production), labor, land, and environment (such as toxic waste) should also be considered 

cumulatively. The Final Production Ratio, FPR of Turkic states and Belt Rad countries must 

reach to at least 60% in their industry and farming, from today's average ratio of approximately 

35%. Only if this gap is closed, then these countries may achieve sustainable decarbonization 

and net profitability targets in accordance with the Paris Agreement. Otherwise, commodities 

produced along the Belt Road, including Turkic states, will face carbon taxes at the EU border. 

The EU will sell back finished products with minimal emissions but with high revenues. For 

example, if a cow is exported and returns as a meat product, cow tax will be charged on 

departure and little or no tax will be charged upon arrival at the border. EU countries need us 

as intermediate producers to keep their advantage and maintain their large profits, . In fact, 

this is an opportunity to close the gap by leaping to finished products rather than keeping on 

semi-finished products or raw material.  

       

A new and joint Belt Road customs line must be drawn. According to Figure 7, EU countries 

have low CO2 emissions but high and hidden (Untaxed) CO2 emissions. Because 

CO2emissions are recorded somewhere else, or even by some other countries, which offset 

the quality mismatches of the original location face unfair taxes. This another issue that must 
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be taken care of to eliminate this taxing problem. New belt and road customs line must be 

flexible to recognize the origin of CO2, not the final offset point. 

       

To overcome all these difficulties, a series of sustainable measures must be taken, and Belt 

Road boundaries must be adaptively protected. A final product requires low exergy compared 

to semi products. They keep using power etc. just for assembly etc. Semi products have more 

exergy balance. For example, yes mining uses power but the product has high exergy. For 

example, coal has  minimum x of 0.85 kW-hex/kW-hen, electric power used has 0.95 kW-hex/kW-

hen. For low CO2 another approach may be to have low k values. 

 

 

  

 

 

Figure 7. Negative Impact of Carbon Tax on the Border fort the Belt Road Industries and 

                    Agriculture and the Solution with Final Products [8] 

 

The following equations provide the new metrics for evaluating the carbon footprint of the built 

environment. SEI is the Sustainable Environment Index, which involves both the First Law 

efficiency, Exergy rationality, and ODI (Ozone Depletion Index). Ozone Depletion Index is a 

combination of Ozone Depletion Potential (ODP) and the Global Warming Potential (GWP). 

Coefficients w, y, and z in Equation 2 depend on the climatic conditions and the type of 

refrigerant leaking from systems and equipment, like heat pumps. Heat pumps are touted to 
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be one of the best assets for nearly total electrification and green energy in the quest of 

decarbonization, which are not. Yet, the sales are exponentially increasing and the carbon 

footprint (Equation 3) of heat pumps in this respect must be seriously considered. Typically, 

the correlation constants, namely w, y, and z are 0.1, 0.045, and 0.01, respectively. The term 

(y) includes the effect of water vapor release. 

            (1) 

                   {0≤ODP<1}                                     (2) 

             

   ( )2 21000 c
refrigerant refrigerant HP

X HP

LR R
CO GWP CO

E
−

−

 
 = +   

 
                                                    (3) 

      Here, EX-HP is the exergy delivered  by the heat pump during its annual operating hours, LR is the 

leakage ratio of the refrigerant R is the refrigerant charge of the heat pump. 

 

                                                     {Finished Product Ratio, see Figure 7}                         (4) 

 

                                                     {Added Value Ratio, see Figure 7}                                (5) 

 

      The terms a, b, c, and f in Equations 4 and 5 are the coefficients depending upon the 

industry specifics. 

            (6) 

      The term (0.63) is the reference unit CO2, considering that the average unit exergy supply, 

εsup-ref is 0.8 kW-hex/kW-hen for the current global energy mix and the reference ψR-ref is 0.21: 

( ) ( )2 sup 2 ex1 0.80 1 0.21 0.632 kg CO /kW-href ref R refCO  − − − = − =  − =                                (7) 

 

3. CASE STUDIES 

3.1. Geothermal Energy 

Geothermal energy is considered to be green and carbon free, except embodiments and non-

condensable gases, provided that proper environmental protection measures and re-injection 

processes are accomplished. Yet, Figure 8 shows several CO2 responsibilities, although it 

might be argued that the geothermal power plant uses part of its own electricity production. 

However the electric power demand of the cooling fans means reduction in the grid power 

supply from the geothermal plant, which translates to more fuel demand at the power plant 

leading to more emissions there. According to Figure 8, geothermal brine is cooled in the open-

to-atmosphere pool, discharging heat and chemicals to the environment, leading to a heat 

island in the vicinity, and water loss. Due to the concerns about the loss of electric power 
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generation potential during the lifetime of the geothermal reservoir, financers like the World 

Bank do not permit the utilization of the waste heat and enforce to send the heat back to the 

reinjection wells at 90oC, minimum. This is understandable from the viewpoint of today’s simple 

economy. However, according to the Second Law, at an  expense of a certain amount of 

compromise in power exergy generation potential, an optimum waste heat utilization rate may 

be determined, which maximizes the total exergy generated and utilized in the built 

environment, leading to minimum carbon footprint, while a district heating system is 

implemented. Y is the total life expectancy of only power generation and X is the reduction in 

the life expectancy of the reservoir due to lowering the return temperature to the injection well 

at Tinj to accommodate the utilization of thermal exergy before reinjection. This imposes the 

following optimization condition: 

( ) / / /0.95 (1 ) 1 0.95
363 K

inj

IT orc IHE IT orc IT orc

T
Y X Y   

  
−  +  −  −     

  
            (8) 

s.t.  Tinj≥310K 

      After simplification: 

/ / /1 0.95 (1 ) 1 0.95
363 K

inj

IT orc IT orc HE IT orc

TX

Y
   

   
−  + −   −     

    
   (9) 

Where, the reduction of the reservoir life, Y depends on the reinjection temperature, Tinj, to be 

chosen, below 90oC, which is the standard reinjection temperature required by the creditors. 

( )363
b

inj

X
a T

Y

 
=  − 

 
                                                                                                     (10) 

                                                                  

 

                                                                                 {Equations 9 and 10 combined}       (11) 

Figure 9 shows a typical result for a = 0.2 and b = 0.1, ηIT/ORC = 0.2 (power generation 

efficiency of turbine and ORC mix), ηIHE = 0.9 (heat exchanger efficiency). ORC stands for 

organic Rankine-Cycle turbine. Note that, Equation 11 does not involve any economic 

concerns.  
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Figure 8. A Geothermal Power Plant with Dry Cooling with Electric Fans and Open Pond 

                     

                       

Figure 9.  Power or Heat or Both? 

According to Figure 9, the maximum exergy rendered throughout the life of the reservoir is at 

the point Tinj=337 K with (X/Y) = 0.187, which means that the life expectancy is shorter by this 

ratio, but maximum exergy is rendered by about 20% more when compared with no heat  

generation case. Today’s linear, Pareto-based simple economy, however, does not yield any 

maxima at stays at X = 0 (the origin of the curve), which renders less total exergy, even the life 

expectancy of the reservoir is the longest. This typical result shows that analyses must be 

based on the Second Law, instead of simple economy. For example, at almost all global 

average power- to-heat market price ratios along the life expectancy of the reservoir, the 

solutions will always stay at the origin (Tinj = 363 K) and the geothermal heat would be wasted. 
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3.2. Afşin Elbistan Power Plant and TOKİ Buildings 

Figure 10 shows the plan view about the Afşin-Elbistan lignite power plant, which is cooled by 

the Ceyhan River’s fresh and cold water at its source. This water is transported by pipelines 

about 30 km long, driven by electric pumps (Figure 10). The return warmer water is discharged 

to the river. Yet the TOKİ buildings constructed after the 2023 major earthquake in the region 

is somewhere at the midway, only 5 km away, but the design and construction remained 

blindfolded to this waste heat source. These new apartments are heated by natural gas boilers. 

Figure 11 shows an alternative solar green prosumer building, which exchanges heat with the 

alternative district heating system. District heating system also involves an agricultural complex 

and light industry to support the local economy. The conceptual hybrid agricultural park and 

light industrial park is shown in Figure 12. The agricultural park is part of the slow city concept. 

It consists of renewable energy systems. Irrigation wells are operated by DC powered pumps, 

connected to wind turbines and solar PVT cells. The pumped ground water is circulated first in 

the PVT cells at an optimum rate, which maintains the solar cell efficiency, warms the irrigation 

water below the excess vaporization temperature for plant growth, and minimum pump power 

demand. Excess power is stored to hydrogen and stored. Fuel cells convert hydrogen to 

electric power with reject heat, which is reclaimed and utilized in crop drying and similar light 

industry in the agricultural park. Heat pups may be used for cooling purposes in greenhouses 

and dwellings in a district heating and cooling system. 

 

 

Figure 10. What is Missing? 
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Figure 11. A Better Decarbonization Solution With Solar Green Prosumers and the Waste 

Heat of the Power Plant 

 

 

Figure 12. Meeting of the Agriculture and Industry in a Green City 

 

To solve the implications of the current carbon tax schema of the European Union a series of 

counter measures may be taken. These are short listed below. 
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4. CONCLUSIONS 

      To solve the implications of the current carbon tax schema of the European Union a series 

of counter measures may be taken. These are short listed below. 

 

• Creation of a Joint Scientific and Technological Strategy Center 

• Development and implementation of cross-country coordinated state farms based on 

renewable and waste energy [12, 13]. 

• Making the Common Central Bank functional (competing with the EU Central Bank) 

• Establishing a competing fund to the IMF 

• Developing and implementing a common carbon market model 

• Developing a carbon tax algorithm 

• Implementation of a banking system competing with the World Bank (WB) 

• Expanding and coordinating Shanghai Cooperation Organization and the Belt Road initiative  

• Establishment of a new and protectionist customs union between East and West 

• Preparation and implementation of new criteria for carbon markets (based on the value of  

  energy), realistic laws and directives 

• Preparation of scientifically valid and fair CO2 emission accounting standards challenging the  

   ISO standards 

• Accelerating and supporting the transition of all Eastern countries from semi-finished products  

  to finished products (Figure 7)  

• New location adaptive carbon taxes including both CO2 and CO2 

• Issuing standards specific to Belt Road countries in the field of Green Building and Green  

  Industry certification, like exergy star and TSE Safe and Green Building Program of TSE. 

 

Once these measures and others, likewise, are implemented, the benefits will be multiple. 

These are namely, 1-the fundamental root causes and locations may be determined about 

CO2 and sustainably rational measures may be taken towards satisfying the Paris Agreement 

goals., 2- Fair carbon takes in a constructive manner may be established, 3- By doing so, the 

economic development of the countries by  shifting them to finished products will be 

accelerated, 4- the SDG 17 of the United Nations will be more meaningful, comprehensive, 

end constructive by factoring in CO2. 
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ABSTRACT 

In recent years, the development of small satellites has become increasingly active. However, 

this has led to an increase in the amount of space debris. As a countermeasure, satellites are 

required to be equipped with a deorbit mechanism. One of the deorbit mechanisms for 

satellites is to deploy a membrane to reduce the velocity. This research proposes a method to 

determine the deployment of the membrane by the change in the rotation of the satellite. The 

validity of the method is demonstrated through modelling and numerical analysis, and its 

feasibility is demonstrated by designing the system. 

Keywords: Satellite, Membrane, De-orbit 

 

1. INTRODUCTION 

Since the successful launch of the first satellite, Sputnik 1, in 1957, the number of satellites 

launched has continued to increase, although their purposes have changed. One factor behind 

the increase in the number of satellites launched in recent years is the increasing development 

of small satellites, which can be developed at low cost and in a short period of time, due to the 

miniaturization and high performance of the electronic components installed on satellites. 

On the other hand, the increase in the number of satellite launches has led to an increase in 

space debris, which is man-made objects orbiting the Earth without a purpose, including 

satellites that have completed their missions and the parts of rockets. Currently, there are 

approximately 100 million pieces of space debris with diameters ranging from 1 to 10 cm. 

Although most of the space debris is small, it moves at high speeds of around 7 to 8 km per 

second, and a large amount of energy is generated when it collides with something. In fact, 

there have been cases where operational satellites have been rendered non-functional by 

collisions with space debris, and space debris is now considered a problem. In order to prevent 

the increase of space debris, guidelines have now been established that require low-earth orbit 

satellites to deorbit or enter a graveyard orbit within 25 years of completing their missions [1]. 
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To achieve this, satellites are sometimes equipped with a deorbit mechanism. A deorbit 

mechanism is a mechanism that quickly removes a satellite from its orbit after it has finished 

operating. This makes it possible to re-enter the atmosphere and burn up the satellite, allowing 

it to be operated without increasing space debris. 

A representative deorbit mechanism is membrane deployment [2], [3]. This involves installing 

a folded membrane on the satellite, which is deployed at the end of the mission. When the 

membrane is deployed, the satellite experiences slight resistance from the atmosphere in 

Earth orbit, causing it to slow down. This causes the satellite to lose altitude, shortening the 

time it takes to re-enter the atmosphere, making deorbit possible. Other methods include using 

electromagnetic tethers [4]. Grant Bonin, Jesse Hiemstra, Thomas Sears and Robert Zee [5] 

had also shown that membrane deorbiting is effective for satellites with orbital altitudes of less 

than 1,000 km. There is a need to install such de-orbit mechanisms on satellites and take steps 

to prevent the increase of space debris. 

In this de-orbiting mechanism, various methods were used to confirm whether the de-orbiting 

membrane had been deployed. B. Cotton, I. Bennett, and R. Zee [6] confirmed this on the 

CANX-7 satellite using a door switch and reel sensor and publicly available orbital information. 

In the door switch and reel sensor method, the door switch was used to check whether the 

door was open, and the reel sensor was used to determine whether the reel was extended 

long enough to deploy the sail. In the publicly available orbital information method, sail 

deployment was determined from the orbital drop caused by sail deployment. Alperen PALA, 

Toshinori KUWAHARA, Takumi SAITOU, Hiroki UTO, and Yoshihiko SHIBUYA [7] used a 

camera and publicly available orbital information to determine the deployment of the 

membrane on the ALE-1 satellite. In the camera method, the state of the membrane when 

deployed was photographed with a camera and the data was sent to the ground for 

confirmation. 

This method of using public orbital information is common and has the advantage that it allows 

confirmation without having to install a device on the satellite to check the membrane 

deployment. However, since the confirmation takes time, there remains the issue that it is not 

possible to confirm whether the membrane has been deployed immediately after sending the 

membrane deployment command. Therefore, this research proposes a method to confirm the 

deployment of the membrane by observing the change in satellite rotation that occurs as the 

membrane is deployed. This aims to make it possible to determine the membrane deployment 

at low cost and in a short time, which are advantages of small satellites. 
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2. SATELLITE OVERVIEW 

2.1 Waseda-Sat-Zero-II 

First, this chapter describes the satellites used in the analysis. The analysis will be carried out 

using the satellite Waseda-Sat-Zero-II. The satellite Waseda-Sat-Zero-II was selected as the 

fourth satellite in JAXA's Innovative Satellite Technology Demonstration Project, and as of 

2024, it is being developed at Waseda University's Miyashita Laboratory. Waseda-Sat-Zero 

was selected as the third satellite in the Innovative Satellite Technology Demonstration Project, 

was also developed by the Miyashita Laboratory, and was launched in 2022, but did not reach 

operational status due to a rocket launch failure, so this satellite is being developed as a 

second attempt. The external design diagram of the satellite is shown in Figure 1. 

The external view of the Waseda-Sat-Zero-II case is shown in Figure 2, and its specifications 

are shown in Table 1. The external view of the top cover is shown in Figure 3, and its 

specifications are shown in Table 2. The satellite is completed by attaching the top cover, side 

panels, deployment membrane, convex mechanism, antenna, and base to this case. 

 

Figure 1 External view of Waseda-Sat-Zero 

     

Figure 2 Waseda-Sat-Zero-II case       Figure 3 Waseda-Sat-Zero-II top cover 
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Table1 Satellite Case Specifications 

Size 

x 0.100 m 

y 0.102 m 

z 0.113 m 

Mass  0.376 kg 

Mass 
moment of 

inertia 

Ixx 
0.001 
kg*m2 

Iyy 
0.001 
kg*m2 

Izz 
0.001 
kg*m2 

Ixy 
-9.583-6 
kg*m2 

Ixz 
1.342-6 
kg*m2 

Iyz 
1.878-5 
kg*m2 

 
 
 

Table 2 Top Cover Specifications 

Size 

x 0.102 m 

y 0.082 m 

z 0.001 m 

Mass  0.022 kg 

 

 

 

 

 

 

 

 

2.2 Membrane Deployment Mission 

One of the missions of this satellite is to demonstrate membrane deployment technology. This 

has two purposes. One is to demonstrate the technology to deploy a membrane using a hyper-

elastic wire. This will reduce the number of parts in the deployment structure, and we aim to 

demonstrate safe, low-cost, and short-term satellite production. This purpose will be 

demonstrated by deploying a membrane stored in a satellite in space using a folding method 

determined by calculation. The other one is to lower the altitude and de-orbit the satellite by 

reducing its speed through atmospheric resistance caused by the deployed membrane. The 

aim is to remove a satellite that has completed its mission from orbit quickly without it becoming 

debris. This will be demonstrated by deploying the membrane. 

The membrane of this satellite is composed of hyper-elastic wire, solar cells, and polyimide 

film, and is folded by multiple spiral folds. The membrane is connected to the extension mast 

using a trilane knot, and is stored in the satellite by being pressed down by the top cover. The 

convex tape connected to the membrane is stored by wrapping it around the axis. Both the 

convex tape and the top cover are fixed in place by string when stored. The membrane deploys 

by melting the string that secures the top cover and the convex tape when a command is 

received. When the string is melted, the convex tape advances first. This force pushes the 

membrane out, and the membrane unfolds due to the stretching force of the convex tape and 

the force of the hyper-elastic wire. 
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2.3 Membrane Deployment Experiment 

This chapter shows the actual membrane deployment experiment. First, Figure 4 shows a 

successful deployment experiment. In this deployment experiment, the string is melted from 

the state shown in the left figure of Figure 4, the membrane deploys as shown in the center 

figure of Figure 4, and the convex tape advances as shown in the left figure of Figure 4. Next, 

Figure 5 shows a failed membrane deployment experiment. In this case, the membrane does 

not deploy as shown in the left figure of Figure 5, and only the convex tape is extended as 

shown in the right figure of Figure 5. 

As explained in the membrane deployment experiment, there are three possible states for the 

deployment of the membrane. The first is the state shown in the left figure of Figure 4, where 

neither the convex tape nor the membrane is deployed. The second is the state shown in the 

right figure of Figure 5, where only the convex tape is extended, and the membrane is not 

deployed. The third is the state shown in the right figure of Figure 4, where the convex tape 

has advanced, and the membrane is also deployed. The purpose of this study is to determine 

which of these states exists from the difference in rotation in each state.  

 

Figure 4 Successful Membrane Deployment Experiment 

 

Figure 5 Failure Membrane Deployment Experiment 
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3. MODELING AND ANALYSIS 

Model and analyze the three conditions described in Chapter 2.3 

3.1 Before Membrane Deployment 

The rotational motion of the satellite before membrane deployment is modeled as shown in 

Figure 6. The rotational equation of motion can be expressed by the following equation. 

𝐼𝑥𝑥𝜔𝑥̇ + (𝐼𝑧𝑧 − 𝐼𝑦𝑦)𝜔𝑦̇𝜔𝑧̇ = 𝑀𝑛𝑠𝑥          (1) 

𝐼𝑦𝑦𝜔𝑦̇ + (𝐼𝑥𝑥 − 𝐼𝑧𝑧)𝜔𝑧̇𝜔𝑥̇ = 𝑀𝑛𝑠𝑦        (2) 

𝐼𝑧𝑧𝜔𝑧̇ + (𝐼𝑦𝑦 − 𝐼𝑥𝑥)𝜔𝑥̇𝜔𝑦̇ = 𝑀𝑛𝑠𝑧        (3) 

Therefore, the angular acceleration can be expressed by the following equation: 

𝜔𝑥̇ =
𝑀𝑛𝑠𝑥−(𝐼𝑧𝑧−𝐼𝑦𝑦)𝜔𝑦𝜔𝑧

𝐼𝑥𝑥
         (4) 

𝜔𝑦̇ =
𝑀𝑛𝑠𝑦−(𝐼𝑥𝑥−𝐼𝑧𝑧)𝜔𝑧𝜔𝑥

𝐼𝑦𝑦
         (5) 

𝜔𝑧̇ =
𝑀𝑛𝑠𝑧−(𝐼𝑦𝑦−𝐼𝑥𝑥)𝜔𝑥𝜔𝑦

𝐼𝑧𝑧
         (6) 

Here, moments related to rotational motion could include forces from the attitude control 

mechanism, but since Waseda-Sat-Zero-II does not have an attitude control mechanism, these 

will be ignored in this case. The satellite rotation is analyzed using equation (4), (5), (6). The 

values of the variables used in the analysis are given in Table 3 and are taken from the 

Waseda-Sat-Zero-II casing data. Since ωx0, ωy0, and ωz0 cannot be determined from the 

Waseda-Sat-Zero-II information, the angular velocity around the spacecraft axis of the QSAT-

EOS [8] satellite, which has already been launched, is used. 

 

Figure 6 Model Before Membrane Deployment 
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Table 3 Values to Use in Analysis 

Variable name Values 

ρ 1 * 10-12 kg/m3 

Cd 2.2 

A l*l m2 

l 0.1 m 

Ixx 0.001 kg m2 

Iyy 0.001 kg m2 

Izz 0.001 kg m2 

ωx0 -0.14 °/s 

ωy0 1.09 °/s 

ωz0 -2.02 °/s 

 

3.2 After Membrane Deployment 

The rotational motion of the satellite after the membrane is deployed is modeled as shown in 

Figure 7. The rotation is analyzed using the same equations of motion as in Chapter 3.1. The 

values used in the analysis are shown in Table 4. The mass moment of inertia Ixx, Iyy, and Izz 

are calculated as follows, assuming that the satellite is equipped with a membrane surface and 

top cover with the thickness of the top cover, as shown in Figure 8. 

𝐼𝑥𝑥 = 𝐼𝑥𝑥𝑠𝑎𝑡 +
𝑀𝑟𝑝

2

2
          (7) 

𝐼𝑦𝑦 = 𝐼𝑦𝑦𝑠𝑎𝑡 + 𝑀 (
𝑟𝑠

2

4
+

𝑑2

12
) 𝑙𝑠         (8) 

𝐼𝑧𝑧 = 𝐼𝑧𝑧𝑠𝑎𝑡 + 𝑀 (
𝑟𝑠

2

4
+

𝑑2

12
) 𝑙𝑠         (9) 

 

Figure 7 Model After Membrane Deployment 
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Figure 8 Relationship Between Convex Tape Length And ls 

Table 4 Values To Use In Analysis 

Variable name Values 

ρ 1 * 10-12 kg/m3 

Cd 2.2 

A l*l m2 

l 0.1 m 

Ixx Equation (7) 

Iyy Equation (8) 

Izz Equation (9) 

ωx0 -0.14 °/s 

ωy0 1.09 °/s 

ωz0 -2.02 °/s 

ls Figure 8 

rs 0.3 m 

d 0.001 m 

 

3.3 Extension Of The Convex Tape  

The rotational motion of the satellite with only the convex tape extended is modeled as shown 

in Figure 9. The rotation is analyzed using the same equation of motion as in Chapter 3.1. The 

values used in the analysis are shown in Table 5. The mass moment of inertia is calculated 

using the same method as in Chapter 3.2. 
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Figure 9 Model Only the Convex Tape is Extended 

Table 5 Values to Use in Analysis 

Variable name Values 

ρ 1 * 10-12 kg/m3 

Cd 2.2 

A l*l m2 

l 0.1 m 

Ixx Equation (7) 

Iyy Equation (8) 

Izz Equation (9) 

ωx0 -0.14 °/s 

ωy0 1.09 °/s 

ωz0 -2.02 °/s 

ls Figure 8 

rs 0.3 m 

d 0.001 m 

 

 

3.4 Result 

The rotational changes of the satellite are calculated by numerical analysis using these 

rotational equations of motion. The numerical analysis was performed using the Runge-Kutta 

method. The analysis time was set to 90 minutes, which is the period of Waseda-Sat-Zero-II. 

The analysis span was set to 0.1 s. The analysis results for each axis are shown in Figure 10, 

11 12. The analysis results show that the deployment of the membrane causes changes in the 

satellite's rotation, demonstrating the validity of the proposed method. 
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Figure 10 Angle change around the x-axis 

 

Figure 11 Angle change around the y-axis 

 

Figure 12 Angle change around the z-axis 
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3.5 Discussion 

The results of this experiment showed that the deployment status of the membrane causes 

changes in the satellite's rotation. Therefore, it is thought that the deployment status of the 

membrane can be determined by reading the satellite's rotation using a magnetic sensor. 

Therefore, using the results of this experiment, we will consider whether it is possible to 

determine membrane deployment from the values of the magnetic sensor installed on the 

Waseda-Sat-Zero-II. To take advantage of the advantages of microsatellites, commercially 

available equipment will be used for the Waseda-Sat-Zero-II. The flash memory used is the 

SST25VF080B-50-4C-PAE, which has a storage capacity of 8 Mbit. The magnetic sensor used 

is the HMC5883L, which can measure with an accuracy of 1 to 2 degrees. Since the value 

read by the sensor is 2 bytes, the number of magnetic data that can be stored on the satellite 

Waseda-Sat-Zero-II is 500. Taking into account the balance with other data, this time we will 

consider the optimal interval for collecting data, assuming that 180 data points will be collected 

per axis. 

The data obtained when the data interval for measuring the magnetic data is set to 0.1 s, 0.2 

s, 0.5 s, 1 s, and 2 s will be compared for data before the membrane is deployed, after the 

membrane is deployed, and when only the convex tape is advanced. When the data acquisition, 

interval is set to 2 s, data can be acquired up to 360 s. The final values of the data obtained 

will also be compared. Table 6 shows data for the x-axis, Table 7 shows data for the y-axis, 

and Table 8 shows data for the z-axis. This table shows that by collecting data 180 times at a 

data acquisition interval of 1 second, a difference of more than 2 degrees, which is the 

accuracy of the magnetic sensor, is achieved, making it sufficient to determine the deployment 

of the membrane. This demonstrates the feasibility of the proposed method. 

Table 6 Comparing Angles around the x-axis 

Data span 
s 

Before Membrane 
Deployment 

deg 

After Membrane 
Deployment 

deg 

Only The Convex 
Tape Is Extended 

deg 

0.1 -2.52 -2.52 -2.52 

0.2 -5.04 -5.04 -5.04 

0.5 -12.60 -12.60 -12.60 

1 -25.20 -25.20 -25.20 

2 -50.40 -50.40 -50.40 
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Table 7 Comparing Angles around the z-axis 

Data span 
s 

Before Membrane 
Deployment 

deg 

After Membrane 
Deployment 

deg 

Only The Convex 
Tape Is Extended 

deg 

0.1 19.62 18.64 19.48 

0.2 39.24 35.26 38.68 

0.5 98.10 72.63 94.59 

1 196.20 91.38 182.07 

2 392.40 -34.18 335.17 

 
Table 8 Comparing angles around the z-axis 

Data span 
s 

Before Membrane 
Deployment 

deg 

After Membrane 
Deployment 

deg 

Only The Convex 
Tape Is Extended 

deg 

0.1 -36.36 -36.87 -36.43 

0.2 -72.72 -74.69 -73.02 

0.5 -181.80 -192.73 -183.64 

1 -363.60 -397.84 -370.77 

2 -727.20 -786.29 -754.40 

 

4. CONCLUSION 

This research proposed a method to determine the deployment of the membrane used for 

deorbiting from the rotation of the satellite. 

The social background is that the intensification of the development of small satellites has led 

to an increase in debris, which has made it necessary to install a membrane for deorbiting on 

satellites, and to confirm the deployment of the membrane. The conventional method was to 

check using public orbit information. However, this method had issues with the time required 

for confirmation. Therefore, this study focused on the rotation of the satellite and aimed to 

propose a method to check the deployment of the membrane from the change in rotation 

before and after the deployment of the membrane. 

To demonstrate the validity of the proposed method, we first calculated the force applied to the 

satellite and derived the equation of motion. We then provided information necessary for 

numerical analysis of the satellite used in the demonstration. A numerical analysis was 

performed using this information and the derived equation of motion. The analysis was 

performed on three types of models: a model before the membrane was deployed, a model 

with only the convex tape extended, and a model with the convex tape advanced and the 

membrane deployed. 
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The results of the numerical analysis showed that there was a change in rotation in the three 

assumed types of models, demonstrating the validity of the method proposed in this research. 

In addition, the data acquisition interval for the magnetic sensor used on the satellite and the 

sensor suitable for flash memory were determined to be 1 second, and the number of acquired 

data items was determined to be 180. This demonstrated the feasibility of the research. 
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ABSTRACT 

Timeaxis design is a design theory that deals with time axis and enables sustainable design 

by responding to changes in the required characteristics of products as they are used over 

time. The authors have developed a Timeaxis design method that considers a multi-time-scale 

model. This method is applied to actual product design considering a time axis by defining 

elements based on value changes along a time axis based on a multi-space design model, 

defining each relationship as a mapping function between spaces, and solving it by multi-

objective optimization. In this study, an overview of the method is presented, and the 

effectiveness of the method is verified by applying it to the design of a chair that can be used 

over a long period of time as a child grows up, as an example of time-axis design. 

Keywords: Timeaxis design, Multispace design model, Chair design 

 

1. INTRODUCTION 

In modern society, the cycle of mass production and consumption has been conducted based 

on the pursuit of productivity and cost reduction. To realize such manufacturing, it is important 

to respond to changes in the required characteristics (target characteristics) of artifacts as they 

change with time. For this reason, timeaxis design [Matsuoka, 2012], a design theory and 

methodology that deals with time axis, has been attracting attention. 

One of the fundamental theories in timeaxis design is the multi-timescale model [Matsuoka, 

2018]. This model integrates models of different time systems, such as the short time-scale 

model, the medium time-scale model, and the long time-scale model, as shown in Figure 1. 
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By representing time-varying design elements (all matters to be considered in the design in 

question) and the relationships among elements as a multi-timescale model, it is possible to 

design according to the time-varying target characteristics for the artifacts described above. 

For example, it is possible to derive appropriate design solutions for design problems with a 

trade-off relationship between the target characteristics of different artifacts at different 

timescales (“multi-timescale problems”). 

The authors proposed a numerical solution method for time-axis design considering multi-time 

scales by applying a multi-space design model [Matsuoka, 2012] and a multi-objective 

optimization method to handle trade-off problems [Hirao et al., 2019]. 

In this study, the numerical approach for timeaxis design is introduced, and the effectiveness 

of the method is verified by applying it to the design of a chair that can be used over a long 

period as the child grows. 

 

Figure 1. Multi-time scale model. 

 

2. OVERVIEW OF NUMERICAL APPROACH OF TIMEAXIS DESIGN METHOD 

1. Multispace Design Model: In this method, a multispace design model is applied as a 

framework for comprehensively expressing design elements. The multispace design model is 

a design theory proposed by Matsuoka [Matsuoka, 2010]. As shown in Figure 2, it consists of 

design elements including the design object, a thinking space that expresses design thinking 

to manipulate the elements, and a knowledge space that is the source of the thinking. The 

following is an overview of each space. 

Thinking space consists of psychological space and physical space. The psychological space 

consists of the value space and the meaning space, and the physical space consists of the 

state space and the attribute space. Each of these four spaces will be explained. 

Value space: This space expresses elements that express value from various perspectives, 

such as cultural value and inductive value, and the relationship between them. 

Long time scale

（year, month）

Medium time scale

（day, hour）

Short time scale

（minute, second）

分・秒
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Meaning space: This space expresses elements that express the functionality and image of 

the design object and the relationship between them. 

State space: This space represents a field, which is a set of elements that express the 

environment, and conditions related to the time and space where the design object is placed, 

and elements that express the physical characteristics that are expressed when the design 

object is placed in a certain field and the relationship between them. 

Attribute space: Elements expressing geometric and physical characteristics of the design 

object, such as dimensions and materials, as shown in the drawing, and the relationship 

between them. 

This method comprehensively extracts target characteristic systems and their factor systems 

in multi-timescale problems by organizing psychological elements, which are the required 

characteristics of each timescale, as design goals and physical elements related to them as 

design variables. 

 

Figure 2. Multispace design model. 

2. Numerical Solution by Multi-objective Optimization: A multi-objective optimization 

method is a method for deriving a feasible solution to a vector minimization problem with 

multiple objective functions in a trade-off relationship, where one objective function cannot be 

improved without modifying the other objective functions. 

The multi-timescale model in Figure 1 shows that the short and medium timescales are part of 

the medium and long timescales, respectively, and that the short scale occurs repeatedly in 
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the long scale. To simultaneously evaluate target characteristics on multi-time scales, the 

method introduces time as a variable to evaluate multiple objective functions on the same time 

scale in a multi-objective optimization formulation. 

In the next step, formulate the problem as a design problem by introducing the concept of four 

spaces in the multi-space design model to the multi-objective optimization problem that 

introduces the concept of the time-axis. 

The value element is designated as v(t), the meaning element as m(t), the state element as 

s(t), the circumstance element as c(t), and the attribute element (as a design variable) as a(t) 

for the time-varying case, and a for the time-invariant case. Since there may be multiple design 

elements in each space, they are represented as vectors. The mapping function between each 

space is denoted by 𝒇𝒎→𝒗(𝒎, 𝑡)，𝒇𝒔→𝒎(𝒔, 𝑡)，𝒇𝒂,𝒄→𝒔(𝒂, 𝒄, 𝑡), and the relationship between 

these functions is shown in Figure 3. 

 

Figure 3. Conceptual drawing of reasoning  

between design elements in multi-time scale problem. 

The figure shows that these functions represent the mapping from bottom to top (i.e., design 

evaluation) in the multi-space design model, from attributes to values. Once these functions 

are defined, we can derive the meaning elements to optimize the value elements, and then 

derive the state elements and attribute elements, in that order, to obtain the final design 

solution. 

In this case, the meaning elements that optimize the value elements can be expressed as in 

Equation (1). 

State space

Meaning space

Value space

Attribute space
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Find 𝒎(𝑡) 

 to minimize 𝒗(𝑡) = 𝒇𝒎→𝑣(𝒎, 𝑡) 

={
𝒇𝑚→𝑣1

(𝒎, 𝑡𝑣1
)𝑤𝑣1

(𝑡), 𝒇𝑚→𝑣2
(𝒎, 𝑡𝑣2

)𝑤𝑣2
(𝑡),

⋯ , 𝒇𝑚→𝑣0
(𝒎, 𝑡𝑣0

)𝑤𝑣0
(𝑡)

}     (1) 

Where 𝑡𝑣𝑖
 in Equation (1) represents the time parameter of the timescale for the i-th value 

design element. 𝑤𝑣𝑖
(𝑡) represents the weight function for the i-th value design element. 

Next, by successively substituting the meaning element m(𝑡) in Equation (1) with the mapping 

functions between the spaces shown in Figure 3, i.e., the mapping function between the 

meaning space and the state space, and the mapping function between the state space and 

the attribute space and field, the semantic element that optimizes the value element can be 

expressed as in Equation (2) with the attribute and circumstance elements. 

Find a(𝑡)  

 to minimize 

 𝒗(𝒕) = 𝒇𝒎→𝒗 (𝒇𝒔→𝒎(𝒇𝒂→𝒔(𝒂, 𝑡)))       (2) 

This is thought to make it possible to view optimization problems that span multi-spaces, such 

as the case of deriving attribute elements that optimize the required meaning elements, as a 

single optimization problem, and to perform design (mapping from physical space to 

psychological space). 

3. Numerical Solution by Multi-objective Optimization: The procedure (flowchart) for 

solving the multi-time scale problem formulated in the previous section is shown in Figure 4. 

First, based on the concept of the multi-space design model, the necessary design elements 

are clarified. 

Next, among these design elements, target characteristics and design variables are 

determined. 

Then, an objective function that expresses the relationship between design goals, design 

variables, and time parameters is derived using a physical model and experimental data. If the 

physical model or experimental data used as a reference does not include a time parameter, 

it is necessary to set a weight function that defines the relationship between the objective 

function, the time parameter objective function, and the time parameter. For example, if the 

target characteristic is a characteristic such as human sensitivity, then a weight function should 

be set such as the change in (human) sensitivity on the timescale of the target characteristic. 

Furthermore, to handle multiple objective functions, the time parameters of each objective 

function's timescale are aligned, and multi-objective optimization is performed to obtain a 

design solution. 
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Figure 4. Flowchart of proposed timeaxis design method. 

3. OVERVIEW OF NUMERICAL APPROACH OF TIMEAXIS DESIGN METHOD 

Many infant chairs are designed to change the height of the seat and footrest to accommodate 

the changing physique of the child as the child grows. One of the most famous chairs is the 

"Tripp Trapp "designed by Peter Opsvik, shown in Figure 5. The design concept of this chair 

is intended for use by adults as well [Opsvik, 2009]. 

The chair is a design validation of ergonomic aspects and attachment regarding adaptation 

with growth [Salvador, 2014], [Salvador et al. 2014], [Salvador, 2018], [Salvador, 2018], and 

can be said to be a design case of timeaxis design concept.  

This study attempts to validate the method by applying the numerical solution method for 

timeaxis design described in the previous chapter to ”Tripp Trapp” design. 

 

Figure 5. “Tripp Trapp” Chair. 
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1. Construction of the Elements Inter-relationship Diagram: The elements inter-

relationship diagram for infant chairs was created as shown in Figure 6. 

 

Figure 6. The elements inter-relationship diagram for infant chairs. 

In addition to comfort as a basic function of the chair, the value elements include fostering 

attachment through long-term use, which is an element of time-axis design. 

The semantic elements include the basic elements of seating comfort, such as sitting 

comfortably and fitting the body, while the attachment element assumes that the chair can 

accommodate changes in body dimensions due to growth, as a condition for long-term use. 

In the above-mentioned numerical solution method for timeaxis design, each element is 

formulated as a mapping function based on subjective evaluation results, etc., and solved 

analytically. However, in this validation, since there is no data to formulate a mapping function 

between spaces, the mapping function in physical space and making it an optimization problem 

were used. 

2. Problem definition: The “TrippTrapp” chair shown in Figure 5 has a simple chair structure 

consisting of two wedge-shaped side frames sandwiched between two boards (seat and 

footrest) whose height and front-back position can be changed. Therefore, the width direction, 

which is the distance between the side frames, is unified as one. 

Schematically speaking, the design can be made by determining the dimensions in a two-

dimensional sagittal plane as shown in Figure 7. 

Therefore, the following design variables were used in this study. 

- Depth of the seat and footrest. 

- Number and pitch of fixing grooves for the seat and footrest. 



The 20th International Conference on Machine Design and Production 

August 14-17, 2024, Ankara, Turkey 

 
- Diagonal angle of the side frames. 

- Length of the legs. 

 

Figure 7. Schematic structure of the chair. 

3. Problem definition: In this section, the design variables presented in the previous section 

are determined using various findings corresponding to the mapping function. 

In previous studies, there are no examples of research on chair seating comfort for infants. 

Therefore, in this study, we assume that the findings obtained in studies with adults can be 

used regardless of the age of the subjects. 

The standard height of the table used with the chairs is 700 mm. 

1. Seating comfort elements:  

- Body dimension 

The change in body size with growth has a significant effect on sitting comfort. For this reason, 

regression equations of body size on age or body height were developed using published 

anthropometric body size data [MHLW, 2001] [MEXT, 2022] [Kouchi and Mochimaru, 2005] 

[HQL, 2008], and used in the following calculations. The details of the regression equations 

are omitted due to space limitations of this proceedings. 

In this study, the design is intended for children from one-year-olds who can sit up by 

themselves to 17 years olds who have grown almost as tall as adults. 

- Width of seat and footrest (inside dimensions of side frames) 

In the width direction, the chair structure is unified by one dimension, but it is necessary to 

cover the maximum value of the target seated person. Therefore, the maximum width of the 

buttocks of a 17-year-old in the sitting position is 401 mm, so the width should be 420 mm to 
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allow room for clothing. In this study, the design is intended for children from one-year-olds 

who can sit up by themselves to 17 years olds who have grown almost as tall as adults. 

- Seat height 

The “Sashaku” concept has been proposed as a guideline for determining the optimal seat 

height [Noro, 1994]. This is defined by the following equation. 

𝑆𝑒𝑎𝑡 ℎ𝑒𝑖𝑔ℎ𝑡 = 𝑇𝑎𝑏𝑙𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 −
0.55×𝑏𝑜𝑑𝑦 ℎ𝑒𝑖𝑔ℎ𝑡

3
            (3) 

Using this concept, the seat height for a one-year-old girl with the smallest body size is 687 

mm. This is the highest seat position. 

Next, the maximum body size for which a footrest is used is determined. 

Since a footrest is not necessary when a person's feet reach the floor when seated, the seat 

height is smaller than the height difference between the knees and the soles of the feet when 

a comfortable seat height is set using the differential scale. This was obtained by creating a 

regression equation based on the height on the difference scale and the knee-to-floor height 

and found to be the case for a body height of 1277 mm or taller. This is equivalent to an age 

of 8 years, which means that a footrest is not necessary for children over 8 years of age. 

Therefore, if a footrest is used until the child is 7, the seat height is 475mm based on the same 

differential scale formula. 

Therefore, the seat height should be able to be changed within the range of 475 to 687 mm. 

In this case, considering that the seat height can be changed from 1 to 7 years of age, 14 steps 

would be necessary if it is changed every half a year. 

However, dividing the seat height range into 14 steps would result in a pitch of about 15 mm, 

which is too small considering that the thickness of the board is 10 mm. Therefore, it would be 

appropriate from a design standpoint to provide adjustment from the upper side at a pitch of 

20 mm or more, which is about twice as high, and to provide the lowest step at a lower level 

that is not assumed to be used as a footrest. 

- Seat and footrest depth 

The "Tripp Trapp" chair has two boards positioned in the depth direction to adjust the depth of 

the seat and footrest. 

In this study, the shorter board is defined as the seat, and the longer board is the footrest. 

Naturally, as the body size increases, the longer board becomes the seat, and when the 

footstool is not used, it can be placed on the backside. 
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The dimensions of the longer board should be such that the legs can be accommodated when 

used as a footrest, while the shorter board should be comfortable for a larger stature. 

Footrest depth: When seated, if the legs cannot reach the seat and the user hangs down, the 

thighs are compressed at the end of the seat surface, inhibiting blood flow and causing 

discomfort. Therefore, the depth of the footrest should be at least longer than the foot size (foot 

length). In the previous section, we defined the maximum size for using a footrest for a 7-year-

old child. A 7-year-old boy's foot length is 193mm, so about 200mm is necessary. 

Seat depth: Takamatsu et al. analyzed the mechanism for determining the comfortable seat 

length and found that 75% of the thigh length is the appropriate seat tip position for seating 

[Takamatsu et al.] Adding the seated hall and tumescent distance to 75% of the thigh length 

for a 17-year-old, which is the maximum body size for seating, yields 435 mm. 

2. Safety related elements:  

The chair should not fall over and collapse when the user is seated in the chair. 

Therefore, in this study, the value is maximized when the moment around the rear end of the 

legs of the chair while seated is positive and maximal. 

3. Attachment related elements:  

In this study, as an element of timeaxis design, it is assumed that a child's chair can be used 

as he or she grows older, thereby fostering attachment to the chair. In other words, the value 

of the chair as defined above should be maximized even if the body dimensions change as the 

child grows. 

4. Multi-objective optimization: In the previous section, the design variables have been 

determined based on the elemental relationship diagram created in Figure 6, based on the 

knowledge of each element. Many of the variables were determined without solving a multi-

objective optimization problem because they could be determined by the dimensions of the 

largest or smallest body size. 

The variables that have not been determined so far are the angle of the side frames and the 

length of the legs. These two variables are to be solved in a multi-objective optimization 

problem to maximize their value concerning safety and attachment. 

The objective function is to maximize the moment around the back end of the chair leg while 

seated, a measure of safety-related tipping, at all ages. 

The constraint in the optimization is that the moment be positive at all ages. 
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In calculating the moments, the body weight at each age was a load, and the chair's weight 

was calculated from the dimensions of the parts using the specific gravity of the wood (0.56 

g/cm3). 

 

4. RESULTS AND DISCUSSION 

Table 1 shows the values of the design variables for the children's chairs obtained in this study 

and the “Tripp Trapp” chair. 

Table 1. Comparison of the design variables. 

 

The values for seat width were the same. The seat depths differed by 60 mm. This difference 

may be due to the difference in the degree of coverage for the seat length of large-size persons. 

The “Tripp Trapp” chair has a shorter seat depth than this study, designed to cover a 17-year-

old person of the same size. The footrest depth was 7 mm, which is a larger margin than that 

in the present study. 

The adjustment range of the seat height is much wider, but this is due to the difference in how 

much the mounting groove is placed below the lower limit of the required dimension, and the 

range is almost the same. Although the number of adjustment steps is the same, the pitch 

reflects the difference in the range described above, resulting in the different values. 

Finally, the two indices determined by the multi-objective optimization were almost equivalent. 

In summary, the design variables determined by this method can be considered almost 

equivalent to the Opsvik design values. In other words, although the timeaxis design method 

was not used, it was considered a design concept, and it can be inferred that the design values 

were determined by Opsvik's skill. In other words, it can be considered that the timeaxis design 

can be performed analytically by using this method. 

In this study, the design was conducted for the target age group up to 17 years old, but the 

dimensions could be different if the target physique coverage range is changed, and the age 
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group is made younger. It is also possible to obtain different solutions by changing the weights 

of the objective function in multi-objective optimization. 

In this study, we used Japanese physique statistics, but the “Tripp Trapp” chair designed in 

Norway as a product is sold globally, and physique statistics for each country should be used. 

Therefore, it can be inferred that the results may differ when assuming countries with different 

average body sizes. However, considering the growth process, the dimensions would be 

different if the age corresponding to attachment is changed, i.e., Japanese 17 years old, which 

was assumed to be the maximum body size in this study, because it corresponds to the 

different ages at which the same height is reached. However, this is not a problem for the main 

target age of the chair, which is the period of growth of body size. This is supported by the fact 

that the same specifications are sold globally. 

 

5. CONCLUSION 

In this study, the concept and numerical solution of timeaxis design considering multi-time 

scale problems are outlined, and the method is verified on the subject of a child's chair that 

can be used continuously as the child grows up. 

As a result, we were able to obtain a design solution that is almost equivalent to the design of 

the “Tripp Trapp” chair, which is well known as a long-selling children's chair, and the method 

was verified. 

In the future, we would like to apply the method to other design problems to further validate 

and establish the method. 
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ABSTRACT 

In a conventional multilingual information system, the user must actively choose the language. 

Therefore, in this study, a multilingual communication robot system that realizes natural 

communication using multiple languages for various foreign visitors was developed. In this 

system, when a user approaches a guide robot, the language used in the user’s smartphone 

is automatically acquired using iBeacon, and the robot can talk to the user using the user’s 

language. Using this method in this study, the guide robot was able to spontaneously guide 

the user in the language used by the user. 

Keywords: Communication Robot, Multilingual Communication, Language Detection System 

 

1. INTRODUCTION 

In recent years, there has been a growing anticipation of an increase in foreign visitors, driven 

in part by the resurgence of travel following the decline of the COVID-19 pandemic. However, 

the hospitality industry is currently ill-prepared to offer seamless multilingual services to these 

international guests due to a shortage of personnel proficient in diverse languages. This 

situation has hindered the smooth provision of guidance and information crucial for enhancing 

visitor experiences. 

Simultaneously, advancements in AI technology have paved the way for practical applications 

in natural language communication through IT devices, hinting at a potential solution. The 

development of guide robots and digital signage holds promise in realizing multilingual 

services; however, existing implementations have not seamlessly integrated into real-life 
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scenarios. One prominent issue is the reliance on users to initiate interactions with these 

systems, which often requires them to manually select their preferred language, posing a 

significant cognitive barrier. 

The primary objective of this research is to bridge this gap by developing a system capable of 

facilitating multilingual communication between foreign visitors and humanoid guide robots. 

Unlike existing setups where users must initiate language selection, the proposed system 

automates this process based on the user’s first language, streamlining the interaction. In 

addition, these research endeavors to establish a robust system architecture that 

autonomously triggers guidance, paving the way for smoother user experiences. 

This research builds upon prior studies in communication robotics [1-9] and multilingual 

systems [10-14], recognizing the effectiveness of robots in guiding foreign visitors and the 

problem of current digital signage-based solutions. By integrating language detection 

capabilities into guide robots, facilitated through beacon technology and smartphone 

applications, the envisioned "multilingual communication robot system" aims to revolutionize 

visitor experiences in locations such as airports, hotels, and shopping malls. Through sensory 

evaluation experiments, the efficacy and user satisfaction of this system will be assessed, 

contributing to the advancement of multilingual service offerings in the hospitality sector. 

 

3. METHOD 

This chapter describes the multilingual communication robot system to be developed. In this 

system, the “guide robot” recognizes the language to communicate from the user’s smartphone 

and provides guidance by using user’s language. The following components were used in the 

system. 

1) Pepper, a humanoid robot made by Softbank Robotics; 

2) Aplix MyBeacon, MyBeacon® Pro MB004Ac (-12dBm); 

3) Apple iPhone. 

Overall System Configuration 

In this research, three subsystems consisting of “multilingual control server”, “smartphone 

application” and “guide robot” shown in Figure 1, are linked to each other. 

First, the language data and the individual identification of the smartphone, namely the Unique 

Device Identifier (UDID) received from the “smartphone application” (described later), are 

recorded as text data in the “multilingual control server” via a PHP program. The stored 

information is then read by a system (described later) mounted on the “guide robot”, and the  
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Figure 1. Overall System Configuration 

 

information is divided according to its category to perform language recognition. 

 

Next, the “smartphone application” transmits the language data and UDID of the smartphone 

to the aforementioned “multilingual control server” through background processing when it 

receives the signal of Bluetooth low-energy broadcast communication, namely iBeacon. By 

installing the beacon on the “guide robot”, the robot can automatically and smoothly recognize 

the user’s language by accessing “multilingual control server” when the user approaches. 

Finally, a humanoid robot Pepper (SoftBank robotics) was adopted as the “guide robot”. 

Pepper is equipped with sensors on the head, chest, hands, and legs, enabling various 

movements with 20 motors. This system uses a stereo camera (RGB camera) built into 

Pepper’s head to perform face tracking (described later) to recognize the user. The language 

data and UDID are obtained from the “multilingual control server” and automatically switches 

the language to communicate. 

Multilingual Control Server 

The “multilingual control server” plays an important role in connecting the “smartphone 

application” and the “guide robot”. As the information to be acquired, “major number”, “minor 

number”, “UDID”, and “language data” are recorded. Using the extracted data, system health 

can be confirmed by checking whether the system is operating properly or not. Here, “UDID” 

can identify the user, and “language data” can understand the language used by the identified 

user. This information is sent to the database server as a single line of character string 

information via PHP and is saved as two separate files: one for collecting all logs and the other 
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for enabling the robot to obtain the required data. The former is set to continuously acquire 

data, enabling us to manage various user attributes. The latter is set to repeat overwriting and 

updating information, enabling the robot to prevent continuous guidance from the same person. 

Smartphone Application 

For the “smartphone application”, iPhone was adopted to use iBeacon, a beacon-compatible 

system that can perform background processing. The advantage of this application is that the 

user does not need to touch the app except for setting the location information and notification 

function to always on. In addition, by bringing the smartphone toward the “guide robot” in which 

the beacon is installed, the smartphone receives the signal from the beacon and sends the 

data of “language data” and “UDID” to the “multilingual control server”. When the user 

approaches the detection area of the “guide robot”, the robot acquires “language data” and 

“UDID” from the “multilingual control server” and begins the guidance. The detection area of 

the robot is placed inside the detection area of the beacon. 

With these functions, the user only needs to perform the initial setting of the location 

information and the notification function. Hence, it is expected to reduce the burden and 

simplify guidance usability. 

Guide Robot 

In the “guide robot”, the function that performs the processes of providing guidance with 

smooth language switching (Figure 2) was implemented using Choregraphe. Choregraphe is 

a GUI-based development environment and visual programing language customized for 

Pepper that allows developers to develop applications without the need for knowledge of 

classical programing languages. The details of each process are described below: 

Process 1: In the “storage variable setting,” variable items, generally called global variables, 

are installed. The “guide robot” Pepper has a memory area called ALMemory, which mainly 

stores data obtained from the sensors. By adding an optional memory, it is possible to create 

a data storage area that can be treated as a global variable. In this system, a memory area for 

storing “language data” and “UDID” is created. 

Process 2: “Face tracking” has the function of the “guide robot” Pepper tracks the approaching 

user’s face from the RGB camera on the head. By initializing the camera, the face can be 

tracked at the same time as the system operation. In addition, the approach of the user is 

recorded in ALMemory, and with this as a trigger, the system activates “getting server 

information” and “wait processing” described later. 

Process 3: In the “getting server information” step, the information in the “multilingual control 

server” is accessed, and all the character string information, including the four types of 
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Figure 2. Processes of the Communication Robot 
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information, is obtained. In this situation, since there is still only one line of character string 

data that cannot be utilized, it is necessary to go through the data division function described 

later. 

Process 4: In the “character string data division” to “language data” and “UDID”, the location 

in the string data corresponding to “language data” and “UDID” is set for the data obtained 

from the server, and each data point is divided. Thus, “language data” and “UDID” can be 

used as variables in subsequent processing. 

Process 5: In “branching processing”, processing is performed using the acquired “language 

data” and “UDID”. First, it is determined whether the obtained data are the same “UDID”. If the 

same, it is determined to be the same user, and the process returns to the next loop of “setting 

server information” stage. If the “UDID” is different, the “language data” is identified, and the 

process proceeds to “language mode setting” for the detected language. 

Process 6: “Language mode setting” is a process for setting the language for the utterance 

(speech) of the “guide robot” Pepper. Once a language is set, all speech will be spoken in the 

same language until it is reset. 

Process 7: In the “wait process”, the process is terminated when the language is set to 

“language mode setting” and the “guide robot” Pepper detects the user. In this process, if one 

or both do not proceed, it is set to wait mode. This makes it possible to reduce malfunctions. 

Process 8: The “guidance process” is the phase where it is confirmed that the “waiting process” 

has been completed, and guidance of the “guide robot” is activated. 

Based on these processes, this research constructed a system architecture in which the robot 

automatically switches the language according to the user and provides guidance information. 

 

4. EXPERIMENT 

In this section, an evaluation experiment was performed to confirm the effectiveness of the 

constructed system. As a condition of this experiment, the subject was asked to walk slowly 

(0.9 to 1.2 m / s) from a position 10 m away from the “guide robot” Pepper until he/she gets 

0.5 m close to the robot, as shown in Figure 3. This was performed five times, and a sensory 

evaluation experiment was then performed using a five-stage Ricardian scale. The subjects 

were six males and four females in their 20s and 50s, and the 10 subjects were five Japanese 

students and five international students using English. The evaluation items are shown in 

Table 1. 
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Figure 3. Evaluation Experiment of Guide Robot 

 

Table 1. Evaluation Experiment Question Item 

5. Very appropriate

Q5. Please answer if you marked “inappropriate” or “very inappropriate” in Q4. How

did you feel about the timing?

1. Too early

2. Too late

Q1. Would you be grateful if the robot comes close to you in public space and

provides information?

Q4. How did you feel about the timing of the robot begins talking to you?

1. Very inappropriate

2. Inappropriate

3. Neither

4. Appropriate

4. Appropriate

5. Very appropriate

Q3. Please answer if you marked “inappropriate” or “very inappropriate” in Q2. How

did you feel about the distance?

1. Too close

2. Too far

5. Highly grateful

Q2.  Was the distance of the robot appropriate when it started talking to you?

1. Very inappropriate

2. Inappropriate

3. Neither

1. Highly ungrateful

2. Ungrateful

3. Neither

4. Grateful
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Table 2. Evaluation Results 

 

 

5. RESULT AND DISCUSSION 

This section describes the results and discussion of the evaluation experiment performed in 

the previous section. Table 2 shows the evaluation results. Regarding the robot’s spontaneous 

provision of information in public spaces, the result of Q1 will indicate whether the proposed 

system is effective for accommodating the problem in the introduction is that the mental 

threshold of talking to the robot from the user’s side and receiving guidance is still high. 

Regarding the user’s personal space in communication with the robot in Q2, although there 

may be some individual differences, more than half of the respondents answered that it was 

somewhat appropriate. This result indicates the validity of the “guide robot” starting the 

guidance at a distance of 0.5 m or more. Two Japanese respondents replied to Q3 that the 

robot was too close, as shown in Table 2. This suggests that the personal space of the users 

may be wider than previously considered and suggests the necessity of analyzing the sense 

of distance in future research. 

Regarding whether the moment the robot started communicating was appropriate or not in Q4, 

half of the respondents answered that it was somewhat appropriate. Of the four respondents 

who thought it was inappropriate, two Japanese responded that the moment was too late and 

two international students answered that the moment was too early, as shown in Table 2. This 

result suggests that adjusting the response speed may improve the evaluation, depending on 

the language used. 

Nationality Age Gender Q1 Q2 Q3 Q4 Q5

Japan 20's Male 4 4 4

Japan 40's and beyond Male 4 4 4

Japan 40's and beyond Male 3 4 2 2

Japan 40's and beyond Female 3 2 1 4

Japan 30's Male 4 2 1 2 2

USA 20's Male 4 3 2 1

China 20's Female 3 4 2 1

China 20's Female 4 4 3

China 20's Female 4 4 4

Korea 20's Male 3 4 4

3.60 3.50 3.10

0.49 0.81 0.94

Average

Standard Deviation
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These results suggest that communication between the robot and providing guidance to the 

user might be effective. The results also implied the necessity of adjusting the personal space 

and reaction speed. 

 

6. CONCLUSION 

The culmination of this research has led to the successful development of a multilingual 

communication robot system aimed at facilitating seamless interactions between robots and 

foreign visitors speaking various languages. Through sensory evaluation experiments, the 

efficacy and performance of the system were thoroughly assessed, demonstrating its 

effectiveness in fostering effective communication. 

The findings from the evaluation experiments highlighted the system’s capability to engage 

users effectively, paving the way for enhanced spontaneous communication between robots 

and humans. Particularly noteworthy was the automated language switching and speech 

capabilities of the robot, which significantly reduced the cognitive load on users and promoted 

smoother interactions.  
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as if they were in the robot. By using the tele-immersion avatar robot, it is expected that remote 

users will be able to communicate with local users naturally as a first-person experience. 

In general, it is said that communication has two aspects, transmission of information and 

building of human relationship [5]. The use of avatar robots makes it possible to transmit 

information through conversation and gestures, but what kind of human relationship is built? 

Can a remote user build a human relationship with a local user, or does a local user build a 

human relationship with the avatar robot or with a remote user? In this study, we conducted a 

communication experiment using the prototype of tele-immersion avatar robot, and evaluated 

the psychological human relationship built through the communication.  

In the following paper, we describe the concept of a tele-immersion avatar robot, the system 

configuration of the developed avatar robot, and the evaluation of human relationship built in 

a communication experiment. 

 

2. CONCEPT OF TELE-IMMERSION AVATAR ROBOT 

In order to realize a tele-immersion avatar robot, a remote user must be able to communicate 

with other people as a first-person experience, while feeling as if he or she were not operating 

a robot, but becoming a robot itself. To achieve this concept, it is necessary for the user to 

receive information sensed by the robot's eyes and ears as if he or she sensed it using his or 

her own organs, move the robot's body freely as if it were his or her own body, and talk with 

the other person using the robot's voice as if it were his or her own voice. In other words, it will 

be necessary to develop technologies of audiovisual information transmission, body movement 

control, and voice conversation, that will enable natural communication as a first-person 

experience. 

Figure 1 shows the concept of a tele-immersion avatar robot. The visual and audio function as 

a first-person experience is to generate the sensation of seeing with your own eyes and hearing 

with your own ears by using the robot's sensors. Namely, when you turn to the right, you can 

see an image of the robot's right side, and when you turn to the left, you can see an image of 

the robot's left side. Therefore, it is necessary for the remote user to be able to freely look 

around the scene around the robot. 

Next, the body control function as a first-person experience is to move the robot's body freely 

as if it were your own body. When you raise your right hand, the robot also raises its right hand, 

and when you point at an object you are looking at, the robot also points at the same object. 

Therefore, it is necessary for the remote user to control the movement of the avatar robot 
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according to his or her body movement. The conversation function as a first-person experience 

is the ability to generate the robot's speech as if it were your own speech. 

In the field of tele-existence robots, research on remote robot control as a first-person 

experience is being conducted, and robots that combine technologies of master-slave arm and 

visual information transmission have been developed [6][7]. Compared to these studies, the 

avatar robot developed in this research aims at communicating with humans in the real world. 

Therefore, it is expected that a human relationship among remote user, local user and avatar 

robot is constructed, by enabling the remote user to talk with the local user via the avatar robot, 

and the local user to talk with the remote user via the avatar robot. Namely, it is required that 

the avatar robot has individuality, expresses personality, and transmit emotions through the 

communication. In this study, an evaluation experiment using a prototype of avatar robot was 

conducted, to investigate the question of who the users feel they are talking to, that affects the 

consciousness of constructing human relationship. 

 

3. SYSTEM CONFIGURATION 

In this study, Softbank's communication robot Pepper was used as the base avatar robot. 

Pepper is a 121cm tall humanoid robot that can be programmed to talk and make gestures, 

and is used in various applications, such as guiding visitors at museums, promoting sales in 

shopping malls, and providing care in nursing homes [8][9]. In this study, Pepper was used as 

an avatar robot that was controlled by a remote user [10].  

Audiovisual Information Transmission Technology 

avatar robotlocal user remote user

hear

talk

gesturegesture

Internet

look around
look around

hear

talk

Figure 1. Concept of Tele-Immersion Avatar Robot

.
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received text information in the robot's voice. Web Speech API was used to recognize the 

remote user's voice, and the voice data is sent from the remote user's PC to the server through 

the web browser and it is recorded as text information on the server. Pepper constantly checks 

the server and vocalizes the recorded text when new text information is recorded.  

At this time, the remote user's voice is once converted into text, it would be possible to perform 

text information processing such as automatic translation. In this system, a mechanism to 

perform machine translation between Japanese and English using DeepL API on the server 

was implemented. Pepper originally has conversation function using Japanese, English, 

Chinese, etc., by switching language modes. Therefore, it is possible to make Pepper speak 

in Japanese what the remote user speaks in English or speak in English what the remote user 

speaks in Japanese. Figure 4 shows the screen image of voice conversation interface using 

Web Speech API and DeepL API. 

By using these functions of audiovisual information transmission, body movement control, and 

voice conversation, a remote user can use Pepper's body as a tele-immersion avatar robot. 

 

4. EVLUATION EXPERIMENT ON HUMAN RELATIONSHIP 

An evaluation experiment was conducted to investigate the psychological human relationship 

that is built when the developed avatar robot is used. As an experiment, we asked graduate 

students to make a presentation to introduce their research using the avatar robot in a 

university orientation for new students. The students who explained research operated the 

avatar robot from the next room as remote users, and the students who listened to the 

explanation faced the avatar robot as local users. The avatar robot was operated to explain 

research while pointing at posters, and the new students who listened to the explanation asked 

questions to the avatar robot after the explanation. The students who listened to the 

explanation knew in advance who was operating the avatar robot. Each experiment time was 

Figure 4. Voice Conversation Interface using Web Speech API and DeepL API
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about 5 minutes including the explanation and the Q&A session, and after the experiment, the 

subjects of the remote users and the local users were asked to answer the questionnaire using 

5-point Likert scale as shown in Table 1. The numbers of subjects who gave the explanation 

and who listened to the explanation were 10, respectively. Figure 5 shows the remote user 

and local user in the experiment.  

Table 1. Questionnaire for Remote Users and Local Users 

 
 

 
remote user                                                             

 

�„ Questions for remote user

Q1: I felt I was in the same place as the other person.

Q2: I felt the robot I was controlling was in the same place as the other person.

Q3: I felt I moved my body.

Q4

local user 

Figure 5. Remote User and Local User in the Evaluation Experiment 
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Figures 6 shows the results of the questionnaire answered by remote users and answered by 

local users. The results by remote users show that there was a significant difference between 

Q1 and Q2, but no significant difference between Q3 and Q4 according to the t-test. This result 

indicates that the remote users who operated the avatar robot felt more that they themselves 

were in the same place with the other person than that the robot was in the same place with 

the other person, and felt that they were controlling the movement of both the robot body and 

their own body. On the other hand, the results by the local users show that there was a 

significant difference between Q5 and Q6 according to the t-test, and this result indicates that 

the local users felt more that they were talking with the robot in front of them than that they 

were talking with the remote user. 

5. DISCUSSIONS 

The results of the evaluation experiment showed that by using the tele-immersion avatar robot, 

remote users felt that they existed at the local site as if their body was unified into the robot 

body, and they were moving the robot body in the same way as moving their own body. This 

means that the remote users were able to perform the tele-immersive communication as a 

first-person experience that was the purpose of this study. However, it was shown that the 

local users felt they were communicating with the robot in front of them, rather than with the 

remote user, even though they knew who was operating the robot. Namely, it can be thought 

that the avatar robot was personified and it was felt to have a certain personality through the 

tele-immersion function. 

In the tele-immersion avatar robot, the remote user feels that he or she is communicating with 

the local user, but the local user feels that he or she is communicating with the personified 

5

4

3

2

1
Q1       Q2           Q3       Q4          Q5       Q6

* *

Figure 6. Results of Questionnaire in Evaluation Experiment
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ABSTRACT  

We are interested in the skills people improve through eSports. In this context, we have 

focused on the use of high-frequency monitors for eSports and have investigated the effects 

of high-frequency monitors on eSports. In a previous study, we found that in a simple reaction 

test, even ordinary people without special training could perceive a 360 Hz monitor and react 

faster than a 60 Hz monitor. Also, in a slightly more complex cursor aiming test, in which the 

cursor is placed on a target, the high-frequency monitor was found to have an advantage in 

game scores. Since the latest 500 Hz monitors will begin shipping in Japan in 2023, we 

conducted a simple reaction test and a cursor aiming test using these monitors. The results 

showed that a 500Hz monitor allowed participants to react faster in a simple reaction test. 

However, no significant effect was observed for the 500Hz monitor in the mouse cursor aiming 

test. It was suggested that the advantage of high-frequency monitors in eSports depends on 

the content of the game. 

Keywords: High-refresh rate monitor, eSports, Simple reaction time 

 

1. INTRODUCTION 

Is eSports a Game or a Sport? This is the research question that this study aims to answer. 

e-sports' adoption for the Olympics is also controversial. The debate over the Olympics is too 

complex for the author to comment on. However, it is easy to imagine a mother scolding her 

child in an ordinary Japanese household, saying, "You will not be happy if you keep playing 

games. If e-sports is a sport, then there must be some skill that can be developed through it. 

If the skills are not related to specific game content, but are useful in general society, such as 

reflexivity, communication skills, and logical thinking, society will encourage e-sports, and 

children can acquire valuable skills through e-sports while having fun. eSports can be played 
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even by old people with declining physical fitness, and remote participation allows people in 

underpopulated areas and those in urban areas to participate equally. In addition, if the 

relationship between e-sports and human skills can be clarified, appropriate handicaps can be 

set, thereby creating an environment where everyone can enjoy life regardless of age, physical 

fitness, or region. Therefore, our e-sports research was started with the goal of discovering the 

abilities that can be trained through e-sports. 

The first of these efforts was to investigate human adaptability to high-frequency 

monitors. Monitors connected to office computers typically operate at 60 Hz, but monitors used 

for eSports operate at higher frequencies than 60 Hz. However, monitors for eSports use a 

higher frequency than 60Hz. We have conducted a simple response test and a cursor aiming 

test using a 360 Hz monitor released in Japan in 2020 as a prior study. The results showed 

that in both tests, people can use high-frequency monitors to their advantage in eSports 

In this study, we report the results of the same two tests conducted in the previous 

study using a 500 Hz monitor, which will be available in Japan in 2023. This experiment 

examined the advantage of the monitor in terms of whether people can effectively use the high-

frequency monitor, so it did not measure the human skills that can be acquired in e-sports, as 

mentioned above. However, we believe that these are important basic data to measure the 

increase in the speed of human response to games. 

 

Fig.1 Average SRT versus monitor frequency from 60 Hz to 360 Hz. 
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2. RELATED STUDIES 

>&1>' Simple Reaction Test 

The first test conducted was a simple reaction test [2]. Only the results are described here; the 

details of the test method are described below. 7 participants measured the simple reaction 

time while changing the frequency of the monitor from 60 to 360 Hz, and the results are shown 

in Fig.1. The figure shows that the reaction time became slower as the frequency decreased. 

This is not a measure of human ability. Assuming that people respond in the same time on 

average when a sufficiently large number of trials are conducted, the delay in response when 

the monitor frequency is lowered may be due to a corresponding delay in the display. At this 

time, the participants were not students practicing e-sports. However, both the average 

reaction time of the seven participants and the average reaction time of the individual 

participants were slower on the slower frequency monitors. This indicates that people can 

recognize and react to 360 Hz displays without special training. 

>&2>'  Mouse Cursor Aiming Test 

Next, we tested the effect of monitor frequency in a more complex game than the simple 

response test. The game used was SPHERETRACK90 in AimLab. In this game, a sphere 

(target) moves randomly in a 3D space for 1 minute while the target moves as shown in Fig.2. 

The game has a mode in which the player moves the viewpoint to keep the target in the center 

of the screen. This action is called "adjusting the aim. Ten students played the game. The 

display frequency setting of the game was controlled by fixing the frequency setting of the 

monitor at the maximum 360 Hz and changing the maximum frame rate setting of the game 

from 60 Hz to 144, 240, and 360 Hz. They played the game four times, one at a time, starting 

with the lowest rate, and measured 10 sets (40 plays in total). Figure 2 shows the average 

scores of the seven players over 40 plays at frequencies normalized by their own scores at 60 

Hz. The dashed line shows their scores and the solid line shows the average of the seven 

players. 
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Fig.2 Average SRT versus monitor frequency from 60 Hz to 360 Hz. 
The scores tended to be higher as the refresh rate increased, indicating that monitors with 

higher refresh rates have an advantage in this game. Testing for differences in these means 

showed significant differences between 60Hz and 144Hz and between 144Hz and 240Hz, but 

no significant differences between 240Hz and 360Hz. This suggests that as games become 

more complex, the benefits of high-frequency monitors may be limited in their effective range. 

>&3>'  Apex Legends 

Previous tests were games played by one person. Next, we investigated the effect of monitor 

frequency on games played by two players [4]. Apex Legends is a first-person battle royale 

game available on PC, Nintendo Switch, Playstaion and XBOX. The PlayStation version is 

played in 54 countries worldwide. Battle Royale is a game type in which multiple players (one 

person or team) gather on a playing field (map), defeat their enemies in battle, and the last 

surviving player is the winner. 

The experiment used a shooting range in the practice mode of Apex Legends. Two 

people enter the shooting range for a one-on-one match. Both characters and weapons were 

the same. The rule was that no ability other than shooting was used in the fight. Four 

participants played against each other in the experimental environment. The fights were four-

player round-robin, with each match being one-on-one. The two opponents stood at 

designated positions in the shooting range as Apex Legends players and began fighting on 

verbal cues from the experimenter. 
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Table.1 Number of wins and win rate per opponent for 4 players using 240 Hz 

 

Table 1 shows the number of wins and win percentage for each player with 240 Hz for each 

opponent (10 matches each). The total number of fights was 120, with 58 wins and a 48% win 

rate. This means that the winning percentage was 52% when fighting on a 60 Hz monitor. In 

this experiment, users with 240 Hz monitors did not have an advantage in the game. Rather, 

the win rate for players using the 240 Hz monitor was slightly lower than the win rate for players 

using the 60 Hz monitor. For the participants in this experiment and for the experimental 

conditions, the high frequency monitor did not provide an advantage that would have affected 

wins or loses beyond the skill of the players 

Since the skills among the opponents could not be the same, it was first decided to use 

the results of the match using a 240 Hz monitor of the same frequency as the reference win 

rate. The reference win rates for participants: B and C, who were the top performers in 

Experiment 1, were 38% for B and 63% for C. These two players played each other 20 times 

at 240 Hz.vs. 20, 30, 45, and 60 Hz monitors, exchanging fast/slow. The win rate at each 

frequency, normalized by the reference win rate, is shown in Fig. 3. When both B and C used 

240 Hz monitors, the normalized win rate exceeded 1.1 to 1.2 in both cases where the 

opponent used a 20 Hz to 60 Hz monitor. This indicates that in the B vs. C matchup, the high-

frequency monitor contributes about 20 to 40% to the win rate. 

 

Fig.3 Normalized win rates for B versus C at each frequency 
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These results (1), (2) and (3) show that high-frequency monitors have an advantage in 

simple games, but as the game becomes more complex, the advantage decreases. In 

competitive games, it becomes more difficult for differences in frequency to contribute to 

winning over differences in skill. However, it was suggested that in a match between people of 

exactly the same skill, the player with the higher frequency monitor would have an advantage.  

At the time the previous study was conducted, the 360 Hz monitor was the fastest, but 

since a 500 Hz monitor became available in Japan in 2023, a simple reaction test and a mouse 

cursor aiming game test were conducted using this monitor. Apex Legend was not tested with 

a 500 Hz monitor because the game does not run at 500 Hz. 

3. SIMPLE REACTION TEST USING 500Hz MONITOR 

(1) Measurement Systems 

The program for this experiment was built on Unity. The time measured in this experiment is 

described in Fig. 4. 

 

Fig.4 Program design and reaction time measured by this program. 
 

(a) FPS settings 

Unity has a parameter called target frame rate. Setting it in N means that Unity's update 

function will be called once every 1/N seconds. The experimental program changes the window 

color between 1 and 3 seconds after the left mouse clicking by participants. The changing time 

is determined by random function. The measurement of reaction time is started at the changing 

time which is indicated the letter "S" in Fig. 4. At the same time, Unity demands to change the 

color of the window from white to blue. The color of the frame buffer, which is the background 
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of rendering depends on the content of the graphics processing, but the graphics load is light 

in this experiment. We have confirmed the work is enough completed within 1/500 sec. V-Sync 

in Unity settings is set to ON to prevent rendering from exceeding the monitor's drawing speed. 

(b) Monitor settings 

The 500 Hz monitor has an ability to work in frequency from 60 to 500 Hz. Within this 

experiment, the setting is fixed in 500 Hz, the maximum speed. The control on display update 

speed is controlled by setting the Unity target framerate. The monitor is equipped with a G-

�6�\�Q�F�� �F�K�L�S�� �W�R�� �V�\�Q�F�K�U�R�Q�L�]�H�� �Z�L�W�K�� �1�9�,�'�(�$�¶�V�� �J�U�D�S�K�L�F�V�� �E�R�D�U�G����eliminating timing discrepancies 

between updates the video signal and LCD monitor. 

(c) Human reaction time 

The human sees the color change of the monitor, recognizes it, makes the decision to press 

the button, and clicks the right mouse button by a finger. When Unity receives this mouse event, 

the measurement of reaction time is completed at the �O�H�W�W�H�U���³�(�´���L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J������. The reaction 

time measured in this experiment indicates the time from �W�K�H���O�H�W�W�H�U���³�6�´���W�R���³�(�´���L�Q���)�L�J������. 

Human response time depends on person and the measuring time is not constant but 

varies from one measurement to another. The purpose of this experiment is not to measure 

the reaction time of person. The purpose is to demonstrate the effectiveness of high-frequency 

monitors in eSports. Assuming that a reaction time for each person is constant on average, 

the average simple reaction time measured in this experiment will be also constant. However, 

if the participants could recognize the difference of update speed between monitors and 

operate button clicking enough fast response to the 500Hz monitor, the reaction time on faster 

monitor should be shorter than the time on slower monitor. 

(2) Experimental procedure 

The experiment was conducted as shown in Fig.5. The participants sat in a chair in front of a 

desk with 500Hz monitor and a mouse. The system specifications of this experiment are listed 

in Table.2. The computer was a GALLERIA Intel Core i9-14900KF and the monitor was an 

Alienware 500 Hz gaming monitor. 

The measurement begins by the participants clicking the mouse at their own timing. In 

this experiment, the target frame rates were set to 60 Hz, 240 Hz, and 500 Hz. The number of 

measurements at each frequency was 20. The experiment started with a setting of 60Hz, and 

then the frequency was increased to 240Hz and 500Hz. After that, the participants took a break 

for about one minute, and then the experiment started again with a setting of 500Hz, and the 

frequency was decreased to 240Hz and 60Hz. Each participant was measured 40 times at 
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each frequency, for a total of 120 times. The participants were five male and female of 

university students (aged 20-22). 

Table.2 System specification for the experiment 

 

 

Fig.5 Experimental environment 
 

(3) Experimental results 

The same data analyzing methods used in the previous study were applied to this experiment. 

First, the differences between higher (up) and lower (down) set frequencies were examined to 

confirm that there was no bias between the two. The 20 reaction times for one measurement 

at each frequency included values that were obviously fast (likely to have clicked on the 

prospect) and values that were obviously slow (likely to have been unfocused) based on the 

average of the reaction times for that participant. Therefore, the 20 reaction times for each 

measurement were sorted in order of fastest to slowest, and the 10 fastest values from the 

fourth fastest were considered valid data. Each participant has 20 valid data for two times for 

up and down at each frequency. The average times are shown in Table.3. 

Vender GALLERIA

CPU Interl Core i9 14900KF

OS Windows 11 home edition

Memory 32GB

�*�U�D�S�K�L�F�V�{�%�R�D�U�GNVIDIA GeForce RTX 4080

Vender Dell Alienware

Refrash rate 500Hz

Response time 0.5ms (GtG Min) 1ms (GtG) (fastest mode)

Computer

Monitor
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Table.3 Average simple reaction times for five participants at three different monitor 
frequencies 

 
 

The results in Table 2 show a tendency to respond faster at 240 Hz than at 60 Hz, but 

participant B has a smaller difference in average reaction time between 60 Hz and 240 Hz, 

and participant E has a smaller difference in average reaction time between 240 Hz and 500 

Hz. Therefore, we normalized these averages to each participant's average reaction time at 

60 Hz as 1.0. A graph of the five participants' averages of the normalized mean is shown in 

Fig.6. Error bars indicate 95% confidence intervals. The vertical axis is the mean value at each 

frequency, with the response time at 60 Hz as 1.0, and the horizontal axis is the frame interval 

[msec]. The means were also the result of the t-test, and the Bonferroni (Bonferroni) correction 

after the t-test, both of which showed a dominance difference in the 5% test between the 

normalized means at the three frequencies. 

 

Fig.6 Normalized average reaction time versus frame interval 

[msec]

A B C D E

60Hz 250.267 247.380 257.266 280.893 245.890 256.339

240Hz 236.726 246.962 195.854 237.168 216.904 226.723

500Hz 213.067 225.558 189.833 225.857 209.922 212.847

Subject ID
Frequencies AVERAGE
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(4) Discussion 

The results of this study showed a tendency for reaction times to become faster depending on 

frequency, similar to the results of previous studies that measured frequencies from 60 Hz to 

350 Hz. The average reaction time was faster at 500 Hz than at 240 Hz, suggesting that people 

recognize and respond to the switching speed at 500 Hz. Assuming that a person's average 

reaction time is constant when measured a sufficient number of times, the difference in reaction 

time measured at each frequency would indicate a delay in the display time of the system. As 

shown in the measurement in Fig. 4, there is a delay of one frame interval in the display. Since 

mouse clicks are handled with a maximum of one frame interval and a minimum of no delay, 

we can assume that the average delay here is 0.5 frame interval. 1.5 delays should appear in 

the measured response time when the two delays are combined. Table.4 shows the difference 

between the average reaction times of the five participants for the frequencies 500 Hz and 240 

Hz and 240 Hz and 60 Hz. Compared to the calculated differences, both are about 10 msec 

faster. This implies a possible 10msec of monitor-independent delay. Alternatively, it cannot 

be ruled out that since the frequencies were verbally communicated during the experiment, 

this may have manifested a mental bias to think that one must respond faster at faster 

frequencies. 

Table.4 Measured and theoretical values of reaction time delay due to differences in 

monitor frequencies reaction time lag 

 

4. MOUSE CURSOR AIMING TEST USING 500Hz MONITOR 

AimLab's SPHERETRACK90 mode was used in the previous study, while the 500 Hz test used 

the HEADSHOT(standard) mode. In SPHERETRACK90, the target appears anywhere in 3D 

space, whereas in HEADSHOT, the target appears in a horizontal straight line, as shown by 

the white arrow in Fig. 7. SPHERETRACK90 is a game in which the player keeps aiming at a 

target that keeps moving. HEADSHOT, on the other hand, is a game in which the target is 

aimed and fired at a stationary target. If the shot hits, the target immediately appears at the 

next location. If the shot misses, the target continues to fire until it is hit. This is repeated for 

one minute. 

[msec]

A B C D E

  60Hz - 240Hz 13.541 0.418 61.412 43.725 28.986 29.616 18.750 10.866

240Hz - 500 Hz 23.659 21.404 6.021 11.311 6.982 13.875 3.250 10.625

Expected Average - Expected
Subject ID

Rection Time lag Average



The 20th International Conference on Machine Design and Production 
August 14-17, 2024, Ankara, Turkey 
 

 

Fig.7 Target movement in HEADSET mode 
 

Five participants played the game four times at each frequency in the order of 60 Hz, 

240 Hz, and 500 Hz. The frequency settings were set to the specified frequency for all three 

game parameters: Maximum Frame Rate, Display Refresh Rate and Max UI Frame Rate. The 

viewing angle of the game was set to 110°. "Sensitivity," the amount of viewpoint movement 

per 1 dpi (dpi: dots per inch), was set by each player. Participants were given approximately 2 

minutes to practice before the experiment began. During this time, participants could set their 

"sensitivity," which could not be changed until the end of the experiment. The DPI of the mouse 

used was DPI4 16000, and the function to change the speed of the cursor movement according 

to the mouse movement: "mouse acceleration" was set to off. 

The average scores of the experimental participants normalized by their own scores at 

60 Hz are shown in Fig. 8. Some participants scored higher using the 500 Hz monitor than 

they did using the 250 Hz monitor, while others scored lower. The average scores of the five 

participants tended to increase as the frequency increased, but the test did not reveal any 

significant difference between 240 Hz and 500 Hz. 
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Fig.8 Average score normalized per participant and average score for all 
participants at 60,250,500 Hz 

 

5. CONCLUSION 

A simple reaction test and a mouse cursor aiming test was conducted using 500 Hz monitors. 

The results showed that, as in the tests up to 360 Hz, reaction time was faster with the 500 Hz 

monitor than with 60 Hz or 240 Hz. This suggests that people perceive the display at 500 Hz 

and respond faster to it. The faster the frequency of the monitor, the faster the person can see 

the image. However, the actual reaction time is faster than the theoretical delay calculated 

from this. This is in agreement with previous studies. This could be due to a delay that is not 

included in the theoretical value, or it could be due to the fact that the test was conducted by 

verbally presenting the frequencies, which may have influenced the feeling of having to 

respond faster to a faster frequency.  

In the mouse cursor aiming test, the score was higher when using a 240Hz monitor than when 

using a 60Hz monitor, but no difference in score was observed between using 240Hz and 

500Hz. The mouse cursor aiming test is more complex than the simple reaction test. As the 

game becomes more complex, it is suggested that not everyone can take advantage of the 

benefits of a high-frequency monitor in games with a frequency higher than 360Hz. 
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