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Abstract

The Chain Experiment competition has been held successfully for 6 years in Poland and is
attracting growing interest. The competition provides participants with a task that involves
designing and constructing a contraption that is an element in a chain of events that are
based on various physical phenomena. The contraptions are then linked together in a chain
and made to run consecutively. The operation of a contraption starts when it receives a
ball from the preceding contraption and ends when it releases another ball to the next con-
traption. The process of constructing the contraptions includes elements of design educa-
tion. This paper examines whether participating in the competition has a positive impact on
the soft skills, social abilities and motivation of the participants, as well as their learning
performance, mainly in physics. Questionnaires completed after the fifth running of the
competition suggest that active participation in the Chain Experiment could have a posi-
tive impact on participants’ soft skills and their abilities to solve problems, and it might
also increase scientific knowledge, general interest in physics and science and motivation
to be involved in similar challenges. The claim is that the format of the competition can
stimulate versatile development of the participants and is a good way to arouse students’
interests in physics and engineering, even in the very early stages of their education.
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Introduction

Technological developments mean that many educators and governments are now focused
on education in science, technology, engineering and mathematics (STEM). Current
reports suggest that learning STEM subjects well creates opportunities for better-paid jobs
and decreases the risk of future unemployment (Langdon et al. 2011). However, besides
scientific and/or technological knowledge, employers nowadays also expect ‘soft skills’
(Symonds et al. 2011; Blom and Saeki 2011), which are easier to describe than to define.
The literature refers to soft skills as “personality traits, goals, motivations, and preferences
that are valued in the labor market, in school, and in many other domains” (Heckman and
Kautz 2012) or “social toolkits for success in everyday life in different contexts” (Clara
et al. 2018). Among the other skills, communication and discussion abilities, presenting a
personal point of view and working in a group are considered as useful soft skills. Many
authors point out that besides ‘hard’ knowledge, soft skills are important for future suc-
cessful careers (Robles 2012; Heckman and Kautz 2012; Schulz 2008) and thus should
be developed from an early educational stage (Santos et al. 2017). The above shows that
students in the twenty-first century must acquire a breadth of knowledge about various sub-
jects and soft skills, with the two progressing simultaneously to provide holistic develop-
ment (Symonds et al. 2011).

Meanwhile, science education in schools involves separating science into more-specific
subjects, one being physics. Often, science teachers are tightly bound by curricula formed
in a traditional, content-focused way (Aikenhead 2006), which is why many students
describe their experience of school science as repeating a list of inconsequential facts or
conclusions without reasoning (Mallya et al. 2012). Therefore, the considerable decline in
student involvement in science might be a consequence of students’ ‘disenchantment’ with
science (Aikenhead 2006; Fensham 2004) and/or the separation between school science
and outside-school experiences (Brickhouse and Potter 2001; Aikenhead 2006; Calabrese
Barton 1998, 2003). However, even if students’ attitudes towards science as a school sub-
ject are not positive, they often recognize the profession of scientist as important (Col-
lins et al. 1989; Jenkins and Nelson 2005; Osborne and Collins 2001; Osborne and Dillon
2008; Sjgberg and Schreiner 2005).

Generally, students spend more time out of school than in school (Bell et al. 2009;
Falk and Dierking 2010; Rennie 2007). Moreover, studies suggest that involvement in
non-school science-related events could strengthen science learning substantially (Cala-
brese Barton 1998; Fusco and Calabrese Barton 2001; Rahm 2002). Science learning that
occurs outside the traditional, formal school realm is called informal learning (Dierking
et al. 2003), which has become an important research focus over the past decade, not only
in science education (Dierking et al. 2003; Enos et al. 2003; Fallik et al. 2013; Hamilton
2008; Paradise and Rogoff 2009). For clarity, herein we define informal learning as learn-
ing activity that takes place outside school and without an externally imposed curriculum.

One form of informal learning is participation in competitions (Verma et al. 2015),
i.e. contests among students or groups of students who want to achieve a specific goal
or, very often, win an award. Competition usually has a motivational role and increases
educational interest in students participating in a particular subject (Ozturk and Debelak
2008; Thrasher 2008; Wankat 2005), especially in science. The most respected com-
petitions in physics are the International Physics Olympiad, the International Young
Physicists’ Tournament and national Olympiads. These competitions demand very good
theoretical knowledge, proficiency in mathematics and advanced experimental skills
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(Campbell and Walberg 2010); therefore, only the most talented students participate to
these competitions. Nevertheless, regular school achievements in physics are usually
correlated with mathematical abilities. It is not rare that students with good conceptual
knowledge of physics obtain bad results in tests if they have low mathematical skills
(Meltzer 2002). To encourage such students, interesting options are engineering com-
petitions, such as the Formula SAE race and Chain Experiment competitions, which
emphasize engineering experience related to designing, constructing and testing real
hardware or contraptions (Dziob et al. 2017; Schuster et al. 2006). Both competitions
naturally incorporate design education, with students working towards a unique solution
to a pre-defined problem (Haupt 2017) and creating a technological result. In this pro-
cess, students develop a plan and then implement it through making (Mitcham 2001).

In the Chain Experiment competition, participants cooperate to build a contraption
of their own design that is based on several interesting physical phenomena. The term
“contraption” is used for the set of mechanisms constructed by each team, which is then
connected to other contraptions during the Grand Finale, as described originally in the
Slovenian version of the competition (Susman et al. 2017). The process of building a
contraption takes several months, usually outside of school, meaning outside of classes
and/or outside the building. Successful construction of a contraption, in order to win a
competition, usually pushes students to acquire new knowledge and develop technologi-
cal literacy. During the Grand Finale, when all contraptions are presented, teams join
and compete with one another. Participation in the competition is voluntary, and partici-
pants can determine the complexity of their construction and may transfer their science
experience into designing and creating a contraption in an alternative sphere of their
own choice, which has been stressed as an important factor in the relevancy of informal
learning (Tal and Dierking 2014). In this process, they implement science phenomena in
an actual working machine and search for practical technological solutions, which natu-
rally develops their engineering skills and is an important aspect of technology educa-
tion (Brown and Brown 2010; Dugger and Naik 2001). Besides acquiring knowledge, a
natural consequence of cooperating during the competition (e.g. discussions among par-
ticipants, making compromises) is the development of soft skills, which is considered
one of the many benefits of cooperative learning (Lejk and Wyvill 2001).

However, although Chain Experiment competitions have been described previously
(Dziob et al. 2017; Susman et al. 2017), research is yet to be presented concerning how
these competitions influence participants’ achievements or soft-skills development. At
the same time, some aspects (including knowledge and soft skills, considered herein)
have been described in the context of activities that are to some extent similar to the
Chain Experiment competition (e.g. Klein et al. 2015; McNamara et al. 1999). How-
ever, most of those studies were not interested in investigating soft skills and knowledge
improvement simultaneously. The present aim is to bridge that gap, to which end we
sought to establish how students and teachers perceive the Chain Experiment competi-
tion and participation in it and whether a competition can influence participants’ skills,
attitudes and knowledge. The present research questions (RQs) are as follows.

1. How do participants perceive the form of the Chain Experiment competition?
How does the Chain Experiment competition influence participants’ soft skills?

3. How does the Chain Experiment competition influence participants’ interest in physics
and science?
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4. How does the Chain Experiment competition influence participants’ scientific knowl-
edge?

5. How does the Chain Experiment competition influence participants’ motivation for
further learning?

Background of the study
General description of Chain Experiment competition

The Chain Experiment competition was introduced in Slovenia in 2005 in cooperation
between the University of Ljubljana and the Technical Museum of Slovenia. It started
from a promotional demonstration chain experiment that had a motivational and explana-
tory role for participants and aimed to bring physics closer to everyday life (Susman et al.
2017). In 2013, the Chain Experiment was introduced as a nationwide annual competition
in Poland. It has a 1-year development cycle, from demonstrations in schools, through the
process of team work focused on designing, testing, preparing documentation, to the final
contraption (Dziob et al. 2017).

In the Chain Experiment competition, the main task given to teams of between two and
five members is to design and construct a contraption in which a series of events is trig-
gered by a prescribed linking event. The entire design process is regulated by the rules of
the Chain Experiment competition (Jagiellonian University, Institute of Physics, 2018) as
summarized in Table 1.

During the Grand Finale, all contraptions are linked in one or more chains, each con-
taining a number of different contraptions (see Fig. 1). The first contraption in each chain
is triggered by an event equivalent to the linking one, namely by releasing the ball manu-
ally into the first contraption. The physics and science phenomena to be used are not pre-
scribed, and participants are given artistic license. For more information and examples of
participants’ contraptions, see Dziob et al. (2017). Legal issues concerning underage par-
ticipants mean that each team must have a formal mentor. However, there are no require-
ments for the mentor except to be of legal age, and also one mentor can supervise more
than one team.

One month before the Grand Finale, participants report their progress in a submit-
ted form to ensure participation and timely finalization of the contraption. Participants
select the form in which this is done, including sketches and schemes, photographs of the

Table 1 Some rules of the Chain Experiment

Maximum size (width X depth X height) 120 cmx 70 cm X 150 cm

Operating direction From right to left

Starting point Shortest dimension, right side at 45-cm height
Ending point Shortest dimension, left side at 45-cm height
Maximum operating time 120 s

Limitations All scientific laws and phenomena are allowed, the

only restriction being that their use should be safe.
Electricity can be used only up to 24 V. External
power sources, dangerous chemicals and the use of
animals are strictly forbidden
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Fig.1 a An example of an isolated contraption. b Three contraptions linked together by a triggering event
marked by a circle. Both photographs were taken during the Grand Finale in 2017

construction of the contraption, video clips or a presentation. This part of the competition
was introduced mainly to monitor participants’ progress and motivate them to work. The
final form of each contraption is assessed at the Grand Finale by an expert jury. Three main
criteria are considered, related adequately to aspects of science, technology and design:
(a) the originality of the physics laws and phenomena used in the implementation and the
participants’ ability to explain them, according to age category; (b) the reliability of the
contraption (i.e. whether it can operate without external help) versus its complexity; (c) the
quality, ingenuity and aesthetics of the contraption, including its unique name and appear-
ance (Dziob et al. 2017). At the end, the best contraptions are awarded prizes in different
categories, i.e. kindergarten, primary school (PS), lower-secondary school (L-SS), high
school (HS), university and family.

In many aspects, the Chain Experiment competition is similar to various European phys-
ics competitions (Jordens and Mathelitsch 2009; Haskell et al. 2000), but it is unique as an
exhibition and physics show. Being part of a team that constructs a spectacular contraption,
something that the audience appreciates highly, seems more valuable than awards and the
competitive character of the competition (Susman et al. 2017). Additionally, in contrast to
other competitions that have a relatively rigid and predefined syllabus, the Chain Experi-
ment is open to various aspects of physics.

Further unique aspects of the Chain Experiment are the freedom left for students and
the engagement of mentors, which can be observed in the various approaches that students
take in accomplishing the task. Also, observations over several years suggest that mentors
play different roles in different teams: some teams are more self-reliant and can solve prob-
lems and learn new knowledge by themselves, whereas other teams require more guidance.
Thus the role of a particular mentor in the work of a particular team is unknown because
some teams are more self-reliant than others. The main factor that motivates students to
work on the design of their contraption and learn the explanations of the mechanisms used
is the competition task itself (Susman et al. 2017).

Chain Experiment as design education

The process of creating the contraption can be viewed as a realization of design educa-
tion, which is learning how to apply practical methods, prior knowledge and natural tal-
ent to solve problems (Casakin and Goldschmidt 1999). The field of design is expanding
rapidly nowadays, such as in fashion, architecture and information technology (IT) (Berk
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2016; Lawson 2006), but at the same time design education remains underrepresented as a
school discipline. As a core competency, design comprises communication, collaboration,
problem solving, critical thinking and creativity (Berk 2016), which are vital skills in the
process of building a contraption. Participants in the Chain Experiment must propose their
own solution to the problem defined by the competition rules. However, note that the Chain
Experiment competition focuses on not only the design process but also evaluating the final
creation and how participants explain it using their knowledge (acquired both prior to and
during the design process).

Note, that Chain Experiment task is strongly connected with physics, which formulate a
framework for the process of design. It is crucial to understand physics to design the con-
traption, as well as design is important to realize practically the physics concepts in real,
working mechanisms (Zadeh and Satir 2015). Chain Experiment creates space for both,
giving the chance for improvement of knowledge learned by repeating error and trial pro-
cess as well as strengthening abilities of attractive design. The current literature mainly
focuses on both design and technology, however introducing them in science courses was
also already proposed (Gilbert et al. 2000). Since this important combination is present in
Chain Experiment, both physics and design education may profit from each other at every
educational stage.

In realizing the entire Chain Experiment as design education, we distinguish three main
components that we find to be most important here, namely collaborative learning (Pawson
2016), problem-based learning (Ovesen 2015) and gamification. The third of these is not
traditionally mentioned in this framework, but an important aspect in the Chain Experi-
ment is the rivalry between participating teams, which stimulates them to invent a unique
contraption that beats the other solutions (Dziob et al. 2017). In the following paragraphs,
we discuss all three components together with their manifestation in the Chain Experiment.

Chain Experiment as collaborative learning

The increased technical development and the need for specialization in recent years have
brought important challenges, in which cooperation and efficient teamwork play a key role
(Johnson and Johnson 2014). Accordingly, an important part of education is now collabo-
rative learning, in which students form small groups and share responsibilities to achieve
a common goal (Johnson et al. 2013). They work together to maximize the benefit to each
group member. In such circumstances, students learn not only to respect one another and
communicate effectively but also to practice their personal learning abilities, specifically
knowledge development, thinking skills, social skills and overall satisfaction (Barkley et al.
2014; Kuo et al. 2012; Schellens and Valcke 2005). Moreover, learning from collaboration
encourages critical and creative thinking, develops self-confidence (Springer et al. 1999)
and has a positive impact on social acceptance and considering the perspectives of oth-
ers (Davidson and Major 2014). Above all, collaborative learning naturally creates envi-
ronment for developing soft skills (Lejk and Wyvill 2001). To cooperate successfully, stu-
dents must discuss with each other, achieve compromises and work together for a common
goal. Many researchers have shown that collaborative learning works well for developing
soft skills in different branches, such as economical, technical, IT and vocational courses
(Azmir et al. 2011; Cheong 2010; Khalid and Metersad 2016; Zhang 2012).

In particular, the process of constructing a contraption for the Chain Experiment compe-
tition may encourage the development of all these skills. Designing and constructing a con-
traption in which several interesting and not commonly met physics phenomena are applied
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requires participants to collaborate closely. Moreover, the multi-step nature of the construc-
tion and the fact that it can be divided into smaller diverse tasks mean that the success of
the final contraption depends on group members having complementary skills. The group
as a whole starts by designing the contraption (planning, drawing, measuring), after which
additional study is often required to extend knowledge of the chosen phenomena so that the
latter can be applied effectively, a reliable contraption can be constructed, and the ques-
tions of the jury during the competition can be answered. While creating the contraption,
participants share knowledge and use it as a product of joint development (Hakkarainen
2009). Knowledge is dealt through the design process, where the most important aspects
are its adequacy, usefulness and developmental potential (Bereiter and Scardamalia 2003).
A common goal provides an environment in which group members with different knowl-
edge, ideas and experience discuss the task demands freely from various perspectives.
During the preparation period, participants work collaboratively and are forced to com-
promise to achieve the effectiveness and reliability of the various devices combined in the
contraption. Feedback during the discussion stimulates participants to revise their ideas
and thus make progress. The opinions of participants and mentors as articulated during
previous editions of the competition (Dziob et al. 2016) show brainstorming and discus-
sion to be the most frequent ways of making compromises during construction. In this way,
the Chain Experiment competition promotes self-esteem, develops individual competences
and favours interest in physics.

Chain Experiment as PBL

Although traditional teaching remains the predominant way of transferring knowledge in
science, many teachers endeavour to implement more-active learning approaches (Roehl
et al. 2013; English and Kitsantas 2013; Freeman et al. 2014) that are usually implemented
in similar ways, namely project-based learning and problem-based learning. Both have the
same educational focus and differ only in details (Savery 2006), so even though the Chain
Experiment is closer to project-based learning, herein we simply use the acronym PBL
when considering the aspects of both project- and problem-based learning. The key aspect
of PBL methodology is its focus on an open-ended question or task that has no single cor-
rect solution (Barron et al. 1998). Students gain new knowledge by solving the problems
that arise while searching for a solution in collaborative groups. In general, students must
identify a problem first, learn new concepts and skills, apply the acquired knowledge to
the problem solution and finally reflect on their effectiveness (Hmelo-Silver 2004). The
net results can be tangible, such as a product, a performance or simply a proposed solu-
tion. The best PBL problems are authentic, adjusted to the prior knowledge of participants
and geared towards enhancing discussions. They should also stimulate self-directed learn-
ing and lead to identifying appropriate learning issues (Des Marchais 1999; Schmidt et al.
2011). Many researchers have found PBL to be a very valuable approach that promotes
students’ motivation and responsibility for learning by integrating knowledge with prac-
tice (Albanese and Mitchell 1993; Blumenfeld et al. 1991; Evensen 2000; Gallagher 1997;
Hmelo-Silver 2004; Vernon and Blake 1993), increasing interaction between students and
improving social awareness, skills and critical thinking (Gunawardena et al. 1997; Lee and
Lim 2012; Newman et al. 1995; Pena-Perez 2000; Stahl 2000). It was also shown that PBL
promotes conceptual change (Loyens et al. 2015), which seems to be important due to sci-
entific-oriented task given for participants in the Chain Experiment.
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The Chain Experiment competition provides participants with a well-defined open-
ended practical problem, namely how to connect a series of events in the contraption using
physics phenomena. Although the focus is physics, the problem is open and the goal can be
achieved with various approaches (including interdisciplinary ones). Participants start by
identifying a problem and then discuss various ways of solving it. Designing and construct-
ing the contraption involves two main activities: focusing on devices that together form a
contraption, thereby engaging manual and technical skills and considering the underlying
physics and science concepts behind the contraption that will be presented and assessed at
the Grand Finale. The process of designing and constructing the contraption involves sev-
eral stages over a few months, during which participants acquire and implement new and
restructure already gained (theoretical and procedural) knowledge, verify ideas in practice,
reflect on their effectiveness and proceed to the next step, focusing on a different part of
the contraption. When undertaking a competition task in groups, they must discuss and
present their opinions with adequate scientific reasoning. The discussion while designing
and constructing the contraption provided participants with the opportunity to thought-
fully and critically weight their scientific viewpoints and contrast them with outcomes of
their investigations (Broughton et al. 2013). This practical verification leads to conceptual
change (Cobern 1996). The complexity of the task itself means that participants must work
collaboratively and make compromises at the functional level of the contraption and at the
social level of the group. Because participants compete in different age categories, the task
assessment is also adjusted to the actual educational level of the participants.

Chain Experiment as gamification

Gamification can be defined as the application of game-based elements (e.g. game mechan-
ics, aesthetics, principles and game thinking) in non-game contexts (Huotari and Hamari
2012; Robson et al. 2015). The main ideas behind this approach are to engage people,
enhance learning by motivating and stimulate finding solutions to problems (Apostol et al.
2013; Deterding et al. 2011). The idea of introducing games to teaching is not new, given
that digital games have been used for learning in formal environments since the 1960s
(Ifenthaler et al. 2012 and references therein; Moncada and Moncada 2014). However, the
term “gamification” was introduced a few years ago and is gaining in popularity (Dicheva
et al. 2015; Sung and Hwang 2013). The benefits of gamification (or more broadly, game-
based learning; e.g. Ifenthaler et al. 2012) in the educational context are described well in
the literature. Among other values, one could emphasize the increase in students’ intrinsic
motivation and self-efficacy (Banfield and Wilkerson 2014; Seaborn and Fels 2015), the
possible motivational effect together with enhanced learning skills (Dicheva et al. 2015;
Sadler et al. 2013) and the positive aspect of competition itself (Conklin 2006; Burguillo
2010).

The specific approach of the Chain Experiment competition could also be described in
terms of gamification. It is a type of open construction game (like Build a Bridge, Sim-
City, LEGO Mindstorms and Incredible Machines) that has been brought into the real
world, namely to build a full-size working mechanism. Classical construction games and
the Chain Experiment competition have a number of similarities. In both, the objectives
and rules are clearly defined, and actions are restricted adequately by the game engine and
algorithms or physics laws. In a classical construction game, the player chooses a particular
level and then moves to the next one upon completion. Correspondingly, when constructing
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the contraption, participants choose the physical phenomena, starting from a simple mech-
anism and progressing to more-complicated ones.

As a large-scale construction game, the Chain Experiment competition consists of sev-
eral stages that are essential to accomplishing the task, namely (a) designing the contrap-
tion, (b) building and documenting it, and finally (c) presenting the functional contraption
with a detailed description at the Grand Finale. Teams compete in various categories to
achieve high scores and prizes, which are awarded by the jury in the Grand Finale. How-
ever, a very important goal besides the awards is constructing a contraption that func-
tions successfully in a chain in the Grand Finale. The competition maximizes the area of
creativity, which is another reason why it is more challenging than many other physics
competitions.

Methodology

The main goal of our study is to find how (if and to what extent) the competition itself
motivates the learning of physics or science in general, guides the development of partici-
pants’ soft skills and encourages them to acquire new knowledge. In particular, we inves-
tigate the influence of the Chain Experiment’s form, which combines elements of design
education manifested in collaborative learning, PBL and gamification. The entire competi-
tion process gives participants a chance to go step by step from preparation to the Grand
Finale and to observe their development and evaluate themselves in the several months of
this process.

Context of study

The study sample consists of participants from a wide range of educational levels (from
PS to HS) who participated in the fifth running of Chain Experiment competition in Kra-
kow, Poland. Table 2 shows the age distribution of participants, who came to the competi-
tion from across the whole country. Most participants (i.e. 49%) live in larger towns of
up to 100,000 inhabitants, 18% come from small cities with 20,000-100,000 inhabitants,
10% live in small towns up to 20,000 inhabitants and 23% of participants come from vil-
lages. The participants form a cross section through various social strata, and we consider
it unlikely that the present results are biased strongly by, for example, the type of town.
Participation in the Chain Experiment competition requires 1-6 months of preparation
and involves three main stages. In the first stage, small groups of between two and five
participants register with their mentors (teacher or parent) on the competition’s website
and receive a starter pack containing two metal balls. Over the next few weeks, participants

Table 2 Numbers of participants

d di . Category Age span Number of Number
and corresponding teams in age participants of teams
categories

Primary school 6-13 122 33
Lower-secondary school 14-16 236 61
High school 17-19 95 24
Family - 31 8
Total - 484 126
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meet and discuss designs, ideas and schemes of parts of the contraption and realize them.
The formal side of meetings is not regulated by the competition rules. Teams could meet
and work on the task during lessons, but participant feedback reveals that they meet mostly
after regular classes in their free time. The preparation part is the longest stage of the com-
petition, during which educational approaches such as problem-based learning and col-
laborative learning are necessary to accomplish the task successfully. During this period,
participants learn physics on their own when the need arises, share ideas and become used
to collaborating effectively in a team.

To stimulate participants to manage their time effectively, the competition rules require
documentation of the progress of the contraption’s construction 1 month before the Grand
Finale. The Grand Finale is the final part of the competition. On that day, all teams arrive
at the campus of Jagiellonian University and join their contraptions to create a “chain” of
contraptions in which the metal balls pass from one contraption to trigger the next. Dur-
ing the final event, the jury—established from physics faculty staff, doctoral candidates,
students and in-service teachers—evaluates the participants’ contraptions. Every team is
assessed according to three criteria, which are evaluated with regard to the educational
level of the participants. In the first criterion, jury members ask about the physical phe-
nomena used in the contraption and verify that the participants can explain them correctly.
The participants can discuss the answers as a group, which decreases stress and helps them
to recall their knowledge. The second criterion is the complexity and infallibility of the
contraption. To assess this, the participants start the contraption and jury members observe
its functioning. In the last criterion, the jury assesses the structure of the contraption from
an artistic perspective and the relevance of its name. These three criteria are used to evalu-
ate all the contraptions, and the best (around 15% in each category) receive an award.

Data collection

To determine whether participating in the Chain Experiment competition has a positive
impact on participants’ development, we prepared separate questionnaires for participants
and mentors and conducted semi-structured interviews with jury members. Both question-
naires covered similar issues and were constructed to address the five main assumptions
listed in Table 3. These assumptions relate to participants’ development, including soft
skills, acquisition of new knowledge, and increased interest and motivation to learn phys-
ics or science. Moreover, the participants rated the form of the preparation (working in
groups). The questionnaires were prepared in the adopted form of item parcelling, so we
asked about the same things (concerning each assumption) multiple times in different ways,
using various types of questions that are correlated with one another. Both questionnaires

Table 3 The five assumptions analysed by the participant questionnaire

No. Assumption

Al Working in groups could increase participants’ motivation and help them to solve problems
A2 Participating in the competition could have a positive impact on participants’ soft skills

A3 Participating in the competition could increase participants’ interest in physics and science
A4 Participating in the competition could increase participants’ scientific knowledge

A5 Participating in the competition could motivate participants to further work and undertake

new scientific challenges
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are described and validated in detail below. Because the definition of soft skills can vary
among fields (Schulz 2008), similarly to other authors (Schulz 2008; Heckman and Kautz
2012), we focused on some of them, such as communication skills, searching for informa-
tion, ability to discuss, presenting own opinions and working in a group.

The participant questionnaire comprised 23 questions and is presented in “Appendix 1.
Firstly, the participants were asked to mark their age category. In part 1, eight questions
asked the participants to self-assess, on a Likert-like scale, various effects of participating
in the Chain Experiment competition on their personal soft skills and knowledge. The scale
spans from — 5, signifying a high negative impact on the examined factor, to 5, signifying
a high positive impact, with response 0 meaning no influence. Answers were marked on
a continuous line allowing non-integer numbers. In part 2, participants identified which
learning resources they used during the preparation period. The questionnaire includes a
list of resources from which participants could select more than one. In part 3, partici-
pants had to express a level of agreement on a five-point Likert scale, with level 1 mean-
ing ‘strongly disagree’ and level 5 meaning ‘strongly agree’. Statements related to how the
competition impacted their motivation to learn physics and science were given in the form
of a table, and respondents were asked to mark one of five levels. Part 4 referred to how
working in a group impacted accomplishing the main task; as in part 3, responses were
given on a five-point Likert scale.

The mentor questionnaire comprised 11 questions phrased similarly to those in the par-
ticipant questionnaire. Mentors expressed their level of agreement on a five-point Likert
scale with the same form and meaning as in parts 3 and 4 of the participant questionnaire.
We decided to include fewer questions in the mentor questionnaire because we assumed
that they would respond with full understanding and caution. Therefore, we limited the
number of questions addressing the same item. The mentor questionnaire is given in full in
“Appendix 2”.

After the Grand Finale, a semi-structured interview was conducted with selected jury
members who are familiar with the school curricula. The interview comprised three sets of
questions, the first related to students’ knowledge and contraption preparation, the second
related to group work, and the third related to any unusual phenomena or solutions that the
jury members could recall (“Appendix 37).

Rationale for selecting questionnaires

We must sketch some limitations of the study. First, we used our own questionnaires. We
are aware that it would have been methodologically more accurate to use a previously
developed and validated test, but the uniqueness of the Chain Experiment competition
meant that the questionnaires had to be developed from scratch.

Second, rather that measuring learning and improvement directly, we assessed par-
ticipant and mentor perceptions of those aspects. We did this because we decided that
there is no reliable, usable tool for measuring the researched items, this being because
participation in the competition lasts for several months and any ‘objective’ measure
would be influenced by several other factors, such as current school materials. There-
fore, we had to rely on participants’ perception of changes, i.e. how participating in the
Chain Experiment influenced particular aspects (knowledge, motivation and soft skills).
Nevertheless, we expect that participants and mentors were able to separate the influ-
ence of the Chain Experiment experience from other factors affecting the participants’
learning during the school year. Unfortunately, the schedule of the Chain Experiment
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competition made impossible interviewing all the participants. The Grand Finale took
place two to three weeks before the end of the school year, leaving insufficient time to
visit schools all over the country (note that there were close to 500 participants).

Third, we collected questionnaires during the Grand Finale, after the competition and
just before the jury announced the winners. The answers given then were not influenced
by the joy of winning or the bitterness of losing. However, the results could have been
influenced somehow by the atmosphere of the Grand Finale event as a whole.

Finally, this research was designed to investigate whether participating in the com-
petition affects the development of participants’ soft skills, motivation and knowledge.
Moredetailed research would be needed to investigate the subtleties of how the Chain
Experiment competition influences those abilities as well as in depth studies how cer-
tain pedagogical strategies within PBL, collaborative learning and gamification contrib-
uted to observed outcomes. Nevertheless, students’ and mentors’ opinions on the sub-
ject could provide a good starting point for that research.

Data analysis

To compare the questions in both questionnaires directly, we introduced a single scale
for all questions even though two different Likert scales were used. Thus, the levels
from 1 to 5 used in parts 3 and 4 of the participant and mentor questionnaires were
transformed to the same range as in part 1 of the participant questionnaire, i.e. from — 5
to 5. The transformation was done using

y=25x-175,

where x is the level of agreement given on the five-point Likert scale and y is the modi-
fied level of agreement expressed on the 11-point Likert scale from — 5 to 5. In this way, a
level of agreement marked as 1 on the five-point Likert scale was transformed to — 5 on the
11-point Likert scale, 3 became 0, and so on.

Participant questionnaire

In this questionnaire, participants reflected on and self-assessed how the Chain Experi-
ment competition influenced the aspects of their development described in the five
assumptions of this study (Table 3). The coherency of participants’ answers parcelled
into those assumptions was verified and the results are presented in Table 4. To decide
whether the assumptions are statistically consistent, we calculated Cronbach’s alpha for
each one. For each question group, this factor always exceeds 0.7 and each question
has a positive discriminative power, meaning that the questions are correlated posi-
tively. Additionally, discriminating any particular question does not increase Cronbach’s
alpha. All these factors confirm that the assumptions were prepared and then parcelled
adequately.

The questions in part 2 (i.e. those asking about the sources of participants’ knowl-
edge) were analysed separately. The sum of the share of answers expressed as a percent-
age in each age category exceeds 100% because each participant was allowed to select
more than one answer.
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Table 4 The five assumptions parcelled into questions from the participant questionnaire (Appendix 1)

Al. Cronbach’s A2. Cronbach’s A3. Cronbach’s A4. Cronbach’s AS5. Cronbach’s
alpha: 0.887 alpha: 0.811 alpha: 0.779 alpha: 0.733 alpha: 0.735

QN DP EX QN DP EX QN DP EX ON DP EX QN DP EX

Q3.5 065 0.87 Q1.1 060 078 Ql2 057 080 Q14 04 063 QL7 054 0.70
Q3.6 068 087 QI3 057 078 Q32 067 067 Q3.1 045 053 Q3.7 056 0.63
Q4.1 0.70 0.87 Q15 062 077 Q33 0.67 066 Q34 050 047 Q3.8 0.59 0.61
Q42 0.70 0.87 Ql.6 0.66 0.77

Q43 062 0.88 Q1.8 049 0381

Q44 059 0.88 Q3.5 042 081

Q4.5 0.67 0.87 Q3.6 054 0.79

Q4.6 0.68 0.87

For each question (QN), its discriminative power (DP) and Cronbach’s alpha after exclusion (EX) were
calculated

Mentor questionnaire

The analysis of the mentor questionnaire was similar to that of the participant question-
naire. Questions were asked about participants’ development regarding soft skills and
scientific knowledge, as well as the motivational role of participating in the competition.
Next, Cronbach’s alpha was calculated for each set of questions to verify the consist-
ency, then (a) the normality of the distribution was determined using the Shapiro—Wilk
test and (b) whether the means or medians were equal to zero was examined using ¢ test
and Wilcoxon’s test, respectively.

Assumption 2 involved one question about communication skills, this being because
a mentor can notice progress in this particular ability very easily. Assumptions Alm
(when the ‘m’ refers to the mentor questionnaire), A3m, A4m and A5m were formulated
in the same way as in the analysis of the participant questionnaire. Additionally, two
questions that asked about knowledge acquisition beyond the curriculum (Q2m) and stu-
dents’ grades in physics or science while participating in the competition (Q11m) were
chosen for separate analysis. Neither of those aspects could be evaluated by students
themselves, and also they provide more-specific evaluation of students’ development.

Each assumption, parcelled into a set of questions, is described in Table 5. Cron-
bach’s alpha for assumptions Alm, 3-5m exceeds 0.7, thereby showing that the ques-
tions were selected properly. This factor was not calculated for assumption A2m because
it corresponded to one question only.

Table 5 The five assumptions

parcelled into questions from Hypothesis Questions for hypothesis Cronbach’s alpha
the mentpr questionnaire Alm Q4m, Q8m 0.72
(Appendix 2)

A2m Q7m -

A3m Q5m, Q6m 0.71

A4m Qlm, Q2m, Q10m, Q11m 0.80

AS5m Q3m, Q9m 0.76

For each assumption, Cronbach’s alpha was calculated
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Semi-structured interviews

The interview data were analysed qualitatively by thematic analysis. Statements by jury
members about the Chain Experiment were analysed by three independent researchers, and
their findings were gathered to find common patterns across the datasets.

Results
Participant questionnaire

All five assumptions were analysed in three age categories created according to the educa-
tional levels of the participants. Group 1 includes PS students in education grades K1-K6,
group 2 includes L-SS students in K7-K9, while group 3 was the oldest analysed group
and consists of HS students in K10-K12. No family category was included in the analysis
because of the wide diversity in participants’ age, knowledge and experience inside each
group in that category.

The data distribution was analysed using the Shapiro—Wilk test. In further analysis,
when required, we used the mean value for normally distributed data and the median in
case of non-normal distribution. In the next step, we asked whether there was any change
in each of the examined assumptions. To check this, the mean or median was compared
with the zero level. ¢ Test was performed in cases of normal distribution, otherwise Wil-
coxon’s test was performed. If the corresponding result was negative (i.e. p<0.05), the
aforementioned presumption is incorrect and a significant difference in the investigated
assumption is observed.

It is clear from Table 6 that in each age group, there is a significant difference relating
to all the tested assumptions. This crucial finding allowed us to conduct further tests aimed
at determining whether the answers given in the three age groups were significantly dif-
ferent. If participants’ opinions had a normal distribution, analysis of variation (ANOVA)
was conducted. Otherwise, the Kruskal-Wallis test was used to determine whether distinct
age groups responded differently. The final part of the statistical comparison was post hoc
analysis. Assumptions with a normal distribution of answers were analysed using Fisher’s
LSD test. In cases of non-normal distribution in one assumption, Dunn’s test was used to
compare opinions in the three age groups.

Table 6 Results of 7 test (A2) and Wilcoxon’s test (Al, A3, A4 and AS5), which assume that the mean/
median value of the answers in each group is zero

Category Assumption 1 Assumption 3  Assumption 4 Assumption 5 Assumption 2
H,: median=0 H,: mean=0
Wilcoxon’s test t test
p value p value
Primary school < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Lower-secondary school < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
High school < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Total < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
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Assumption 1 Working in groups could increase participants’ motivation and helps them
to solve problems.

This assumption was parcelled into eight questions (Q3.5, Q3.6, Q4.1, Q4.2, Q4.3,
Q4.4, Q4.5, Q4.6; see Table 3). For this group, Cronbach’s alpha was calculated as 0.887
and each question had positive discriminative power. The Shapiro—Wilk test showed that
the distribution of answers was non-normal, thus analysis of medians was performed. The
Kruskal-Wallis test and post hoc analysis showed that HS and PS students gave more pos-
itive opinions than did L-SS students. Table 10 shows that the first assumption has the
widest range of answers, from — 5 to 5. Nevertheless, after analysing the lower quartiles
combined with data from Table 7, we conclude that each age group had a general positive
attitude to this assumption.

Assumption 2 Participating in the competition could have a positive impact on partici-
pants’ soft skills.

This assumption was tested with seven questions (Q1.1, Q1.3, Q1.5, Q1.6, Q1.8, Q3.5,
Q3.6; see Table 3) for which Cronbach’s alpha equals 0.811. The answers had a normal
distribution, thus the mean values in each group were analysed. As shown in Table 8, sig-
nificant positive opinions can be observed in all examined groups. Further ANOVA and
Fisher’s LSD showed that HS students have significantly more-positive opinions about
assumption 2 than do L-SS participants, with a difference of 0.55 between the means in
these categories. Because the possible range of answers was from — 5 to 5, their lower
limit is quite high, from — 1.71 in L-SS up to — 0.29 in HS.

Assumption 3 Participating in the competition could increase participants’ interest in
physics and science.

This assumption was parcelled into three questions (Q1.2, Q3.2, Q3.3; see Table 3).
Cronbach’s alpha for this group was 0.779 and the discriminative power of each question
was positive. The distribution of answers was non-normal, so the Kruskal-Wallis test and
the Dunn test (as post hoc analysis) were conducted. The statistical comparison presented
in Table 9 shows that L-SS students rated Assumption 3 significantly lower (median: 1.83)
than did those at PS (median: 3.50) and HS (median: 2.67). The total range of answers was
quite wide, from — 4.33 in the second age category up to 5 in all groups. Moreover, in each
category we found a generally positive trend in participants’ answers.

Assumption 4 Participating in the competition could increase participants’ scientific
knowledge.

This assumption was parcelled into three questions (Q1.4, Q3.1, Q3.4; see Table 3).
Positively correlating scores have a Cronbach’s alpha equal to 0.733 and positive discrimi-
native power. The non-normality of the distribution of answers imposed further analysis
of medians. To investigate differences between participants’ age groups, Kruskal-Wallis
and post hoc analyses were performed. Table 10 clearly shows that PS participants had
significantly more-positive opinions than did L-SS and HS contestants. The lower limit
of answers is — 3.33 in every group, but there are significant positive opinions in every
category.
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Table 7 Results of analysing Assumption 1

Category Assumption 1. Working in groups could increase participants’ moti-  p*
vation and helps them to solve problems
No. Mean SD  Median Min Max Lower Upper
quartile quar-
tile
Primary school (PS) 122 23 223 25 -4.06 5 1.56 4.06  0.001
Lower-secondary 236 165 222 188 -5 5 031 312 HS>L-SS
school (L-SS)
High school (HS) 95 276 194 3.2 -344 5 1.88 4.06
Total 453 2,04 22 25 -5 5 0.62 3.75

p* was calculated using the Kruskal-Wallis test and post hoc analysis

Table 8 Results of analysis Assumption 2

Category Assumption 2. Participation in the competition could have a positive p*

impact on students’ soft skills

No. Mean SD  Median Min Max Lower Upper

quartile  quartile
Primary school (PS) 122 2.13 1.3 207 -1.07 414 1.29 3.21 0.017
Lower-secondary 26 172 146 15 —171 5 0.86 271  L-SS<HS
school (L-SS)

High school (HS) 95 227 133 257 -029 5 1.21 3.21
Total 453 193 141 193 -171 5 0.93 3
p* was calculated using the ANOVA and Fisher’s LSD test
Table 9 Results of analysing Assumption 3
Category Assumption 3. Participating in the competition could increase par- p*

ticipants’ interest in physics and science

No. Mean SD  Median Min Max Lower  Upper

quartile quartile
Primary school (PS) 122 2.67 218 35 —-3.33 1.33 4.33 0.001
Lower-secondary 236 154 227 183 —433 0 35 PS>L-SS
school (L-SS)

High school (HS) 95 226 1.69 2.67 -2.33 1.0 35
Total 453 193 2.17 233 -4.33 0.67 35

p* was calculated using the Kruskal-Wallis test and post hoc analysis
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Table 10 Results of analysing Assumption 4

Category Assumption 4. Participating in the competition could increase partici- p*
pants’ scientific knowledge

No. Mean SD  Median Min Max Lower Upper
quartile  quartile

Primary school (PS) 122 298 1.8  3.17 -333 5 267 433 0.001
Lower-secondary 236 192 204 233 —-333 5 0.83 35 PS>HS,
school (L-SS) L-SS
High school (HS) 95 232 162 267 333 5 1.5 333
Total 453 223 194 2.67 3335 1.17 35

p* was calculated using the Kruskal-Wallis test and post hoc analysis

Table 11 Results of analysing Assumption 5

Category Assumption 5. Participating in the competition could motivate par-  p*
ticipants to further work and undertake new scientific challenges

No. Mean SD Median Min Max Lower Upper
quartile  quar-

tile
Primary school (PS) 122 296 192 3.5 -333 5 2.67 4.33 0.004
Lower-secondary 236 225 198 2.67 -4 5 0.83 3.83 PS,
school (L-SS) HS>L-SS
High school (HS) 95 3.05 141 333 0 5 242 4.25
Total 453 258 1.89 3.17 -4 5 1.5 4

p* was calculated using the Kruskal-Wallis test and post hoc analysis

Assumption 5 Participating in the competition could motivate participants to further
work and undertake new scientific challenges.

This assumption was also tested using three questions (Q1.7, Q3.7, Q3.8; see Table 3).
Cronbach’s alpha calculated for this set was 0.735, which indicates its reliability. Further
analysis of non-normally distributed answers was performed in the same way as previously.
Table 11 shows that answers given by students attending PS and HS were very similar to
one another (medians 3.5 and 3.33, respectively) and significantly higher than those given
by L-SS students. Note also that at zero, the lower limit for the answers given by HS stu-
dents’ was relatively high. This shows that no participant in this category had a negative
opinion of this assumption. The lower quartiles being greater than zero confirms a clear
positive opinion in every age group.

Participants’ answers in age categories

The final part of analysing the participants’ assumptions is to compare them among age
categories. The first overall conclusion is that the lower quartiles of answers are mostly
greater than or equal to zero (L-SS students, H3). Figure 2 shows that the medians and
means of answers are also greater than zero, indicating that positive opinions were given
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in every category and for all questions. PS students rated Assumptions 1 and 4 higher than
other assumptions, with a median greater than 3. Furthermore, this age category had the
most-positive opinions about all examined items. HS students rated all assumptions slightly
lower but still positively, with the highest medians being those for Assumptions 1 and 3;
the medians are still high and greater than 3, but the upper quartiles are only just above 4.
Like the PS students, the L-SS ones rated Assumptions 1 and 4 most positively. However,
compared to the other categories, the L-SS medians and quartiles are the lowest in all the
examined items. Also, a wider distribution of answers can be observed. While the lower
quartiles for the HS and PS opinions are greater than 1, the same statistical parameters are
lower for L-SS ones. As is clear from Fig. 2, the ratings of each assumption depend on age
category, differing in distribution width, median and mean. Combining all the analysed age
groups, the lowest ratings can be observed for Assumptions 2 and 5.

Sources of students’ knowledge

The final part of the analysis considers the sources of the acquired knowledge and learn-
ing materials that participants used while preparing for the competition. Participants could
choose multiple options to specify all possible methods by which they found the information
that was needed to build the device. As Fig. 3 shows, the most popular source in every group
was the internet. This was followed by school classes, which proved to be useful for L-SS
and HS students. For PS participants, consultations with parents were more important, with
school classes relegated to third place. Participants in this category had extra-curricular les-
sons with the mentor and used auxiliary books more frequently than did other contestants.
Note also that HS students looked to their older siblings for answers more often than did
PS and L-SS students, while at the same time they found school classes to be an important
source of knowledge. Moreover, in this age group, participants were more likely to search
for inspiration in scientific videos. Even though not related directly to the RQs, these results
are indirect proof that the Chain Experiment promotes motivation and engagement, as well
as the acquisition of scientific knowledge to realize the competition task.

Mentor questionnaire

The mentors’ answers were analysed together without separation into the different age cat-
egories of the participants. Normality determination using the Shapiro—Wilk test showed
that all assumptions and additional questions had non-normal distribution. Thus, the fol-
lowing step consisted of Wilcoxon’s test, in which we assume that the median of answers is
equal to zero. The values presented in Table 12 clearly show a significant difference from
zero (meaning any change due to the examined assumption) in the case of every assump-
tion and the two questions that were analysed separately.

The mentor questionnaire was subjected to a basic statistical analysis, resulting in the
means, medians, standard deviations, total range of answers and values of the first and third
quartiles presented in Table 13. Note that assumptions Alm and A2m achieved the high-
est scores; the lowest answer was 2.5 in both cases. Similarly, assumptions A4m and ASm
had the lowest answer (1.25) and the median values (for both) reached almost 5. This sug-
gests that participation in the Chain Experiment competition has a positive impact on bet-
ter communication and group-work abilities, and mentors think that it may increase partici-
pants’ scientific knowledge and motivate them to take part in the same or other scientific
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competitions. Moreover, the high median for A3m (3.75) confirms that the Chain Experi-
ment competition particularly increases interest in physics and science. By analysing ques-
tions Q2m and Q11m separately, we conclude that participants from all age groups, while
preparing their contraption, mastered the curriculum and gained better scores in physics
than before participation. Here, similarly to all the analysed assumptions, the medians of
answers given by mentors reached 5, i.e. the highest value.

Comparing both questionnaires shows that mentors’ answers are very similar to partici-
pants’ opinions. Mentors think that their students developed their soft skills and acquired
new knowledge. Note that students seem to go beyond the standard curriculum, learning
about phenomena that are not taught in school at their educational level. Moreover, the
mentors noticed a definite improvement in terms of school grades in physics or science,
which shows that participating in the Chain Experiment competition has a noticeable
impact on everyday school work. The motivational effect of participation was also high-
lighted by the mentors, as was the encouragement to learn physics or science side by side,
with increasing interest in these subjects. In the end, the group-work format was also rated
positively by the mentors.

Semi-structured interviews

After the Grand Finale, jury members articulated their observations in a semi-structured
interview (“Appendix 3”). The first set of questions was related to complexity of students’
contraptions and students’ knowledge and abilities to explain them in terms of physics and
science laws. Each interviewed person stressed that almost all contraptions were unique.
PS students used the simplest phenomena, but their contraptions were graphically refined.
Nevertheless, jury members stressed that “the children tried to explain all the phenomena,
sometimes with words that they did not fully understand, but there was a visible passion in
their eyes”. Note that because PS students do not have physics as a separate subject, each
solution is in principle beyond the curriculum. The youngest participants usually worked
and explained the contraption operation together, sometimes answering the jury’s questions
simultaneously. Coriolis force appeared for the first time in this category.

In the L-SS category, the jury easily distinguished two types of contraptions: very sim-
ple ones that used basic phenomena, mainly from kinematics (e.g. slipways) and highly
advanced ones that used phenomena from various fields (e.g. electricity, magnetism, optics).
Naturally, the first group did not delight the jury; the participants could usually describe the
operation of the contraption, but they were unable to answer any deeper questions. Fortu-
nately, this group was a minority. The creators of more-advanced contraptions in this age
span reached for phenomena from various fields of physics, usually trying to use as many as
they could fit in the size limitations of the contraption. In this age category more often than
in the others, a group leader was observable, but it varied from group to group.

The jury members deemed the contraptions of HS participants to be the most sophisti-
cated. They usually focused on only a few branches of physics, but within them they devel-
oped some surprising uses; for example, not only building a magnetic gun but also mak-
ing the steel ball levitate. So even though participants used phenomena that they had been
taught in school, the specific applications of those phenomena significantly exceed expec-
tations. After assessing participants’ work, the jury emphasized that often the division of
tasks was visible: “During the explanation, each team member could describe the whole
contraption, but different members explained different details in depth. Further conversa-
tion showed that almost always the person explaining an idea had been its trailblazer.”. The
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important point is that most participants could enter into a substantive discussion with the
jury about not only the utilized phenomenon (e.g. magnetic gun) but also entire general
units (e.g. magnetism, dynamics). In this category, elements of robotics and programming
also appear.

The family category usually comprised groups of friends of different ages, often parents
with children. The scientific level of the contraptions differed considerably, but the greatest
value was in passion being transferred from parents to their children. “It was really nice to
see the parental pride when her/his child explained the operation of the device that they had
created together.” In this group, common work was the most obvious and easy to observe.

In summary, although the levels of contraption and participant involvement varied
among the categories, the opinions of the jury members were generally very positive. They
stressed that while it demanded additional time and work from participants, participants
had fun working in a scientific exercise. Let us quote a few responses as examples:

It is difficult to highlight a particularly memorable solution because all the experi-
ments are unique. If I had to choose a creative solution that I remember especially, in
the last edition of the competition there was a fantastic mobile, double-sided machine
that half changed its appearance completely. This solution was extremely effective
and very interesting.

You can see immediately whether someone has devoted a lot of time or this was
a last-minute project. With the machines that required a long preparation time and
were carefully made and thought out, usually those participants explained very pre-
cisely what they meant. It shows at a glance whether someone came up with the idea
at the last moment or worked on the concept for longer.

It was clear that many teams were applying mechanisms that were beyond their
school curriculum. Those students were also exhibiting a deep understanding of the
physical basics of the used phenomena. Even if they used a “standard curriculum”
phenomenon, it was applied in a non-standard context, i.e. not in the way in which
it is taught in school. It was clear that those students were passionate about science.

Discussion

In this study, we examined whether participating in the Chain Experiment competition has
a positive influence on various aspects of participants’ motivation and skills. For this pur-
pose, we analysed semi-structured interviews with jury members and two questionnaires
given to the participants and their mentors after the Grand Finale of the fifth edition of the
competition. Positive opinions were recognized in the three designated age groups (PS,
L-SS and HS). We will discuss our findings in relation to the five posed RQs.

We began by examining whether the Chain Experiment competition, and particularly
the aspect of group work, is perceived positively by its participants and mentors. We for-
mulated this in Assumption 1, which was tested in two separate, participant and mentor,
questionnaires. We found that students in all age categories claimed that group work in the
first instance encouraged them to participate in the competition; in the second instance, it
simplified the learning process, facilitated problem solving and stimulated new ideas; in the
third instance, it decreased stress during the task. This is in line with the literature, which
shows that collaborative group work can stimulate greater achievements (Barkley et al.
2014). Also, the role of the gamification approach, which can increase engagement (Dicheva
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et al. 2015; Sadler et al. 2013), helps in problem solving. The mentors’ opinions were in line
with those of the participants. Also, jury members expressed similar opinions and claimed
that general cooperation between team members was observed. This might be an impor-
tant factor in this discussion, because working with others on the same problem helps with
overcoming failures and learning from each other. The Chain Experiment project usually
lasts for a few months and requires new ideas to be tested, discussed and presented and/or
defended to others. Working on the same problem with colleagues, together with multiple
possible arguments about how to design the contraption, naturally leads to soft skills.

Working on a common goal naturally engages soft skills, the possible development of
which we verified in the second RQ. Since its first edition, the Chain Experiment has been
developed as a team competition that requires a cooperating team. The approach used in
this competition has been appreciated by corporations, which have suggested that employ-
ees should participate in the Chain Experiment (Susman et al. 2017). In all age categories,
this assumption was rated positively by both participants and mentors. The jury members
could not verify the development of soft skills, but they reported that participants could
describe and present their device coherently, being able to defend their own ideas during
discussions with the jury.

Note that in the definition of soft skills, we focused also on the ability to search for
information. This was verified partially by a question about the sources of knowledge.
While looking for ideas about how to create their own contraption, participants were
searching within a variety of sources, including those not obligatory in school, i.e. internet,
books, scientific movies and discussions with other people. Altogether, this suggests that
participating in the Chain Experiment competition might have a positive influence on the
soft skills of its participants.

From a theoretical perspective, we postulated that the form of the Chain Experiment
intertwines three approaches, namely gamification, PBL and collaborative learning. While
we acknowledge that further research is required in order to find specific contribution each
of them have on chain experiment outcomes, the current literature could give us a hint
for discussing current results. Each of these approaches separately stimulates soft-skills
improvement (Dochie et al. 2017; Idrus and Abdullah 2018; Trevor et al. 2020), and thus
it is not very surprising that their combination is also beneficial, as shown by the present
study. Among the three approaches, it was shown that collaborative learning helps in build-
ing more-effective oral communication (Davidson and Major 2014; Springer et al. 1999). It
might be important to add that assumption 2 was rated most positively by HS students, who
already had better scientific knowledge than the other groups. This may be a result of imple-
menting the PBL approach, which can develop complex “hard” and soft skills (Albanese
and Mitchell 1993; Blumenfeld et al. 1991; Vernon and Blake 1993; Gallagher 1997). It can
also help in many further activities, including finding employment, when these two types of
skills are very often required. In summary, we suggest that the Chain Experiment has the
potential to develop participants’ soft skills, but further studies are required to be sure.

The problem that participants face in the Chain Experiment is real and open ended.
The final well-operating contraption could be constructed in an infinite number of ways,
thereby stimulating the scientific curiosity of participants. The results obtained from ana-
lysing Assumption 3 show that participating in the Chain Experiment may increase partici-
pants’ interest in science. This is also evident in the students’ contraptions, in which they
used many phenomena that are not taught in schools. The jury members stressed that teams
that had constructed such solutions described them with huge commitment and passion.

This is the aim of all educational approaches, all of which could be cited here. However,
we would like to focus on gamification in particular because the element of rivalry with
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Fig.2 Box plots of participants’ answers in each Assumptions (A1-AS5). The first row pertains to primary
school (PS) students, the second row to lower-secondary school (L-SS) students and the third row to high
school (HS) students. The borders of each box mark the first and third quartiles, while the horizontal line
and black square present the median and mean, respectively. The whiskers on the boxes signify the full
range of answers
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Table 12 Results of Wilcoxon’s test, assuming the median of answers in each group (hypotheses or ques-
tions) is equal to 0

Hypothesis or question Hlm H2m H3m H4m H5m Q2m Qllm

H,: median=0; p value (Wilcoxon <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
test)

Table 13 Results of analysing all mentors’ hypotheses and two separate questions

Hypothesis/ No. Mean SD Median Min Max Lower quartile Upper quartile
question

Hlm 73 4.32 0.74 4.38 1.25 5.00 4.38 5.00
H2m 73 3.87 1.29 3.75 0.00 5.00 3.13 5.00
H3m 73 4.32 0.88 5.00 1.25 5.00 3.75 5.00
H4m 73 4.40 1.00 5.00 2.50 5.00 3.75 5.00
H5m 73 4.28 1.14 5.00 2.50 5.00 2.50 5.00
Q2m 73 4.73 0.89 5.00 0.00 5.00 4.25 5.00
Qllm 73 4.32 1.63 5.00 0.00 5.00 425 5.00

other players pushed participants to develop increasingly creative ideas. Many authors have
shown that competition-like activity, during which students work on a task in competi-
tion with other contestants, can have a positive motivational effect (Ozturk and Debelak
2008; Thrasher 2008; Wankat 2005). Integrating elements from a game-like approach with
cooperative learning multiplies the motivational effect of these methods (Kapitanoft 2009;
Hanus and Fox 2015) and is effective at improving students’ retention of knowledge.
Interest in science is usually connected with gaining scientific knowledge, which was
our fourth RQ. We were unable to verify it directly, so instead we relied on the opin-
ions of participants and mentors and the observations of jury members. However, all of
those sources were consistent. According to the participants and their mentors, the chal-
lenge given by the competition required the acquisition of new knowledge (A4, Adm). A
similar aspect was found in the statements of the jury members, namely that participants
often used scientific phenomena that went beyond the school curriculum and were able
to explain them. This is in line with the collaborative learning method that is used by par-
ticipants during competitions and that has been shown to promote learning, increase reten-
tion of given material and help students to achieve more (Barkley et al. 2014; Kuo et al.
2012; Schellens and Valcke 2005). From analysing the mentors’ answers in more detail,
the expectation is that participants will begin to get better test results and marks in phys-
ics (science) at school (Q11m). This could be due to the competition task itself, which
requires acquisition of not only technical knowledge (i.e. how to build it) but also scientific
knowledge (i.e. how and why it works). This is an important statement of design educa-
tion and notably PBL, in which students should acquire new knowledge to solve the prob-
lem. Gaining knowledge was classified as one of the main effects of the PBL approach,
which has been proven to lead to better educational and academic achievements (Evensen
2000; Hmelo-Silver 2004; Lee and Lim 2012). We suppose that the positive effect on stu-
dents’ knowledge that we observed was multiplied by the gamification approach, which is
known to increase both learning efficiency and participant motivation (Banfield and Wilk-
erson 2014; Dicheva et al. 2015; Seaborn and Fels 2015), specifically in areas perceived by
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students as being particularly difficult, such as mathematics or science. All the data gath-
ered in relation to RQ4 suggest that the Chain Experiment seems to be an interesting way
for transferring knowledge to students and promoting their interest in science. However, the
answer to the question “how?” rather than “if?” will require further studies.

Finally, in RQ5 we asked whether the Chain Experiment could increase students’ moti-
vation for further learning. To assess it, we analysed the answers given by both participants
and mentors gathered in A5 and ASm. Their opinions suggest that participating in the
Chain Experiment (a) motivates further learning because how the competition task is real-
ized can be adjusted to personal abilities and (b) is not prone to discouragement due to the
level of difficulty or anxiety about mathematics. The latter has been suggested as a major
factor in students being less motivated to study physics (Carter and Erna 2017), which the
Chain Experiment could overcome. Some authors have also indicated that one of the most
effective ways to introduce science is in a game environment (Di Sia 2017; Isbister et al.
2012), or by presenting it in the form of active learning instead of traditional lecture-based
teaching (Freeman et al. 2014). The Chain Experiment competition fulfils these conditions
and can be a good way to encourage students to learn physics. Moreover, showing par-
ticipants that physical laws do work in real life and that they might be a tool for incredible
inventions can convince them to accept the ‘validity’ of physics. The practical form of the
contest can embolden students who are afraid of calculations.

The findings summarized in RQ3-5 are supported by analysing the sources of students’
knowledge, which showed that most participants used more than one (or even more than a
few) sources of knowledge. This implicates a few reflections. First, the participants broad-
ened their knowledge, and for this purpose they used mainly informal sources other than
school classes and books, which indicate that searching for knowledge and ideas goes
beyond curricula. Second, they were motivated enough to look for different ideas through
various channels, this the Chain Experiment also has a motivational role. Finally, only as
a presumption, searching for various practical aspects of physics might influence partici-
pants’ interest in physics by establishing the connection between school knowledge and
out-of-school experiences.

Let us also discuss briefly the data obtained across the age categories. In general, the
mostpositive answers were given by PS and HS participants, while among L-SS partici-
pants, the average results are lower. L-SS students seem less interested than all other age
groups in physics or science, they are less motivated to gain new knowledge, and they
remain even less likely to improve their soft skills after participating in the competition. It
has been suggested that this phenomenon might be related to the constantly shifting objects
of interest in this age group and the relatively low interest in topics that are close to what is
found in science curricula and textbooks (Sjgberg and Schreiner 2010). Comparing PS and
L-SS students has indicated that the latter are oriented more towards practical issues (e.g.
nutrition, modern diseases or phenomenon that science cannot explain) than areas such as
biology or technology in general (Jidesjo 2008; Anderhag et al. 2016). Based on this, we
assume that our observations are also influenced by the specificity of this age group. Many
reasons have been proposed for the decline in interest in science during the transition from
primary to secondary school: the lack of science in PS (Tytler et al. 2008), the new educa-
tional environment (Speering and Rennie 1996), and the emotional changes that are typical
for this group (Schukajlow et al. 2017). At the same time, recent research has shown that
gamification might be an effective approach to motivating and engaging students in this
particular age group to learn (Hong and Masood 2014).

Based on participants’ opinions, most of them were previously interested in physics or
science; however, note that 25% of the contestants were attending PS, where physics is not
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a separate subject. The results indicate that with respect to scientific knowledge, this age
category benefits most from participating in the Chain Experiment competition. Accord-
ingly, they report being more motivated to gain new knowledge and more interested in
physics in general, which corresponds with recent findings (Blumenfeld et al. 1991; Kaldi
et al. 2011; Hwang et al. 2014). Those authors suggest that a method of learning that begins
with experiments, proceeds to construction and then adds theory when students are already
engaged in a task encourages them in physics and science. Moreover, introducing physics
as a practical science that is strongly related to engineering presents this knowledge domain
to potentially more students, providing them with meaningful real-world challenges (Boss
and Krauss 2014). Arousing natural curiosity in physical sciences is particularly important
for students who, at this educational level, do not learn physics as a separate subject at
school (Obe and Qualter 2014). Moreover, it has been shown that including elements of
experimentation at a very early level of education is a particularly beneficial way to intro-
duce basic scientific concepts and principles (Zhai et al. 2014).

To conclude, the Chain Experiment competitions might have a positive influence on
various aspects of participants’ development, including soft skills, motivation and scien-
tific knowledge. Nevertheless, the present research was based on participants’ and men-
tors’ opinions as well as jury members’ observations, thereby allowing us to formulate only
tentative findings (as mentioned as a limitation in the Methodology section). Furthermore,
morespecific instruments are required for moredetailed further research. The most impor-
tant added value of the Chain Experiment is that improvement of soft skills is amalgamated
with improvement and increase of knowledge. This makes the Chain Experiment a unique
competition and an informal learning approach.

Conclusions

The Chain Experiment is an annual competition that has been held since 2013 by students
from Jagiellonian University in Cracow, Poland. The principal goal is to design and con-
struct a machine that applies interesting physics phenomena to transport a steel ball to the
next device in the chain by triggering the presentation of various physics laws and creative
mechanisms. The finale of the competition brings together a relatively constant number of
participants in front of an enthusiastic audience (Dziob et al. 2017). Apart from the fact
that it is a contest in which participating teams compete with one another, its finale is also a
physics show—a unique festival of physics.

In this paper, we have shown that active participation in such competitions increases soft
skills, motivates physics learning and increases scientific knowledge. The form of the com-
petition, for which not only theoretical but also practical information and engineering skills
are needed, might motivate participants to take part in similar challenges. We claim that the
Chain Experiment competition seems to motivate participants to work, possibly resulting in
a quicker and more effective process of gaining knowledge and improving soft skills.

The Chain Experiment competition encourages conceptual reasoning and could be a way
to introduce physics in a more accessible way than classic school lessons. In our opinion,
its practical usage creates an alternative in education that could be particularly valuable in
the current world of rapid technological development. Giving a specific task to construct a
contraption motivates participants to discover physics individually and possibly encourages
them to further develop their scientific knowledge on their own. All the arguments men-
tioned herein are in favour of the specific idea of the Chain Experiment competition, which
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allows various educational approaches to be combined and employed (i.e. collaborative
learning, PBL and gamification), wrapped in the framework of design education.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
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Appendix 1: Participant questionnaire

Part 1: Mark “X"” on the number line to show how much your skills/abilities/
knowledge have changed due to participation in the Chain Experiment competition

1. Communication skills
Have worsened Have not changed Have improved
-5 - t t t t + t t t t » 5

0

2. Interest in physics/science

Has worsened Has not changed Has improved
N N N

-5 - + t + t + t t t t > 5
0
3. Ability to discuss
Has worsened Has not changed Has improved
-5 . i . " N " ) " 5
< t t t t t t t t t >
0
4. Knowledge of physics
Has worsened Has not changed Has improved
-5 ; L ; : 4 L ; I ; 5
< t t t t t 1 t 1 t >
0
5. Ability to search for information
Has worsened Has not changed Has improved
-5 ; : 4 : ; : : I ; 5
- t t t t t 1 t t t >
0
6. Ability to present your own opinion
Has worsened Has not changed Has improved
-5 4 i 4 " N " 3 : " 5
< t t t t t t 1 t t >
0
7. Openness to new challenges
Has worsened Has not changed Has improved
-5 4 : ; : ; L : : ; 5
l T L} T T T L} T L) T -
0
8. Interest in do-it-yourself activities
Has worsened Has not changed Has improved
-5 4 : 4 L 4 L " : 4 5
< t t t t t t t t t >
0

@ Springer


http://creativecommons.org/licenses/by/4.0/

Physics competition to inspire learning and improve soft skills:.... 439

Part 2: Indicate the learning resources you used most frequently during preparation
of your contraption (tick as many boxes as you like)

[dschool classes [ internet

[Jadditional classes with mentor [scientific
movies

[dschool books parents

[dbooks other than school books [Jolder sib-
lings

[courses outside school
Jactivities in community centres
[Jother (which ones?):

Part 3: Rate your agreement with the sentences below on the five-point scale

Strongly Disagree Neither Agree Strongly

disagree agree nor agree
disagree

1 2 3 4 5

1. During the preparation of the contraption I
learned new physical phenomena

2. Working on the contraption increased my
interests in physics

3. Working on the contraption strengthened my will
to learn physics and science

4. Preparation of the contraption required
knowledge beyond the school curriculum

5. Realization of the task in a group allowed
problems to be solved more efficiently

6. Realization of the task in a group developed my
communication skills

7. Competing with other teams was motivating

T I I e = = =
o0 0 0o 00 o0 0O
o0 0 O 00 o0 0O
T I e = = =
o0 0 O 00 o0 0O

8. After participating in the Chain Experiment I
would like to try another similar competition
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Part 4: Rate the following sentences on the five-point scale

Strongly Disagree Neither Agree Strongly
disagree agree nor agree
disagree
1 2 3 4 5
1. Working in a group encouraged my participation [ a o a a
in the competition
2. Working in a group encouraged me to learn o 3 o a a
physics/science
3. Working in a group stimulated me to bring new [ a a a a
ideas
4. Working in a group decreased stress while ] a a a a
accomplishing the task
5. Working in a group facilitated the solving of ] 3 | a |
problems and accomplishing the task
6. Working in a group facilitated finding the answers [ a a a a

(during preparations and during assessment by
judges in the Grand Finale)

Appendix 2: Mentor Questionnaire

Rate your agreement with the sentences below on the five-point scale

Strongly Disagree Neither Agree Strongly
disagree agree nor agree
disagree
1 2 3 4 5
1. During preparation of the contraption, a a J
participants learned new physical phenomena
2. Preparation of the contraption required Q a a a a

participants to use knowledge beyond the standard
curriculum

3. Working on the contraption increased the
participants’ interest in physics/science

4. Working on the contraption increased the partici-
pants’ motivation to learn physics and science

5. Working in a group facilitated solving problems
and accomplishing the task

6. Working in a group decreased stress during the
assessment in the Great Finale

7. Realization of the task in a group developed the
participants’ communication skills

[ I S S S =
I I e S = =
I S = =
[ I S S S =
I I I e = =

8. Participation in the contest encouraged par-
ticipants to take on new scientific challenges in
physics/science
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Strongly Disagree Neither Agree Strongly
disagree agree nor agree
disagree
1 2 3 4 5
9. Participation in the contest helped reduce partici- [l a 3 a a
pants’ stress in classes and increased their interest
in physics/science as a school subject
10. Working on contraptions helped participants 0 a
better understand physics learning material
11. After the contest, participants’ scores in physics/ [ o

science improved

Appendix 3: Semi-structured interview with jury members
Set 1: Students knowledge and contraption preparation

What, in your opinion, was the level of participants’ work?
In your opinion, did the phenomena presented in the participants’ work go beyond
the curriculum?

e Were the participants able to explain these phenomena properly?

Set 2: Group work

How do you assess group work?
Did all participants collaborate and present and explain the operation of the device,
or was one leader visible?

e In your opinion, did the participants cooperate in creating the device?

Set 3: Unusual phenomena and solutions

e Have there been any solutions that particularly stuck in your mind?
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