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Abstract:

Purpose: This study aimed to analyze frugal innovation and its dimensions (open innovation, sustainable
innovation, cost innovation and product innovation) in the view of undergraduate students.

Materials and Methods: A quantitative approach and structural equation modeling was carried out with a sample
of 462 Brazilian students.

Results: The analyzes confirmed and validated all proposed hypotheses as accepted with a direct and positive
relationship between all dimensions of the model, being open innovation and sustainable innovation (H1), open
innovation and product innovation (H2), open innovation and innovation of cost (H3), sustainable innovation and
product innovation (H4), sustainable innovation and cost innovation (H5), and cost innovation and product
innovation (H6). The students' perception in the context of frugal innovation stood out in the relationship of open
innovation with sustainable innovation and obtained the most significant degree (0.680), since several studies
have associated open innovation management practices with the innovative and sustainable performance of
organizations.

Conclusions: The results showed that the model is useful to demonstrate the link of open innovation with the other
innovation predictors of frugal innovation, thus directing the processes during the creation of the product or
service. The implications of this study would be useful to understand the behavior of undergraduate students in
relation to frugal innovation, as these are the labor delivered to society, managers in front of organizations or
entrepreneurs inserted in the market economy.
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I. Introduction

Innovation is desired by organizations in all countries and began to be scientifically discussed by the
economists Richard Cantillon (1755), Jean Baptiste Say (1803), Joseph Schumpeter (1949), and McClelland
(1965) because, in addition to being associated with a competitive advantage, it can reduce costs and increase
profits. Research has proven that innovation is an essential factor for the sustainability of small and medium
enterprises (Kmieciak et al., 2012), and other authors corroborate that innovation is responsible for the
organizations’ performance, which is proven through the positive correlation between innovation and performance
(Sulistyo & Siyamtinah, 2016).

The Organization for Economic Cooperation and Development (OECD, 2018), aligned in stimulating
economic progress and world trade, believes that innovation is not necessarily creating a new product or service,
thus expanding the concept to a new marketing method or organizational process in business practices and/or
significantly improved workplace organization. Miocevic and Morgan (2018) noted that market sensing
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capabilities are essential to promote an organization’s ability to recognize and exploit opportunities, thereby
increasing business growth. The value of innovation observed in the analyzed organizations points to higher
growth levels than companies with lower innovation capabilities (Miocevic & Morgan, 2018).

Allied to these factors regarding innovation value, Kunamaneni (2018) demonstrated the concern with
the accelerated growth of the planet’s population and the challenges found in all production chains. Hence,
innovation by providing high quality and low-cost technology, disrupting sectors, has come to be studied by
various nations as technology can reduce costs (RAO, 2017). Given this scenario, in the era of technological
advancement and among the different types of innovations, frugal innovations are on the agenda of different
industries, operations managers, and business academics (Pansera, 2018; Tiwari et al., 2017). According to Soni
and Krishnan (2014), the concept originated in emerging economies that sought to develop products and services
that met market needs and ensured access to unserved consumers, thereby filling this gap. Khan (2016) signaled
that frugal innovations are on the path to becoming the key to the future of innovation management and will have
the ability to provide new directions for organizations.

Agarwal and Brem (2017) reported that the frugal view goes beyond focusing on products or services
and classifies it as a state of mind or even a way of life. Moreover, some researchers recognize this emerging
innovation as a reverse economy and describe several attributes, including significantly lower costs, ease of use,
limited resources, and low impact on the environment (Weyrauch & Herstatt, 2017).

According to The Economist (2010) and Von Zedtwitz et al. (2015), developing or developed nations,
enriched with knowledge, have begun to pay attention to Frugal Innovation (FI) since they are challenged by some
kind of frugality (Govindarajan & Trinble, 2012). On the one hand, some nations still analyze frugal innovation,
while on the other hand, studies have shown that frugal products participate in several other markets and signal
that there is no doubt that academic research plays an important role in constructing a theoretical and empirical
framework related to the theme given that critical studies have accelerated multiple sectors of the production chain
(Weiss & Cattaneo, 2017). Given the above, fundamentally, companies’ innovation will lead to better economic
performance and higher growth, thus generating more jobs and higher wages (Fatema & Islam, 2020).

According to AlMulhim (2021), research concerning the role of internal and external sources of
knowledge in frugal innovation has increased in the last decade, albeit limited to only identifying knowledge
sources in organizational practices. Therefore, to analyze and understand this theme with a lens that can fill gaps
in the market, one must go beyond serving the pyramid base, promoting competitive advantage by producing more
with less, and contributing to further understanding sustainable innovation.

Considering that frugal innovation leverages efforts to create new businesses, products, services, and
processes, this study proposes the following question: in graduate students, is open innovation directly and
positively related to the three dimensions of innovations (cost, sustainability, and product), being predictors of
product innovation?

Hence, this study aimed to test the relationship between the dimensions that make up frugal innovation
(Silva, 2018; Lopes et al., 2020), being open innovation (Alburub & Lee, 2012), sustainable innovation (Chen et
al., 2006), cost innovation (AFONSO et al., 2008), and product innovation as proposed by Gunday et al. (2011)
using the model of structural equations to measure the relationships. The set of these four types of innovations
conceptually directed the studies of Silva (2018) and Lopes et al. (2020), leading to the term frugal innovation.

Il. Theoretical Review
Frugal Innovation

Organizations that focus on understanding frugal innovation obtained via internal and external sources
are better prepared to face sustainability challenges, develop their capabilities, and maintain efficiency for
maximum productivity while also employing fewer resources (Almulhim, 2021). Terwiesch and Ulrich (2009)
explained that innovations can be developed and evidenced broadly and systematically and not just be limited to
generating shareholder value (i.e., economic value). In the authors’ view, product and service innovations must
contribute to social welfare, environmental protection, and improve the organization’s image; thus, existing
technologies and market knowledge are the starting point for innovation.

The expansion of emerging markets and consumerism and the need for affordable development have
signaled the need for changes and innovations in production processes, products, and services. Therefore, frugal
innovation, which was a term used to initially discuss forms of meeting the needs of consumers with financial
limitations (i.e., to offer opportunities to non-affluent customers), has expanded to developed markets as a strategy
for competitive improvement (Hossain, 2018). According to Silva (2018), frugal innovation aims to create
something new with fewer resources while using the appropriate technologies to develop low-cost and high-
quality products and services that meet the needs and expectations of consumers; in addition, these innovations
need to be guided by sustainability. In this sense, it is possible to state that this type of innovation implies doing
more with less and for more people (Knorringa et al., 2016; Radjou & Euchner, 2016; Weyrauch & Hersttatt,
2017), that is, the goal is to make the product or service accessible to consumers with limited financial resources.
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Rosseto et al. (2017, p. 7) pointed out that frugal innovation consists of creating a value proposition that
is attractive to the target audience, focusing on the functionalities and performance of core factors, minimizing
material, financial, and organizational resources throughout the value chain. Bhatty and Ventresca (2013)
described that the concept of frugal innovation is not new and that its terminology is recent; in fact, this innovation
can also be defined as reverse innovation, creative improvisation, “jugaad innovation,” and inclusive innovation,
although other terminologies may still emerge as frugal innovation has been gaining popularity in research.

There is a consensus among authors that frugal innovation is still unexplored and requires much more
practical analysis (Almulhim, 2021; Koerich; Cancellier, 2019; Silva, 2018).

Koerich and Cancellier (2019) reported that frugal innovation is considered a relevant topic in social and
academic discourse; therefore, they signal the importance of developing research instruments and their application
in empirical studies.

Frugal Innovation Tools

Regarding validated instruments, the literature review demonstrated the validation of three frugal
innovation scales (Rosseto et al., 2017; Silva, 2018; Bresciani et al., 2020). The first instrument proposed by
Rosseto et al. (2017) was aimed at measuring the level of frugality achieved by the organization and applied using
5- and 7-point Likert scales composed of three dimensions: i) substantial cost reduction, with three items; ii)
creation of a frugal ecosystem, with three items; iii) concentration on core functionalities and performance, with
three items. Notably, the authors reported that this instrument could be applied in any company, regardless of its
size, type of product, service, or industry.

The scale proposed by Silva et al. (2018) is conceptualized as a meta-construct of open, cost,
sustainability, and product innovations in which each dimension contributes to the understanding of frugal
innovation, being: open innovation (Ol) (Abulrub & Lee, 2012), sustainable innovation (SI) (Chen, 2008), cost
innovation (CI) (Afonso et al., 2008), and product innovation (P1) (Gunday et al., 2011). In their study, the authors
applied a questionnaire with a 5-point Likert scale and an instrument of organizational capabilities with the
following dimensions: production, technological, human capital, and marketing capabilities to the organizational
context.

Lastly, the frugal innovation metric validated in the Brazilian organizational context by Silva et al. (2020)
was validated in the university context and under undergraduate students’ perception by Lopes et al. (2020). The
authors analyzed the influence of entrepreneurial intention on the dimensions of frugal innovation. For the frugal
innovation scale, the following dimensions were applied: Ol (Abulrub & Lee, 2012), SI (Chen, 2008), CI (Afonso
et al., 2008), and Pl (Gunday et al., 2011), while the entrepreneurial intention scale used two dimensions of
entrepreneurial intention, being the first with six items as proposed by Lifian and Chen (2009) and the second with
three items as proposed by Thompson (2009). The instrument was applied with a 5-point Likert scale ranging
from strongly disagree to strongly agree.

Open innovation
The items validated by Silva (2018) and Lopes et al. (2020) from Abulrub and Lee (2012, p. 132) are
shown in Tablel.

Table 1. Open innovation dimension items
Open Innovation - Ol

Obtaining a right to exploit technologies (intellectual property, patent, copyright, or trademarks) by paying royalties to external
partners;
Sale of internal technologies (intellectual property, patents, copyrights, or trademarks) to the market to make better use of them in|
the industry where the company operates or in another;
Doint development of technologies with external partners, such as universities or other companies; 4. Involve customers in innovation
processes (market research to verify their needs or product development based on customer specifications and modifications;
Revealing internal technologies without immediate financial rewards with indirect benefits for the company.

Source: Abulrub and Lee (2012, p. 132).

It can be inferred that open innovation is an important competitive strategy in some industries and results
from the generation and use of ideas inside and out of the organizations with the use of knowledge inputs and
outputs to accelerate internal innovation and expand external innovation markets (Chesbrough, 2007). Therefore,
open innovation can be considered a determinant of the successful realization of the production process to achieve
sustainable production, and research findings show that open innovation has a strong effect on achieving cleaner
production (Rumanti et al., 2021). With this view, the following hypotheses are proposed:

Hi: Open innovation is related to product innovation;
H2: Open innovation is related to cost innovation;
Hs: Open innovation is related to sustainable innovation.
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Sustainable innovation

Pinsky and Kruglianskas (2017, p. 232) explained that theories approach innovation from the perspective
of new or modified products, services, production, and management processes, which offer environmental
benefits. Chen et al. (2006, p. 232) aimed to explore whether green innovation in product and green innovation
produced positive effects on the competitive advantage of the companies surveyed. The authors emphasized that
adopting proactive strategies in corporate environmental management can not only prevent companies from facing
environmentalist protests or penalties, but also help them develop new market opportunities and increase
competitive advantage.

Moreover, the authors’ data collection involved sending 600 questionnaires to managers of production,
marketing, R&D, and environmental protection departments of different Taiwanese companies. The instrument
applied contained four items related to green innovation and eight items to measure the performance of the
companies’ competitive advantage (Chen et al., 2006). The items are described in Table 2.

Table I1. Sustainable innovation dimension items
Sustainable innovation - SI
The company’s manufacturing process effectively reduces the emission of hazardous substances or waste;
The company’s manufacturing process recycles waste and emissions that allow them to be treated and reused,;
The company’s manufacturing process reduces the consumption of water, electricity, coal, or oil;
IThe company’s manufacturing process reduces the use of raw materials.

Source: Chen et al. (2006, p. 334).

Considering that sustainable innovation contributes with innovations that mainly bring solutions to
environmental issues and is recognized as a differentiation strategy in the correct and rational use of inputs, lower
costs, lower environmental and consumer risks, and together with the stackholders’ expectations, the following
hypotheses are proposed:

Ha: Sustainable innovation is related to product innovation;
Hs: Sustainable innovation is related to cost innovation.

Cost innovation and product innovation

Afonso et al. (2008) argued that reducing the time and cost of New Product Development (NPD) can
create relative advantages in market share, profits, and competitiveness in the long term, especially during the first
stage (i.e., the production phase), before making the product available on the market. Given this, the study of these
authors follows other studies that address NPD costs, target costing, and the reduction of lead time for product
development (time-to-market) to test factors and variables associated with organizational skills to minimize time
and costs. The items considered in the authors’ study are listed in Table 3.

Table I11. Cost innovation items

Cost Innovation - CI
FFor the development of new products, it is common to calculate the desirable production cost of the new product using
the following formula: maximum allowed cost = potential market price - expected margin for that product;
During the design process of a new product, many changes are made to the product so as not to exceed a predetermined
maximum production cost;
During the process of developing new products, the attributes of the product are considered to be very expensive
compared to the value assigned by the customer are reduced/eliminated (e.g., packages, warranty, after-sales service);
IThe company generally negotiates changes in product design and/or functionality with suppliers and customers to
achieve a predetermined cost of the product;
During the process of developing new products, the company tries to add additional resources or functionality to the
product if it is not possible to offer a lower price than the competitors;
During the process of developing new products, the company seeks to surpass competitors that design competitive
products in price, functionality, and quality.

Source: Afonso et al. (2008, p. 567).

Product and service innovation includes significant improvements in technical specifications,
components and materials, embedded software, ease of use, or other functional characteristics (OECD, 2018, p.
56). Under this concept, Gunday et al. (2011) explored innovations and their effects on company performance by
examining the product, process, marketing, and organizational innovations as well as production, market, and
financial performance and reported that the innovation literature does not reach a conclusion regarding which type
of innovation provides a greater or lesser impact on a company’s performance. Given this scenario, the authors
argued that innovations influence each other and must be implemented together; therefore, they measured the
relationships in the four types of innovations (Gunday et al., 2011, p. 663). The items used in the authors’ study
are presented in Table 4.
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Table IV. Production innovation items
Product Innovation - Pl

ncreased manufacturing quality in components and materials of current products/services;
Decreased manufacturing costs for components and materials of current products/services;
Development of new products/services for current products/services, leading to greater ease of use for customers and
higher customer satisfaction;
Development of new products/services with technical specifications and features completely different from the current|
ones;
Development of new products/services with components and materials completely different from the current ones.

Source: Gunday et al. (2011, p. 672).

Considering that product innovation is critical driver and driven by technological advances, acting as a
bridge carrying positive impacts of process innovations to innovative performance, making changing customer
needs, making shorter product life cycles, and increasing global competition (Gunday et al., 2011, p. 672).
Nevertheless, Hall (2011) concluded that product innovation has a significant positive impact on companies’
revenue productivity (i.e., their costs). Given the research described herein concerning cost innovation and product
innovation, the following hypothesis is proposed:

He: Cost innovation is related to product innovation.

I11. Methodology

For the research, According to Hair et al. (2009), it is necessary to operationalize the quantification of
variables, which must be transformed into variables that can be empirically observed and measured (Gil, 1999).
As a result, the dimensions of open innovation, sustainable innovation, cost innovation, and product innovation
were measured based on research instruments already validated in Brazil. The instrument of Silva (2018) was
employed, which was validated in the university context by Lopes et al. (2020). Eighteen statements composed of
one exogenous construct Open Innovation (Ol) and three endogenous constructs Sustainable Innovation (SI),
Product Innovation (PI) and Cost Innovation (Cl) were applied and answered using a 5-point Likert scale ranging
from strongly disagree (1) to strongly agree (5).

Open innovation (Alburub & Lee, 2012) is the exogenous construct proposed in the model, whereas
sustainable innovation (Chen et al., 2006), cost innovation (Afonso et al., 2008), and product innovation (Gunday
etal., 2011) are endogenous constructs of frugal innovation, as validated by Silva (2018). In his study, the author
used an instrument composed of demographic questions about companies and respondents and a questionnaire
divided into two blocks: organizational capabilities and modes of innovation within the organization).

Hence, the instrument used herein is composed of 18 statements adapted for the context of university
students and answered using a 5-point Likert scale ranging from strongly disagree (1) to strongly agree (5). The
sample was defined as non-probabilistic by convenience and with a population of 3801 graduate students from
the Federal University of Santa Maria (UFSM). Questionnaires were sent online to all students enrolled in graduate
courses, and 462 questionnaires were answered and used for this study.

Next, variance-based structural equation modeling (Partial Least Squares - Structural Equation
Modeling; PLS-SEM) was chosen. The PLS-SEM approach focuses on maximizing the explained variance of the
endogenous dimensions; thus, structural equation modeling is considered a powerful tool due to its versatility in
helping confirm existing relationships among multiple variables (Hair et al., 2014).

Open innovation was used as an independent variable as it causes fluctuations in the other variables of
the model. The innovation literature considers open innovation as one of the most important constructs and
consequences of other innovations, in addition to sustainable development through initiation, accessibility,
building bridges, and finding unique solutions to problems through mutual dialogue and reciprocity (Sexana,
2015).

Therefore, this interaction of interaction should facilitate sustainable and inclusive development through
open innovation, making this criterion of theoretical relevance. Predictive analysis includes open innovation in
this model as a predictor of the other innovations that make up frugal innovation through PLS analysis to build a
structural model (Chin, 1998). The exogenous variable values are not explained by the model and are assumed as
a result (Faria & Santos, 2000).

V. Results
Through exploratory survey research, 462 valid questionnaires were obtained from students of different
graduate courses. The socio-demographic data show that 239 (51.73%) are men and 223 (48.07%) are women,
and the age group with the highest participation is 26 to 35 years old, with 249 participants (53.90%). Regarding
marital status, 300 (64.94%) of the participants declared to be single, of which 225 respondents (48.70%) were
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pursuing their doctoral studies. Upon summarizing the participants’ data, we analyzed the measurement diagram
and its relationships between latent variables and their respective variables observed (Figure 1).

Figure 1. Frugal innovation measurement model
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Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

According to Figure 1, the measurement model presents four hypotheses that connect the five latent
variables to the 14 observed variables (OV’s) and 4 latent variables (LV’s), being the independent variable.
Sustainable innovation, product innovation, and cost innovation are the dependent variables of the model proposed
herein. Three stages were used to analyze the collected data. In the first structure analysis, with the data processed
in the SmartPLS® software, the factor loadings of all variables were verified to assess internal consistency and
construct validity (convergent validity and discriminant validity). The data showed that the validity of the loadings
referring to the constructs was close to 0.70, which did not make it necessary to exclude any variable. Hair et al.
(2009) stated that factor loadings between latent and manifest variables are considered acceptable values above
0.70.

The study portrayed acceptable convergent validity as the average variance extracted (AVE) of all its
first-order reflective constructs (open innovation, sustainable innovation, product innovation, and cost
innovation), with values exceeding .50, while the factor loadings of all items were above 0.70 (Hair et al., 2017).
These findings corroborate Chin (1998), who considered acceptable factor loadings ranging from 0.50 to 0.70 and
that the measurement criteria (Cronbach's alpha - o, composite reliability (CR) and Average Variance Extracted -
AVE) are above the minimum tolerated value.

As listed in Table 5, the internal consistency and convergent validity data meet the requirements of
obtaining > 0.50 values for VME and 0.70 to 0.95 for internal consistency (Cronbach’s alpha; o) and composite
reliability, as described by Hair et al. (2017).

Table V. Cronbach’s alpha, composite reliability, and AVE for the model

Constructs Cronbach’s alpha (a) Composite Reliability (CR) VME
ovation (Ol) 0.844 0.895 0.681
ple Innovation (SI) 0.939 0.956 0.846
nnovation (PI) 0.951 0.963 0.837
pvation (CI) 0.925 0.944 0.770

Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

The initial results proved to be satisfactory (Table 5). The second stage, after ensuring Internal
Consistency (IC) and Convergent Validity (CV), consisted of observing the values of Cronbach’s alpha (o) and
composite reliability (CR) (RINGLE et al., 2014). Values of o and CR between 0.60 to 0.70 are considered
adequate in exploratory research, and 0.70 to 0.95 are considered satisfactory (Hair et al., 2017). By analyzing
Table 1, it was possible to observe that the model fit in a manner compatible with the parameters suggested by
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Chin (1998) for CV: VME > 0.50, CR and a > 0.70. The result of discriminant validity was also satisfactory after
adjusting the model.

After recognizing the interrelationships arising from the variables and structuring the path measurement
model (Figure 2), with the results referring to the four constructs in hand, the path model provides the factor
loadings between the indicators and constructs.

Figure 2. Frugal innovation path model
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Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

By using the path diagram, it is possible to describe the structural equations (Table 6).

Table VI. Initial path diagram for the model

Endogenous constructs = Exogenous constructs + Error
Pl = Bl OI+B2 SI+|33 Cl + Epl
SI = B4 OI + Esi
Cl = Bs O + B¢ SI + Eal

Source: Survey data based on Hair et al. (2014).

In the second step, we used the Discriminant Validity (DV) of the Structural Equation Modeling (SEM),
as the DV indicates whether the dimensions or latent variables are independent of each other (Hair et al., 2014).
Cross factor loadings and Fornell and Larcker (1981) criterion was used to compare the square roots of the AVE
values of each dimension with the Pearson’s correlations matrix between the constructs. The result found from
the square roots of the AVE must be greater than the correlations between the dimensions.

According to the data in Table 7, the factor loadings of the VO’s in the LV’s are always greater than in
the other constructs, thus confirming that the model has DV according to the criterion of Chin (1998).
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Table VII. Method of analysis of cross factor loadings

Indicators (OV’s) = = Constructs (LV’s) o 5
ol_01 0,830 0,513 0,532 0,556
0l1_02 0,841 0,638 0,617 0,574
0l_03 0,844 0,640 0,626 0,539
Ol_04 0,786 0,564 0,550 0,576
Cl_01 0,581 0,840 0,678 0,714
Cl_02 0,585 0,832 0,644 0,617
Cl_03 0,670 0,912 0,778 0,690
Cl_04 0,653 0,910 0,825 0,698
CI_05 0,648 0,890 0,842 0,678
PI_01 0,648 0,819 0,908 0,698
PI_02 0,655 0,817 0,918 0,709
PI_03 0,631 0,763 0,906 0,740
P1_04 0,655 0,781 0,921 0,697
P1_05 0,642 0,767 0,922 0,697
SI_01 0,645 0,698 0,698 0,930
S1_02 0,634 0,702 0,696 0,933
S1_03 0,638 0,714 0,748 0,892
S1_04 0,581 0,734 0,702 0,922

Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

The results listed in Table 7 confirm the cross-factorial loading analysis, as all values were well above
the recommended limits. According to Fornell and Larcker (1981), factor loadings greater than 0.6 and higher
loading values per line (bold) in the source LV's. What is more, Ringle et al. (2014) reported that the dimension
is the only variable with characteristics that are not representative of others.

Discriminant validity can be understood as the finding that the factor loadings of each observed variable
(indicator) are grouped into their respective dimensions or LV’s (Ringle et al., 2014). The results found are in
accordance with Fornell-Larcker and Heterotrait-Monotrait Ratio (HTMT) criteria (Table 4).

Table VIII. Fornell-Larcker and HTMT criteria

Constructs M = Pearsglll’s Correlationpl\lflatrix =
Open Innovation (Ol) 0.825 1.000 0.680 0.706 0.716
Sustainable Innovation (SI) 0.920 1.000 0.774 0.774
Product Innovation (PI) 0.915 1.000 0.863
Cost Innovation (CI) 0.877 1.000
HTMT Criterion*
Sustainable Innovation (SI) 0.820
Product Innovation (PI) 0.836 0.862
Cost Innovation (CI) 0.861 0.874 0.940

*UL = Upper Limit (97.5% confidence interval)
Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

The results found indicate the extent to which the LVs are independent of each other, thus confirming
the DV of each dimension (Hair et al., 2017). Table 8 shows the confirmation of the Fornell-Larcker Criterion,
where on the diagonal, they present the square roots of the VME and the correlations between the dimensions in
the other cells, to confirm the criterion, VAVE >r,, i=j. As for the HTMT criterion, the results meet the criterion’s

requirement, that is, the UL(HTMT )g7.50% < 1. According to the notes of Chin (1998), we used the observation of
the cross loading, observing the indicators with higher factor loadings on their respective LV than in the others,
confirming the DV of each dimension (Table 4).

In the third step and after confirming the DV of each dimension, the structural model was analyzed. Hair
et al. (2017) pointed out that the structural model can be measured by several methods, including collinearity
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analysis (Variance Inflation Factor - VIF), predictive relevance assessment of Q?, significance level of R?, effect
size f2, and evaluation of the significance and relevance of the betas of the structural model (Student’s t-test). The
VIF indicates whether there is a potential collinearity problem in the model (Table 9).

Table IX. Variance Inflation Factor - multicollinearity analysis for the model dimensions

Endogenous Constructs
Exogenous Constructs Si =] Ci
ovation (OP) 1.000 2.233 1.858
ble Innovation (SI) 2.716 1.858
pvation (CI) 3.003 ---

Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

In the model, all VIF values were below 5, thus attending to the non-existence of strong correlations
between the dimensions and showing no collinearity problems. The VIF is a measure of the degree to which the
other independent variables explain each independent variable. The higher the VIF, the more severe the
multicollinearity. The results showed that the VIF of the constructs ranged from 1.000 to 3.003, indicating that
multicollinearity was not an issue. In addition, the main loadings for each construct were significantly higher than
the others, which again indicated that multicollinearity was not a problem. According to Kutner et al. (2004), the
general rule accepted for the existence of multicollinearity is that the VIFs are greater than ten or the tolerance
value is below 0.10.

Moreover, following the precepts of Ringle et al. (2014), the model’s predictive power and the usefulness
of each LV were evaluated through the predictive validity indicators (Q2), as shown in Table 10.

Table X. Predictive relevance of the model

Endogenous Constructs SSO SSE Q*=1- SSE
SSO
ovation (Ol) 1,852.00 1,135.70 0.387
nnovation (SI) 2,315.00 817.28 0.647
pvation (Cl) 2,315.00 1,135.59 0.509

Note: SSO: Sum of Square Observations; and SSE: Sum of Squared Errors.
Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

The results showed that the model exhibited predictive property by processing Q2 values above zero (Sl
= 0.387, CI = 0.509, and Pl = 0.647), highlighting product innovation with the highest degree of predictive
property. Then, we analyzed the effect size (f2) using the Blindfolding module (Table 11), in which the quality of
the adjusted model and the search for the variance of the endogenous dimensions are explained by the structural
model and Pearson’s coefficients (R?) (Ringle et al., 2014). According to the authors, the reference values for the
analysis of the R2 follow the parameters suggested by Cohen (1988) adapted by Lopes et al. (2020): 0.02 to 0.075
small effect, 0.076 to 0.19 medium effect, and > 0.19 large effect. The effect size (%) or Cohen’s indicator (Table
11) assesses how useful the dimension is for the model fit. The value is obtained by including and excluding
dimensions in the model (one by one). Hair et al. (2017) adapted by Lopes et al. (2020) considered the values of
0.02 to 0.075 weak effect, 0.076 to 0.225 moderate effect, and > 0.225 strong effect.

Table XI. Effects between dimensions (f2) and explanation coefficient (R?)

Endogenous Constructs (f2)

Exogenous Constructs Si T i
ovation (OP) 0.858 (0.000) 0.031 (0.119) 0.202 (0.000)
ple Innovation (SI) 0.085 (0.010) 0.462 (0.000)
pvation (ClI) 0.546 (0.000)

R? 0.462 (0.000) 0.780 (0.000) 0.667 (0.000)

Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

The model presents a non-significant (f2) effect (O — PI), two moderate effects (SI — PI and OI — CI)
and the other strong effects (OI — SI, CI — PI and SI — CI). As for R?, the Frugal Innovation model is explained
by 78.0% of Product Innovation, 66.7% of Cost Innovation and 46.2% of Sustainable Innovation. Thus, the final
path model of the relationships between the dimensions is illustrated in Figure 3.
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Figure 3. Final path model of the frugal innovation dimension
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Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

The final model in Figure 3 presents the items referring to each dimension after the model validation
steps; in this way, this study concludes that the model is empirically supported and its dimensions have significant
relationships. The values of all the fit indices confirm the excellent fit of the structural model. The final path
diagram for the model is presented in Table 12.

Table XII. Final path diagram for the model

Endogenous constructs = Exogenous constructs + Error
PI = 0.123 Ol +0.225 S1 + 0.601 ClI + Epl
SI = 0.680 Ol + Eq
Cl = 0.353 Ol + 0.534 SI + €al

Source: Survey data based on Hair et al. (2014).

Next, the Student t-test values were also calculated, which according to Hair et al. (2005), one must test
the causal relationship between two dimensions using Student’s t-test to verify whether it is significant or not in
order for the beta coefficient to be significant or not. The relationships between the dimensions are listed Table
13.

Table XI11I. Validation of the structural coefficients and their respective hypotheses

e congrucs | 0| Conspus | s | @ jop | Palues
Hs ol 0 PI 0.123 0.039 315 0.002
H, ol 0 Ci 0.353 0.041 853 0.000
Hs ol O §] 0.680 0.029 2330 0.000
Ha sI O PI 0.225 0.042 5.29 0.000
Hs sI 0 Ci 0534 0.040 1350 0.000
Ho Ci O PI 0.601 0.046 1319 0.000

SD = Stardart Desviation
Source: SmartPLS® Software, v. 4.0.8.5 (Ringle et al., 2022).

According to the data in Table 9, the values of the relationships between the LV are above the reference
value of 1.96 while considering the adopted significance level of 5% (i.e., the dimensions relate significantly)
(Hair et al., 2017; Wong, 2013; Ringle et al., 2014). The values found were: Ol — PI (tca = 3.15), Ol > CI (tca =
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8.53), Ol — SI (tca = 23.30), SI > PI (tca = 5.29), SI >CI (tca = 13.50), and Cl — PI (tca = 13.19). Thus, all the
hypotheses proposed in the model were significant and accepted.

Upon evaluating the model adjustment quality through the path coefficients analysis of the adjusted
model and interpreted as the beta coefficients (B) of the regression, it is concluded that the relationships of frugal
innovation: Ol, SI, CI, and PI are significant (t > 1.96 and p < 0.05), which led to the acceptance of all hypotheses
(Hl. Ha, Ha, Ha, Hs, and He).

The path coefficients (B’s) explain how strong the effect of one construct is on the other; thus, open
innovation exerts the most significant effect of the model in sustainable innovation (0.680 degrees). The analyses
confirmed the positive relationship between all hypotheses. Hence, the first hypothesis proposes that open
innovation directly and positively influences sustainable innovation. As the data described, the path coefficient of
the relationship between Ol and Sl is the most significant. The results confirm that open innovation, sustainable
innovation and cost innovation impact in production innovation in 78%, open innovation and sustainable
innovation impact in cost innovation in 66.7% and open innovation impact in sustainable innovation in 46.2%.

IV. Conclusions

This study aimed to test the relationship between the dimensions of frugal innovation, which is composed
of the dimensions of open innovation (Alburub & Lee, 2012), sustainable innovation (Chen et al., 2006), cost
innovation (Afonso et al., 2008), and product innovation (Gunday et al., 2011), using the structural equations
model. The exogenous open innovation dimension and the three endogenous innovation dimensions form the
frugal innovation model proposed by Silva (2018) in the organizational context, as validated and adapted by Lopes
et al. (2020) for the context of higher education students.

For the proposed model, open innovation relates directly and positively to the other innovations; with
this, it corroborates Bogers et al. (2018), which indicates the openness of companies to external sources of
knowledge as an important driver of innovation performance. Our findings also indicate that the model met the
criteria for convergent and discriminant validity for all assumptions. Furthermore, the results showed that the
reliability of the dimensions ranged from 0.80 to 0.93, indicating that all values were within the acceptable range.
Furthermore, the analyses confirmed that all relationships are positive between the exogenous (OIl) and
endogenous dimensions (sustainable, cost, and production).

It was also found that the highest statistical significance was between open innovation and sustainable
innovation, as the t-value of the relationship (Ol — SI; tca = 23.299) was greater than 1.96 (tabulated t-value),
which indicated a 0.05 significance level. The path coefficient or standardized regression coefficient (B) of this
relationship (Ol — SI) indicated that a one-unit change in open innovation could influence a 0.680 change in
sustainable innovation.

Convergent validity, discriminant validity, and quality of the adjusted model were verified, leading all
hypotheses to be validated and confirming the model’s explanatory power, where it can be stated that the proposed
model is reliable and presents predictive validity.

Given the above, the modeling proved to be efficient and confirmatory to identify graduate students’
perception in open innovation, sustainable innovation, product innovation, and cost innovation (i.e., the
innovations that form frugal innovation). Therefore, the proposed model is explained in 78% by product
innovation, 67% by cost innovation, and 46% by sustainable innovation. It is concluded that frugal innovation, in
this proposed model, is mostly explained by product innovation with a percentage of almost 80%, thus
highlighting how much product innovation can explain frugal innovation.

In this sense, the model studied reflects how graduate students recognize frugal innovation and concludes
that they first perceive the relationship of open innovation with sustainable innovation, followed by the
relationship of cost innovation with product innovation, and sustainable relationship with cost innovation. The
estimation and evaluation of the model under study allowed us to conclude that the proposed theoretical model is
satisfactory. The quality of the model is good, noting that the indices of reliability, validity, and adjustment for
the latent construct (open innovation) in relation to the dependent constructs (sustainable innovation, product
innovation, and cost innovation) have higher values than those recommended (Hair et al., 2009).

Several limitations to this study include the lack of instruments that make up frugal innovation and the
development of theoretical and empirical studies that can contribute to disseminating this type of innovation, given
the urgency of rethinking the forms of production and use of natural resources. It is suggested that other
researchers replicate this study in other universities with Brazilian and international students and other contexts
to broaden the discussions and better understand frugal innovation in the context of other innovations, their
relationships, and their interrelationships.
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