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Introduction

Currently, Mexico lives a situation where people's incomes are not sufficient to cover their basic needs.

Approximately 24.6 million Mexicans live in food poverty and not have the possibility to buy products of the basic food basket [START_REF] Coneval | Pobreza en México[END_REF]. Besides this, there is an ecological problem about plastic waste. According to the Mexican Chamber of Deputies [START_REF] Diputados | En México, 90 millones de botellas de plástico de refrescos y agua son lanzados a la vía pública, ríos y mares[END_REF], every year, 90 million plastic bottles are thrown into public roads, rivers and seas. In working with a food bank in Mexico City, arose the idea of applying technological innovation to deal with these problems. By analysing the technical, social and environmental problems from the theoretical approach known as "design for the Bottom of the Pyramid BoP" [START_REF] Prahalad | The Fortune at the Bottom of the Pyramid: Eradicating Poverty Through Profits[END_REF], we propose the prototyping of a machine that fulfils two main functions, the distribution of food and the recovery of plastic and aluminium packaging. Our proposal represents a social innovation through a technological application, since until now; there are no similar projects to deal with these problems in the national territory. This proposal is consistent with the studies of [START_REF] Seyfang | Grassroots innovations for sustainable development: Towards a new research and policy agenda[END_REF], who argue that movements towards sustainability are generating a variety of social innovations, as well as innovative technologies, in different fields. Some authors have identified these movements under the name of Frugal Innovation (FI). [START_REF] Khan | How frugal innovation promotes social sustainability[END_REF] argue that the FI approach have the potential to create social sustainability through the improvement of technological solutions.

As an emerging discipline, frugal innovation has been mostly understood as a set of criteria that, if properly implemented, generate innovative solutions to the needs of the BoP (López [START_REF] Santiago | Exploratory Study of the Integration of Frugal Innovation in the Design of Products for the BoP[END_REF]. However, it is still necessary to make more explicit the way in which these criteria are integrated during the development of a solution. In this article, we present a proposition for the integration of frugal innovation criteria in a classic design process in mechatronic engineering. We have taken the social and environmental problems of Mexico City as a design problem for our case study. Frugal innovation criteria were applied to improve the prototype, optimize the use of the employed resources and decision-making process. As a result, a real prototype has been developed. The implementation of the frugal innovation criteria allowed a reduction of approximately 87% in manufacturing costs compared to machines available in the international market. This project seeks to create social value through the application of technological development and to show that, through frugal innovation, technological solutions can be successful in meeting the essential needs of the population in developing countries.

Needs satisfaction in BoP Contexts

Mexico is not the only country affected by poverty. In 2015 it has been estimated that about 46 percent of the world's population lives on less than 5.5 dollars per day and struggles to meet their basic needs (World Bank, 2018). [START_REF] Prahalad | The Fortune at the Bottom of the Pyramid: Eradicating Poverty Through Profits[END_REF] introduces the term "Bottom of the Pyramid (BoP)" to refer to this population and suggests a potential profitable market if products and services are developed to improve the quality of life in these contexts. However, transforming the poor into consumers does not solve the problem, it can even exacerbate it [START_REF] Karnani | The Bottom of the Pyramid Strategy for Reducing Poverty: A Failed Promise[END_REF][START_REF] Pansera | Frugality, grassroots and inclusiveness: New challenges for mainstream innovation theories[END_REF]. In the other hand, BoP initiatives carried out by local actors seems to be more convenient, successful and resilient [START_REF] Pansera | Frugality, grassroots and inclusiveness: New challenges for mainstream innovation theories[END_REF]. In the Mexican context, López [START_REF] Salazar | Pobreza Alimentaria, Seguridad Alimentaria Y Consumo Alimentario: Una Aproximación Para El Caso De México[END_REF] describes food poverty as a phenomenon highly associated with the lack and inadequacy of income, especially the most vulnerable strata of the population. Local data shows that 45.5% of Mexicans live in poverty and 23.3% suffer from food poverty (The Hunger Project Mexico, 2016). Despite the existence of food assistance programs, the integration of technological initiatives is still required.

Frugal innovation in developing countries

Although most BoP studies are based on the market approach, meeting business development needs involves design activities. [START_REF] Jagtap | How design process for the Base of the Pyramid differs from that for the Top of the Pyramid[END_REF]. From [START_REF] Prahalad | The Fortune at the Bottom of the Pyramid: Eradicating Poverty Through Profits[END_REF] proposals, numerous approaches to innovation for developing countries has been developed. The literature suggests that innovation in developing counties can occur as process of frugal re-engineering of pre-existing technology [START_REF] Radjou | Jugaad Innovation: Think Frugal, Be Flexible, Generate Breakthrough Growth[END_REF]. This notion of frugal innovation can be viewed as an approach towards realizing social sustainability and fulfilling the United Nations' Sustainable Development Goals [START_REF] Khan | How frugal innovation promotes social sustainability[END_REF]. Frugal Innovation approach has allowed the development of solutions in different sectors (Transport, Healthcare, Water, Bank, Energy, etc.) in formal and informal markets [START_REF] Levänen | Implications of frugal innovations on sustainable development: Evaluating water and energy innovations[END_REF][START_REF] Hossain | Mapping the frugal innovation phenomenon[END_REF][START_REF] Rosca | Does Frugal Innovation Enable Sustainable Development? A Systematic Literature Review[END_REF]. Frugal innovation has attracted the attention of researchers from different disciplines, as this approach is multi-faceted. According to [START_REF] Tiwari | Frugal Innovations in the mirror of scholarly discourse: Tracing theoretical basis and antecedents[END_REF], engineering sciences conform a discipline which shows a connection to frugal innovation where, in many cases, integrating frugality leads to achieve affordable excellence. [START_REF] Pisoni | Frugal approach to innovation: State of the art and future perspectives[END_REF] identify the different ecosystems where frugal innovations can be developed, a particularly interesting one is at the grassroots level. At grassroots, frugality is understood as minimizing the use of materials and energy. Products are more socially accepted since they are tailored to the specific requirements and needs of users [START_REF] Pansera | Crafting Sustainable Development Solutions: Frugal Innovations of Grassroots Entrepreneurs[END_REF]. In this ecosystem, innovators are part of the community where innovation is integrated. Sometimes, some external people and organizations (designers, engineers, NGOs, etc.) participate in collaborative design activities [START_REF] Smith | Grassroots innovation movements : challenges and contributions[END_REF]. In this context, frugal innovation in developing countries seems to be an interesting inclusive approach to the development of products and services aimed at solving real needs, in a collaborative manner, that is, including engineers, designers, associations, universities, etc.

Reverse vending as a technological initiative for environmental sustainability

In addition to poverty, Mexico faces an environmental problem linked to the high waste of packaging.

In Mexico, recycling continues to be part of the strategies for waste management. However, it is estimated that only 50.4% of PET waste is recycled [START_REF] Diputados | En México, 90 millones de botellas de plástico de refrescos y agua son lanzados a la vía pública, ríos y mares[END_REF]. In addition, there is a high national consumption of aluminum cans of approximately 317 thousand tons per year [START_REF] Treviño Aguado | Plan nacional privado colectivo de manejo de residuos de envases postconsumo de PET, PEAD, Aluminio y otros ECOCE[END_REF] [START_REF] Treviño Aguado | Plan nacional privado colectivo de manejo de residuos de envases postconsumo de PET, PEAD, Aluminio y otros ECOCE[END_REF]. According to [START_REF] Gaur | A Simple Approach to Design Reverse Vending Machine[END_REF], many consumers do not recycle their waste as they are not motivated to do so. Reverse vending is an innovative concept that has been introduced in European and Asian countries in order to help collect recyclable materials, enhance recycling activities and improve waste management (Almeda [START_REF] Terrazas | Máquinas expendedoras inversas : El futuro para el reciclado de plásticos PET en México[END_REF]. A RVM will work by taking recycled waste inside the machine and gratify with something as a token of appreciation. In mechatronics, A RVM can be defined as a device that offers a certain commercial product for a given monetary value [START_REF] Del Hierro Calvachi | Diseño y construcción de un prototipo de máquina vending inversa para la aceptación, compactación y almacenamiento de botellas pet de 250 a 3000cm3 para SERPRA CÍA[END_REF]. Various educational sectors are working with RVM projects around the world in areas that require quick, innovative and efficient actions (Almeda [START_REF] Terrazas | Máquinas expendedoras inversas : El futuro para el reciclado de plásticos PET en México[END_REF]. The empirical works of [START_REF] Dace | Analysis of sustainability aspects of the packaging deposit-refund system in Latvia[END_REF] show that this type of system positively influences users, giving them a motivation to take care of the environment through recycling. RVM approach could promote a type of fair trade in which poor people who work collecting packaging waste can benefit in some way [START_REF] Reas | [END_REF]. However, the overall benefits must also be weighed against the cost of developing such systems.

Integrating frugality in design

Engineering design is a discipline with a long tradition in developing design models [START_REF] Kannengiesser | Is designing independent of domain? Comparing models of engineering, software and service design[END_REF]. However, there are still few contributions on the integration of frugal innovation in this discipline [START_REF] Lecomte | Ingénierie frugale pour les Bases de la Pyramide: Concevoir des produits ouverts pour des contextes multiples[END_REF]. In this section, we will describe the research approach that was carried out to explore the integration of frugal innovation into the design process.

Frugal innovation is a global process, that is, it is necessary to consider the entire life cycle of the product. The idea is design taking into consideration the necessary means (materials, energy, process) to achieve a fair and adequate product adapted to the specifications defined by users [START_REF] Rohmer | Measuring frugality -Application to a solar water distiller[END_REF]. Since this study has been carried out from the perspective of engineering and mechatronics design [START_REF] Bradley | Mechatronics: Electronics in Products and Processes[END_REF][START_REF] Pahl | Engineering Design, A systematic Approach[END_REF], we propose to explore the technical aspects of integrating frugality criteria into a standard design process.

Our research approach includes three main stages (Figure 1). In the first stage, we focus on understanding how frugal innovation can be integrated into the design of a product. For this, we carried out a bibliographic analysis considering recent articles on frugal innovation and engineering. Once the articles have been identified, we select those that present frugality criteria with technical orientation and applicable at a product level. For the second stage, classical engineering design methods were considered for the functional analysis of the prototype. The systematic design approach proposed by [START_REF] Pahl | Engineering Design, A systematic Approach[END_REF] was selected due to its good positioning in the engineering discipline. Special attention was paid to the first three stages of the Pahl and Beitz's methodology (task clarification, conceptual design, and embodiment design).Finally, the selected frugal innovation criteria were applied as strategies to improve the prototype during decision-making in the design process, particularly in the selection of materials and electromechanical components.

Figure 1. Research approach proposed

This research approach was followed for the development of the case study described in the next section.

Case study, prototyping a food reverse vending machine

In working with "Alimento Para Todos I.A.P", a food bank in Mexico arose the idea of applying technological innovation to deal with food poverty in Mexico City. Under this context, the design and development of a prototype of food Reverse Vending Machine (fRVM) was proposed. This system dispenses food in exchange of PET bottles and aluminum cans (waste packaging). The objective is to facilitate the distribution of food to people with limited resources and at the same time encourage recycling.

Selection of frugal innovation criteria

Frugal innovation is a young discipline and there are at least a dozen proposals that define it [START_REF] Hossain | Frugal innovation: A review and research agenda[END_REF]. Advances in research on frugal innovation have made it possible to identify a series of criteria present in the majority of successful products and services in the BoP [START_REF] Agarwal | A systematic literature review of constraint-based innovations: State of the art and future perspectives[END_REF]. It is important to note that frugal innovation criteria can be implemented at different levels, that is, they can focus on business models, process management and others as direct attributes of the products [START_REF] Rosca | Does Frugal Innovation Enable Sustainable Development? A Systematic Literature Review[END_REF]. For this study, we have prioritized product-oriented criteria from an engineering perspective. [START_REF] Weyrauch | What is frugal innovation? Three defining criteria[END_REF] works show that the way in which the attributes of frugal innovation are manifested in products depends largely on the user's environment and context. [START_REF] Weyrauch | What is frugal innovation? Three defining criteria[END_REF] identify three essential criteria that must be met simultaneously: substantial cost reduction, concentration on core functionalities and optimised performance level. López [START_REF] Santiago | Exploratory Study of the Integration of Frugal Innovation in the Design of Products for the BoP[END_REF] propose a list of eight key criteria of frugal innovation for products oriented to a BoP context (Affordability, Availability, Acceptability, Awareness, Aspirational, Functionality, Scalability and Sustainability). The integration of the criteria identified above implies a multi-criteria approach, that is, technical, social, economic and environmental factors. As a collaboration strategy, a meeting was held with all project participants (Alimento Para Todos I.A.P, students and supervisors) to select the most appropriate criteria for the prototype. It is worth mentioning that this selection was made considering the challenges of implementing those technical orientation criteria. The selected criteria are represented and described in Table 1.

Table 1. Frugal innovation design criteria.

Frugal criteria Description

A Cost reduction

Affordability

Use appropriate components in order to reduce the total manufacturing cost of the prototype by at least 30% compared to those already existing in the market.

B

Complexity Avoid the use of very sophisticated components in the functions of the prototype and integrate simpler elements that fulfil the same task.

C

Easiness A product must be user-friendly, easy to manufacturing and assembly.

D Reparability

Durability

Integration of devices and elements that are easy to replace, with accessible parts. Materials must be able to be recycled or reused at the end of life.

E Functionality Concentrate on the main functionalities, minimize the use of resources and have a user-friendly operation.

Since the frugal innovation criteria proposed in the previous table will drive the design, it is necessary to define an order of priority to identify solutions or features that should be incorporated into a final design. In order to make this priority definition, the Weighted Objectives Method (Cross, 2000, p. 139) was implemented (Figure 2). 

Developing the fRVM

The [START_REF] Pahl | Engineering Design, A systematic Approach[END_REF] systematic approach describes designing as a sequence of four phases: (1) task clarification, (2) conceptual design, (3) embodiment design and (4) detail design. Taking into account that the study case is intended to explore the integration of frugal innovation criteria during product design, greater attention will be given to the first three phases of the Pahl and Beitz approach.

Below we present how each of these stages were approached.

Task clarification and technical requirements

In the Pahl and Beitz approach, defining basic market demands is a key activity in the first stage. The meetings between the Alimento para Todos food bank and the design team made it possible to define the needs and the first activity was to define the main functions and tasks of the fRVM prototype. Under these considerations, the main functions of the fRVM are presented in the diagram of Figure 3. Once the main functions of the fRVM were defined, it was considered a scenario in which a user uses the machine, this in order to establish a series of characteristics and initial technical requirements. The relationship between user activities and technical requirements is described in Table 2.

Table 2. User activities and technical requirements

User activity Technical requirements

The When the process of entering packaging has been completed, the food will be dispensed.

f) Select the food according to the type of packaging entered.

g) Select the quantity of food to be dispensed according to the quantity of packaging entered.

h) Actuate the mechanisms to dispense food.
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Functional architecture and conceptual design

To implement the frugal criteria on the concentration on essential functions (Functionality, Ease and complexity), in this second stage, the technical requirements are grouped into four essential modules that make up the fRVM prototype. Each module represents a major function of the prototype and is composed of minor functions that allow the main function to be performed correctly. As suggested by Weyrauch and Herstatt's (2017, fig. 3), within each of the major functions identified, those minor functions that did not affect the main function were eliminated. Performing this debugging of minor functions indirectly allowed to save material costs. The main modules and their minor functions are presented in Figure 4.

Figure 4. fRVM main modules

To identify the electromechanical components necessary to be integrated in the modules presented in Figure 4, it was proposed to map each one in the IDEF0 model. IDEF0 can be used to define the requirements and specify the functions to later design the setting in which it performs the functions [START_REF] Feldmann | The Practical Guide to Business Process Reengineering Using IDEF0[END_REF]. The modeling of functions with the IDEF0 diagram allows to systematically analyse the functioning of a system, focusing on the functions that are fundamental for its development (Alexander, 2010). Figure 5 shows a global analysis of the fRVM prototype in which each of the elements of the prototype (Inputs, Controls, Mechanisms and outputs) are presented. For each of the main modules previously presented, a diagram was made showing their interaction between them (Figure 6). On the left side are the inputs while on the right side are the system outputs.

Controllers are illustrated at the top and actuator mechanisms at the bottom. All the components presented in the diagram are considered essential to carry out the sub-functions mentioned in each module as presented in Figure 4.

Figure 6. IDEF0 diagram to represent the main functions of the prototype

Once all the necessary mechanical and electronic components had been identified, a market analysis was carried out to identify the commercial components available and their prices. Those of national manufacture and territorial availability were privileged (local proximity). In the same way, to reduce the complexity and cost of the prototype, priority was given to components of low technological sophistication (push buttons, LEDs, buzzers, integrated circuits, transistors, microcontrollers, etc.) (Figure 7). In order to guarantee the quality and safety of the prototype, the data sheets were analyzed to see that these components comply with national and international norms and standards. Regarding the frugal criteria for reparability and durability, the use of commercial and locally available components ensures that the availability of spare parts in situations of corrective and preventive maintenance. Once all the electronic and mechanical components had been assembled in the main structure, the prototype was put to tests to verify its correct operation. The tests were carried out on the university campus of the National Polytechnic Institute Mexico with students, professors and civilians. Cereal bars, rice and bean grains were used to test the food delivery system. PET bottles and aluminum cans at the end of their life were correctly selected by the classification system of the prototype. Figure 10 shows the final prototype in operation.

Figure 10. Final prototype (front view).

After the final assembly of the prototype, it is working properly as described in the technical specifications. We present the implications and limitations of this study below.

Implications and limitations

There are several implications in this study. At a theoretical level, although the recent contributions of frugal innovation suggest that its implementation can favour the generation of products and services suitable for the BoP, the criteria of frugal innovation still require a better understanding of "how to integrate them" in the design processes. Our study contributes to the literature on frugal innovation by presenting an implementation strategy of the criteria of this innovation approach. Our study proposed the Pahl and Beitz approach as a design process in which frugal innovation criteria can be integrated, but it is important to mention that this is not the only design model in the engineering sciences. Our study shows that it is necessary to carry out an integration analysis of frugal innovation criteria in order to select the most appropriate for a specific project.

In terms of practical implication, according to Zero Waste Scotland (2015), a low-cost Reverse Vending

Machine is priced at approximately $ 8,900. Most RVMs are high-tech equipment and have a number of sophisticated functions such as security cameras, artificial intelligence for packaging classification, control and barcode analysis. When considering frugal innovation criteria as drivers of design and decision support, the fRVM prototype in this article did not integrate sophisticated elements and, as a result, the total cost of manufacture was 770 USD (see Appendix A for a summary and detail of costs).

This allows us to argue that the implementation of frugal criteria contributes to a better use of resources and a considerable reduction in manufacturing cost. Similarly, privileging territorial resources, both material and human, contributes to the creation of value in the communities. Since there are no similar projects in Mexico, it was not possible to estimate the cost with any national manufacturer. However, depending on the technological development, the typical cost in e-commerce of this type of machines ranges from 3000 to 6000 USD.

Similarly, our study has some limitations. In the first stage of the methodology, we focus on identifying frugal innovation criteria that could have the potential to be integrated into an engineering design methodology. However, the selection of these criteria was a complex task due to the multidisciplinary approach that research in frugal innovation has had. Most of these criteria can be applied at different levels, whether for the generation of business models, market strategies, design of services and products, etc. Another limitation is related to the design approach used. While Pahl and Beitz's systematic approach has become a benchmark in engineering design, its stages are complex and highly detailed, which could impede the flexibility required when developing a prototype in resource-limited contexts. This is why it is necessary to explore other more flexible product design methodologies with the potential to easily integrate frugal innovation criteria. The economic resources for the construction of our prototype were limited, this could be reflected in some aesthetic aspects of it.

Conclusions and further work

In this paper, frugal innovation has been presented as a new approach with the potential to create social sustainability through the improvement of technological solutions. Through the integration of productoriented frugal innovation criteria into a traditional engineering design methodology, a virtualexperimental prototype of a food Reverse Vending Machine has been developed. The use of frugal innovation criteria has allowed us to estimate an important reduction in manufacturing cost. Compared to the highest price of a machine in the international market (6,000 USD), when applying frugal innovation to our prototype, there was an 87% reduction in the total cost (770 USD). This project seeks to create social value by applying technological development and to show that, through frugal innovation strategies, technological innovations in developing countries can be successful in solving the essential needs of the population. This project aims to address the problems that are of great relevance nowadays in Mexico City, food poverty and promote the culture of recycling. The results obtained will be a starting point for the construction of other prototypes oriented to a BoP context.

Similarly, we propose as an agenda to analyse other design methodologies that can integrate frugal innovation criteria. We recommend that future contributions may focus on proposing strategies or

Figure 2 .

 2 Figure 2. Weighting strategy of the pertinence of each frugal innovation criteria
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 3 Figure 3. Flowchart of the main prototype functions.

  user enters the packaging in the prototype a) Recognize the packaging as plastic or aluminium. b) Record the weight of the packaging. c) Reject the packages if they are not recognized, alerting the user with a signal. Once the first packaging has been introduced, the user must press a button to be able to introduce extra packaging. d) Store the packages that correspond to the material specified in separate containers, activating the corresponding mechanisms. e) Accumulate the weight of the packaging.
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 5 Figure 5. Adaptation of the IDEF0 diagram for the analysis of the reverse vending machine prototype
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 7 Figure 7. Examples of the standard electromechanical components implemented.
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 8 Figure 8. CAD representations and simulation
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 9 Figure 9. Components and elements manufactured in local workshops (A. Principal structure, B. Package classification system, C. Food hopper and D. food dispatch system)
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methods to integrate the frugal innovation criteria that were not implemented in our case study, especially those that are at the product level.

Appendix A: Summary of the cost of the prototype.

Figure 11 describes the cost of raw materials, tools and devices used in the manufacture of the prototype.

There are indirect costs such as energy consumption, transport, machine time and labor that were not considered due to the complexity of a detailed cost analysis. However, we hypothesize that including these aspects could increase the total construction cost of the prototype up to a maximum of 40%.