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Abstract
This article reports on a case study that aims to help students develop mechanistic reasoning through constructing a model 
based stop-motion animation of a physical phenomenon. Mechanistic reasoning is a valuable thinking strategy for students 
in trying to make sense of scientific phenomena. Ten ninth-grade students used stop-motion software to create an animation 
of projectile motion. Retrospective think-aloud interviews were conducted to investigate how the construction of a stop-
motion animation induced the students’ mechanistic reasoning. Mechanistic reasoning did occur while the students engaged 
in creating the animation, in particular chunking and sequencing. Moreover, all students eventually exhibited mechanistic 
reasoning including abstract concepts, e.g., not directly observable agents. Students who reached the highest level of mecha-
nistic reasoning, i.e., chaining, demonstrated deeper conceptual understanding of content.
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Introduction

Mechanistic reasoning has been found to be a powerful 
thinking strategy for students trying to make sense of phe-
nomena by explaining the processes underlying cause-effect 
relationships through involving causal agents, “entities,” and 
their action, “what entities do” (Krist et al., 2019; Machamer 
et al., 2000; Russ et al., 2008). For example, considering the 
question “Why does an ice cube melt?”, two hypothetical 
answers may be given by students:

Student A says that “heat makes an ice cube turn into 
liquid water”; student B states that “while heating 
an ice cube, water molecules are moving faster and 
they break the hydrogen bonds between molecules and 
eventually these molecules separate, thus forming liq-
uid water.”

Student A’s statement conveys a particular cause (heat) 
and an effect (liquid water) without considering how the 

cause brings about the effect. Student B’s explanation pro-
vides processes underlying such causality through includ-
ing a mechanism in terms of unobservable causal agents, 
entities (water molecules), and what these entities do (an 
activity), i.e., “moving faster” and “break hydrogen bonds,” 
to enable the ice to become liquid water. This makes student 
B’s explanation a mechanistic one.

A number of studies have demonstrated the value of mecha-
nistic reasoning in promoting students’ understanding of con-
cepts (Bolger et al., 2012; Southard et al., 2016; Talanquer, 2018). 
For example, Southard et al. (2016) revealed that mechanistic 
reasoning was needed to understand molecular mechanisms in 
connecting genes to traits. Some studies consider mechanistic 
reasoning as a worthy thinking strategy for developing so-called 
“good” scientific explanations (Braaten & Windschitl, 2011; de 
Andrade et al., 2019; Talanquer, 2010). Braaten and Windschitl 
(2011) defined good scientific explanations as explication, causa-
tion, or justification. Mechanistic explanations can provide such 
causation. A study by de Andrade et al. (2019) noticed that the 
students who involved unobservable agents, “particles of air,” 
and the behavior of these particles, “move faster,” were able to 
explain why an increase in the temperature of a gas effected an 
increase in the pressure of that gas.

However, incorporating relevant entities and how these 
entities engage in particular behavior to give rise to a phe-
nomenon is reported to be especially difficult (de Andrade 
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et al., 2019; Haskel-Ittah et al., 2019; Schwarz et al., 2014; 
Speth et al., 2014; Visintainer & Linn, 2015). For exam-
ple, Speth et al. (2014) noticed that students’ explanations 
of evolution failed to incorporate molecular entities, such 
as DNA and genes, even after instruction, leading to non-
mechanistic explanations. Another study documented that, 
even though the students were aware of human factors, as 
causal agents responsible for global climate change, their 
explanations failed to explain how the human action warmed 
the earth (Visintainer & Linn, 2015). Schwarz et al. (2014) 
showed that, even though students recognized the existence 
of water molecules, their explanations of evaporation were 
still not mechanistic due to the absence of activities of these 
entities bringing about evaporation.

In view of the difficulty in promoting mechanistic rea-
soning, there is a need to support students in building such 
reasoning. In this study, we investigated one potential sup-
port: using the creation of stop-motion animations (SMA) as 
a modeling tool. By creating and ordering multiple images 
of a process and sequencing these in the correct order we 
contend “chunking and sequencing,” the nature of SMA can 
be a support for students’ mechanistic reasoning. To model a 
phenomenon using stop-motion animation, students need to 
construct a series of frames representing the underlying pro-
cess of the phenomenon. Creating each frame requires think-
ing about a step in the process. When all frames are arranged 
in sequence, students need to think about a coherent story 
representing the underlying process of the phenomenon, thus 
leading to the use of mechanistic reasoning. The goal of this 
study is, therefore, to investigate how engaging the students 
in constructing a SMA induces their mechanistic reasoning. 
In particular, the present study focuses on answering the fol-
lowing research questions:

RQ1: to what extent are 9th grade students able to model 
a phenomenon in classical mechanics using stop-motion 
animation?

RQ2: to what extent do the students use mechanistic rea-
soning while discussing their stop-motion animations?

Background

Computer‑Based Modeling

There has been considerable literature advocating learning 
science through creating models by drawing (Ainsworth  
et  al., 2011; Bollen & Joolingen, 2013, van Joolingen 
et al., 2015, Heijnes et al., 2018; Prain & Tytler, 2012), pro-
gramming (Louca & Zacharia, 2012; Wilensky & Reisman, 
2006), or stop-motion animation (SMA) (Farrokhnia et al., 
2020; Hoban & Nielsen, 2012; Wilkerson-Jerde et al., 2015). 
The resulting scientific models can be static, such as pictures, 
diagrams, graphs, equations, or they can be dynamic, e.g., 
video, animation, simulation (Gilbert & Justi, 2016). Ryoo 

and Linn (2012) found that dynamic visualizations were more 
effective than static illustrations to depict dynamic processes, 
such as chemical reactions during photosynthesis. In another 
example, in order to build a model about the marine eco-
system with complex species behavior, dynamic represen-
tations were more suitable than static ones (Papaevripidou 
et al., 2007). Chang et al. (2014) also found that Chemation, 
a drawing tool, supported the students in visualizing their 
understanding about a dynamic aspect of a chemical reaction, 
such as how atoms moved and broke chemical bonds, with 
ease. An adequate modeling tool should thus ideally support 
student-constructed dynamic models.

Currently, existing computer modeling tools, such as 
Stagecast Creator, SimSketch, and SiMSAM, have been 
employed in many educational studies on student-constructed  
dynamic models (Bollen & Joolingen, 2013,  Heijnes 
et al., 2018; Louca et al., 2011a, 2011b; Louca & Zacharia, 
2008; Wilkerson-Jerde et al., 2015; Wilkerson et al., 2018). 
Louca and Zacharia (2008) compared two programming-based 
tools, i.e., Stagecast Creator and Microworld Logo. StageCast 
employs a visual, agent-based modeling language whereas 
Microworld Logo is based on programming code. Where 
the first is quicker in creating the model, Louca et al. (2011a) 
noticed that the students employing Stagecast Creator to con-
struct a model of accelerated motion engaged in unproductive 
modeling discourse. That is, during the modeling process, the 
students struggled to include a programming rule that could 
represent accelerated motion.

The use of the latter two modeling tools above requires 
some formal representation of the model. This may be a draw-
back, especially for younger students. Sins et al. (2005) sug-
gested that novice modelers employ qualitative graphical mod-
els, not requiring formal coding. Bollen and Joolingen (2013) 
present a drawing-based modeling tool, SimSketch, which  
provides more informal ways of constructing models, with 
freehand drawings as input, and not requiring programming 
language. A study by van Joolingen et al., (2015) showed that 
SimSketch supported the students in creating a model of solar 
eclipses. In another study, Heijnes et al. (2018) found that, by 
using SimSketch to model evolutionary processes, the stu-
dents engaged in complex reasoning, as long as a sufficient 
level of scaffolding was provided.

All modeling tools discussed above, however, require 
the specification of explicit rules, in the form of code or 
as visual representations. In this study, we look at a way of 
modeling without explicit specification of model rules: stop-
motion animation (SMA). With the advance of computer 
technologies, it is possible for students to design a SMA 
themselves with relative ease. SMA is a form of animation 
created from a series of individual images, called frames. 
Like a common animation, SMA can be used to visual-
ize events changing over time. The construction of a SMA 
involves two essential strategies: chunking and sequencing 
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(Hoban & Nielsen, 2010). For example, to animate a pro-
cess, it has to be broken down into a number of single steps, 
called chunks, and each step is represented in one or a small 
number of frames. All frames are sequenced in such a way 
that each frame looks like an alteration of the previous one. 
Thus, when these frames are played back, they appear to 
display the process in a continuous way.

A recent literature study reports on the benefits of SMA 
(Farrokhnia et al., 2020). In another study, Nielsen and Hoban 
(2015) found that, after creating a SMA, pre-service teachers 
gained more understanding of the moon phases than before 
the animation construction. Also, learning through creating 
a SMA afforded students opportunities to generate discus-
sion (Hoban & Nielsen, 2014; Mills et al., 2019). Mills et al.  
(2019) noticed that the construction of a SMA engaged stu-
dents in resolving conflicting ideas by generating dialogue  
with their teacher. Other studies highlighting SMA can  
contribute to students’ mechanistic reasoning (Wilkerson  
et al., 2018; Wilkerson-Jerde et al., 2015).

Reasoning Mechanistically with Stop‑Motion 
Animation

Explaining a phenomenon mechanistically means to provide 
an account of why and how the phenomenon can occur in 
terms of entities and activities of these entities. Apart from 
these two elements, Russ et al. (2008) extended this view 
by introducing seven elements of mechanistic reasoning in 
a hierarchy, representing the level of sophistication: (1) the 
target phenomenon, (2) setup conditions, (3) entities, (4) 
activities of entities, (5) properties of entities, (6) organi-
zation of entities and activity, and (7) chaining. Entities 
are elements or agents playing a role in producing a phe-
nomenon. Activities are what entities do to come up with a 
phenomenon. For example, in the phenomenon above about 
a melting ice cube, water molecules are an entity. “Mov-
ing faster” is an activity of those entities. Chaining, as the 
highest level of mechanistic reasoning, is a causal structure 
that makes a claim about why and how a phenomenon can 
occur. This causal structure represents a specific condition 
that would occur if entities engaged in specific activities. 
For instance, in the phenomenon about a melting ice cube, 
the statement “the water molecules eventually separate, thus 
forming liquid water” indicates the presence of chaining.

Krist et al. (2019) argued that mechanistic reasoning 
required identifying relevant factors at a scale below the 
level of the observed phenomenon, e.g., unobservable enti-
ties. However, mechanistic explanations of physical phe-
nomena do not always involve invisible factors, such as 
system levers (Bolger et al., 2012) and accelerated motion 
(Louca et al., 2011a, Louca et al., 2011b). In this study, 
we paid attention to the way students conceptualize their 
abstractions of these factors in terms of a concrete and an 

abstract level. Consider two objects: “a ball” and “a mol-
ecule.” In this study, we consider both these entities to be of 
a concrete nature as both are in principle observable, albeit 
on a different scale level. Abstract entities include constructs 
that are not observable or theoretical, even in principle, such 
as force or a gravitational field. Only the consequences of 
their presence may be observable. For an entity “gravity,” 
there may be an associated activity, “pull down.”

As discussed above, several studies employed a SMA as 
a modeling tool to support science learning, but only a few 
studies focused on the development of mechanistic reason-
ing, e.g., Wilkerson-Jerde et al. (2015) and Wilkerson et al. 
(2018) who studied reasoning about the spread of “smell.” 
Even though these studies clearly demonstrate the occurrence 
of mechanistic reasoning during the construction of an SMA, 
the way in which the construction of an SMA affects stu-
dents’ thinking has gone largely unnoticed. Farrokhnia et al. 
(2020) suggest further study to investigate students’ thinking 
during the construction process of SMA. One way to uncover 
the effect of the construction of SMA on students’ thinking is 
by examining students’ reasoning behind the main processes 
in this construction process: chunking and sequencing. We 
contend that building sequential chunks lead students to think 
in terms of entities and the activities of entities. Other mecha-
nistic elements may also be called upon to make a coherent 
sequence. This means that, by unveiling students’ reasoning 
behind the process of chunking and sequencing, we can gain 
insight into how constructing SMA works in inducing stu-
dents to think in mechanistic ways.

Method

Study Context

A qualitative case study was used for obtaining a bet-
ter understanding of how and why students’ reasoning 
occurred throughout the creation of a stop-motion animation 
(Creswell & Poth, 2018; Yin, 2013). This study involved ten 
ninth-grade students (5 males and 5 females; 15–17 years 
old) from an international secondary school located in a 
large city in the Netherlands. Before the students took part 
in the study, a letter of consent from their parents had been 
obtained.

Modeling Tasks and Data Collection

In this study, a task-based one-on-one interview approach 
was conducted in the students’ school. The interview was 
recorded on camera and by voice recording. On-screen 
activities were recorded using Camtasia screen capture 
software. Finally, all the student-constructed animation 
artifacts were collected. The modeling task was performed 
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in the built-in capture program of the HP Sprout computer 
(Fig. 1). The students modeled the motion of a ball after 
it was kicked by foot. This full task took 60 min, and the 
students followed a three-stage procedure:

1. Introduction (10 minutes)
  During the first stage, the students were introduced 

to the basic features of stop-motion animations, and the 
tools used to construct them (Fig. 1). The students prac-
ticed by creating a simple animation of a car moving in 
a straight line.

2.  Creating the animation (15 minutes)
  In the second stage, the students worked in creating 

the animation presenting motion of the ball. The con-
struction of the animation begun by providing a sche-
matic frame (frame 1 in Fig. 2) with the foot and the 
ball. The students were then asked to continue creat-
ing the next frame, e.g., frames 2 and 3 in Fig. 2. The 
students were not interrupted during the construction 
process. Guidance was provided only when they needed 
technical help.

3.  Discussion (35 minutes)
  To gain insight into the students’ cognitive pro-

cesses, a retrospective thinking-aloud was used (Ercikan 
et al., 2010; Ericsson & Simon, 1998) requiring the stu-

dents to verbalize their thought during the construction 
process. In prompting them to do so, the students were 
asked questions like as follows: (1) “In the third frame 
(Fig. 2), why do you think the ball moved here?” and 
(2) “How could the ball move here (Fig. 2; frame 3)?” 
Follow-up questions were based on concepts that came 
up. After the students had explained all frames, a video 
and a picture displaying the actual movement of a football 
being kicked by someone were presented. The students 
were then asked to compare their animation with both 
the video and the picture and to comment on any observa-
tions.

Data Sources and Analysis

The animations created by the participants and their 
utterances from audio-video recordings were transcribed 
and coded using the coding scheme for mechanistic rea-
soning developed by Russ et al. (2008). Table 1 shows 
this coding scheme and the example of coded utterances 
for our context. This coding process also included the 
students’ level of abstraction, meaning how they used 
concrete-abstract concepts to conceptualize each ele-
ment of mechanistic reasoning into either abstract or 
concrete. To validate this coding process, about 10% of 

The capture screen

Workspace mat
Frame Grab

Frame

Hp Active Pen
Play

Fig. 1  Setup for creating stop-motion animations using a HP Sprout computer

Fig. 2  The first three frames and 
frame 1 is a schematic frame

Frame 1 Frame 2 Frame 3
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the coding was then checked by a second coder from the 
same institute. Interrater reliability (Cohen’s kappa) was 
found to be 0.79. Coded utterances were displayed in a 

graph, wherein one graph presented the students’ reason-
ing about each phase of the ball motion, for example, the 
graph in Fig. 4.

Table 1  Coding scheme of mechanistic reasoning (adapted from Russ et al. (2008)) and the example of coded utterances

Mechanistic aspect Example of students’ excerpts

1. Target Phenomenon (TP)
We code the presence of this element in students’ utterances when the 

students describe a particular phenomenon without explaining how 
and why this phenomenon occurs

Concrete:
“The ball goes up with a straight forward line”
Abstract:
“As the ball goes up, its energy is getting less”

2. Setup Condition (SC)
We code the students’ statements as the setup condition when the 

students describe a starting condition that must happen before the 
particular event runs

Concrete:
“He kicks it with a sort of upward angle (in the first position)”
this statement presents the way a football player kicks the ball in the 

first position to enable the ball to move up in a certain direction
Abstract:
“When the foot is kicking the ball, it is transferring energy to the ball, 

and then this energy is used for the ball to go up”
This statement explains the way energy comes up, before the ball uses 

this energy to move up
3. Entity (E)
An entity is a causal agent that plays a crucial role in producing a 

phenomenon. We code for the presence of this element in the stu-
dents’ statements when they try to identify the agents that cause the 
phenomenon to happen. Those agents that are tangible or visible are 
classified as concrete concepts, whereas abstract agents are invisble or 
theoretical

Concrete entity: the foot, the earth
Abstract entity: energy, gravity

4. Activity of entity (AI)
An activity is what entities engage in to produce a phenomenon. We 

code the students’ statements as this aspect when the students identify 
what entities do to give rise to a phenomenon

Concrete activity:
“The foot kicks the ball”
Activity is “kick the ball,” and Entity is “the foot”
Abstract activity:
“The foot gives force to the ball”
Activity is “gives force,” and Entity is “the foot”

5. Property of Entity (PE)
An entity has a general property. By having this property, the entity 

could do a specific activity. We code students’ statement as property 
when the students identify any characteristic of an entity that is neces-
sary for a certain activity

Concrete property:
Air resistance is something that can be touched (property), so that “…

because it needs to push all the particles of air out of your way”
Abstract property:
“it (the ball) still has forward momentum (property)”

6. Organization of entity and activity (IOE)
For a phenomenon to happen sometimes requires a specific condition: 

spatial organization of entities or temporal organization of activities. 
We code the students’ statements as this aspect when they describe 
where entities are located (spatial) or how long entities do the activi-
ties (temporal)

Concrete:
“The ball has only kinetic energy, when the ball is on the ground”
Abstract
“The ball can go up as long as the energy is stronger than gravity”

7. Chaining (C)
We marked the students’ statements with chaining when their explana-

tions present a cause-effect relationship. This relationship signifies a 
claim about what must have happened previously to bring about the 
current state of things (backward-chaining) or what will happen next 
given that certain entities and activities are present (forward-chaining). 
In this study, all students’ chaining is classified as forward-chaining. 
Also, when students construct a chaining, they involve not only enti-
ties and activities but also other elements of mechanistic reasoning. 
For example, a chaining consists of entities, activities, and a setup 
condition

Because the students employ forward-chaining, their statements refer-
ring to the next condition are used to determine whether chaining is 
classified as concrete or abstract concepts. For example, “the ball goes 
up in a straight line, because you kick it with sort of an angle,” the 
chaining is “the ball goes up in a straight line” and this chaining is 
concrete

Concrete:
“Because you kick the ball up, so the ball goes up in a straight line”
Abstract:
“As the ball goes up (with a change in the direction), it loses momen-

tum.”
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Results

Model of the Ball Motion

All students succeeded in creating an SMA representing 
the motion of the ball resembling a curved trajectory. For 
instance, Fig. 3 displays the animation created by student A. 
For analytical purposes, we divided the ball’s motion into 
three sequential phases (as for example in Fig. 3b): (1) phase 
A, the initial movement (frames 1, 2, and 3); (2) phase B, 
when the ball starts to ascend slower, up to the point where it 
reaches maximum height (frames 3, 4, and 5); and (3) phase 
C, describing the downward motion until the ball reaches the 
ground (frames 5, 6, 7, and 8). Table 2 provides the charac-
teristics of each phase extracted from all students’ reasoning 
and an example of the students’ statements describing these 
phases, together with concrete and abstract concepts.

Mechanistic Reasoning as Demonstrated 
in the Reasoning about the Animations

Figure 4 represents the combined utterances from all stu-
dents’ reasoning about the ball’s motion. In general, reason-
ing about phase A mostly incorporated concrete concepts. 
Notably, the use of abstract reasoning became more frequent 

in phases B and C. Entities (element 3) and activities of 
these entities (element 4) were most prevalent in all phases. 
As shown in Fig. 4, all students did indeed display these two 
elements in all phases. All students were thus able to gener-
ate mechanistic reasoning. In phase A, all students conceived 
entities as concrete concepts, such as the foot and kicking, 
and few students invoked abstract entities, e.g., force. In 
subsequent phases, all students were able to exhibit abstract 
entities, such as momentum, gravity.

Chaining was prevalent in phases A and B, but this almost 
disappeared in phase C (see Fig. 4). In addition, the abstrac-
tion of chaining and the total number of students reaching 
chaining differed in all phases. All students could reach 
chaining in phase A, but in phase C, only one student could 
do so. Those students were able to identify entities and were 
capable of assigning a plausible action to these entities to 
enable a particular movement of the ball to occur. In the fol-
lowing section, we examine the reasoning in each phase of 
the ball’s motion. We chose two representative students: stu-
dent A and student B. These two students are taken as being 
representative of a group of the students who employed 
abstract entities from the start (phase A) and the other stu-
dents who only started using abstract entities from phase 
B onwards. Additionally, in phase C, student B exhibited 
chaining, whereas student A did not.

Fig. 3  The stop-motion anima-
tion representing the motion 
of the ball created by student 
A. a A series of eight frames 
depicting a sequence of moves 
of the ball; b drawings added by 
the student to the animation to 
explain it afterwards

a

b

Frame 1 Frame 2 Frame 3 Frame 4

Frame 5 Frame 6 Frame 7 Frame 8

Phase B Phase CPhase A
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Phase A

In phase A, the ball moves upwards, more or less in a straight 
line. To reason about this motion, the abstractions exhibited 
by students A and B differed (see Fig. 5). Figure 5 shows 
that student B only employed concrete concepts, whereas 
student A involved abstract concepts. Both demonstrated 
concrete chaining.

Student A used the first three frames (see Fig. 3a) to 
depict the ball moving upwards immediately after a kick. 
She stated that:

“… because the force is from the bottom [2nd frame; 
1st position] … the person who is kicking the ball, he 
[the foot] is giving like the force to the ball [Frame 
1 and Frame 2], that makes the ball [to] go higher 
[Frame 3] … The foot is kicking the ball like here, from 
the bottom [she draws a yellow arrow to represent an 
elevation angle; see Fig. 3] which makes the ball [to] 
go to this position [the second position, she draws a 
second yellow arrow, which links the first position to 
the second position, to represent the ball moving up in 
a straight line]…”.

Table 2  The characteristics of phases A, B, and C and the students’ reasoning about these phases

Phase Characteristics Example of quote

Phase A This phase is the initial movement of the ball. The motion 
immediately after the ball is kicked. This movement is only 
influenced by the kicking. There is no effect of gravity on this 
movement. Some students argued that as the ball goes up, the 
slope is constant

Concrete concepts:
“so you kick it, and it goes there (to the second position in straight 

line)”
Abstract concepts:
“the person who is kicking the ball, he is giving like the force 

to the ball [from the bottom], that makes the ball go higher (in 
straight line)”

Phase B This phase is indicated by a change in the slope or the ball starts 
to change its direction as it goes up. This movement takes place 
from the moment the slope changes until the ball reaches the 
highest position. There is an effect of gravity on this movement

Concrete concepts:
“when it (the ball) is on here (4th position), and then it starts 

decreasing (goes up with a change in direction)”
Abstract concepts:
“yes, because the gravity is like starting to. Because the force that 

is applied makes the ball goes higher, and then gravity makes the 
ball, like pull back to the ground, so it is here (moves up with a 
change in direction)”

Phase C This phase happens when the ball starts going down from the top 
position until it reaches the ground

Concrete concepts:
“this point, at the highest point, it is up all the way, and then it is 

still in arch in going down (move down with curved line)”
Abstract concepts:
“because the gravity starts, hmm like, the force applied doesn’t 

enough to continue to go higher, and the gravity starts pulling 
the object [the ball] back to the ground [goes down from the 
top]”

Fig. 4  The total number of 
times each element of mecha-
nistic reasoning together with 
concrete and abstract concepts 
is used by ten students to reason 
about the ball’s motion in each 
phase
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The excerpt above conveys student A who was able to 
explain the upward motion through generating a chaining 
involving concrete and abstract entities (element 3), concrete 
and abstract activities (element 4), and a concrete setup con-
dition (element 2). She asserted that this motion could occur 
due to the abstract entity “force” that did “make the ball [to] 
go higher” (element 4; concrete). This entity existed because 
“the person” (element 3; concrete) who “was kicking the 
ball” (element 4; concrete) is “giving like the force to the 
ball” (element 4; abstract). Additionally, she also drew the 
first yellow arrow (see Fig. 3b) to represent a specific direc-
tion of kicking (element 2; concrete), indicating an elevation 
angle. Owing to this kicking, the ball could “go to this posi-
tion [Frame 3]” in a straight line (element 7; concrete), and 
student A also drew the second yellow arrow to represent 
this motion.

Regarding the ball’s motion in phase A (see Fig. 6), stu-
dent B stated that:

“… because, I can see here [frame 1 and 2], that he 
kicks it with sort of upward angle, so I see sort of arch, 
forming… so you kick it [the ball], with sort of the 
angle [he points to a way of a kick representing the 
way the foot kicks the ball, namely an elevation angle], 
that makes it go that way [he draws a red line to rep-
resent the ball moving up to the second position in a 
straight line]…”.

Through concrete chaining (element 7), student B 
explained why and how the initial movement of the ball 
could go up in a straight line (see Fig. 6b). This chain-
ing consisted of a concrete entity (element 3), a concrete 

activity (element 4), and a concrete setup condition (ele-
ment 2). In frames 1 and 2, he identified a concrete entity, 
“he [the foot],” taking an action “kicks the ball” to cause the 
ball to move up. Additionally, in frame 2, he also added the 
particular way of kicking “with sort of the angle” (element 
2; concrete), so “that makes it go that way [he draws a red 
line to represent the initial movement in straight line; see 
Fig. 6b]” (element 7; concrete).

Phase B

As shown in Fig. 7, the abstraction level used by students A 
and B to reason about phase B appears to be similar. Student 
B is now also employing abstract concepts:

“… after a certain time on air [in the second posi-
tion; Frame 3], the ball starts to lose its momentum. 
And that [losing momentum] causes it [the ball] to 
slow down and a decrease in it [momentum]. hmm by 
slowing down, it [the ball] doesn’t increase as much 
with its height [he draws a blue line to represent the 
ball which was moving up in straight line and then 
its direction changed]… when right from the kick off 
[Frame 1 and 2], it [the ball] will have a momentum, 
and it [momentum] will be lost, due to air resistance 
and gravity trying to pull it [the ball] back down. Since 
it [the ball] has to go, since it [the ball] is going up 
[frame 3 to frame 4], it [the ball] slows down, because 
it needs to push all the particles of air out of your way 
and also needs to fight the gravity which is very power-
ful of force…”.

Fig. 5  Elements of mechanistic 
reasoning used by student A 
(left) and student B (right) to 
reason about phase A
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Moreover, student B was able to use abstract chaining to 
describe the reason for the change in the direction. Through 
chaining, he asserted that the abstract entities, i.e., momentum, 
gravity, and air resistance, played a crucial role in changing 

the direction. He argued that momentum arising from “right 
from the kick off” (element 2; abstract) enabled the ball to go 
up (element 4; concrete). He also identified the activity that 
gravity engaged in “trying to pull the ball down” (element 

Fig. 6  A stop-motion anima-
tion representing a model of the 
ball’s motion constructed by 
student B. a A series of eight 
frames depicting a sequence of 
moves of the ball; b drawings 
added by the student to the ani-
mation during the explanations

b

Frame 1 Frame 2 Frame 3 Frame 4

Frame 5 Frame 6 Frame 7 Frame 8

Phase B Phase CPhase A

a

Fig. 7  Elements of mechanistic 
reasoning used by student A 
(left) and student B (right) to 
reason about phase B
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4; concrete). Additionally, he considered air resistance to 
be something that could be touched (element 5; concrete). 
With this general property of air resistance, this entity could 
behave and interact with other concrete entities, that is, along 
upward movement the ball “needs to push all the particles of 
air out of your way” (element 4; concrete). Additionally, he 
also contended that an activity of both air resistance and grav-
ity was taking place over the upward movement (element 6; 
abstract): “also needs to fight the gravity which is very power-
ful of force.” Therefore, as the ball went up, the ball’s direc-
tion changed, because “the ball starts to lose its momentum, 
that (losing momentum) causes it (the ball) to slow down and 
decrease in it. Hmm by slowing down, it (the ball) doesn’t 
increase as much with its height” (element 7; abstract).

Phase C

Figure 8 shows that, in phase C, student B used chaining 
whereas student A did not. Student A constructed frames 
5, 6, 7, and 8 (see Fig. 3a) to represent this phase. When 
explaining the way the ball moved down, student A began 
by arguing from a starting condition in the top position 
(frame 5) that the ball did not go up anymore. She stated 
that “because … the force applied isn’t enough to continue to 
go higher, … the force gets less, and gravity is more strong 
or more powerful …” (element 2; abstract). She then pointed 
out the reason why the ball could go down. She argued that:

“…because … the gravity starts pulling the object 
[the ball] back to the ground [from the top position] 
… the ball gets faster, which increases its kinetic 
energy. Also, potential energy decreases ….”.

Student A contended that the ball could go down due 
to gravity (element 3; abstract) taking an action, “pull the 
ball” (element 4; concrete). Due to a pull by gravity, the 
ball “gets faster which increases its kinetic energy, also 
potential energy decreases” as the ball went down. How-
ever, she did not explain the reason why the pull of gravity 
caused the ball to move faster and caused an increase in 
kinetic energy. In addition, she was unable to explain the 
reason why the ball could reach the specific position dur-
ing the downward movement (as shown in Fig. 3b). Hence, 
her statements did not display chaining.

Figure 6 shows student B’s explanation, that started 
with demonstrating the condition of the ball in the top 
position (frame 4) allowing the ball not to go up anymore. 
He stated that “because it [the ball] needs kinetic energy 
to go up (frame 4). And since it [the ball] ran out (moving 
up), it [the ball] almost uses its kinetic energy …It [the 
ball] can’t go up anymore, because it [the ball] needs more 
kinetic energy to do that…” (element 2; abstract).

Student B then described why the ball could reach the 
specific position as the ball went down (frames 5, 6, 7, and 
8). He stated that:

“ … so then it [the ball] reaches a peak [the top posi-
tion; Frame 6], … and then falling … because now 
it [the ball] is working with gravity … because this 
[gravity] wants to pull it [the ball] down [he points to 
the red arrow representing the work of gravity pulling 
the ball down; Frame 6, 7, and 8]. But it [the ball] 
still has forward momentum … It [the ball] can’t go 
forward straight, because it [the ball] still has to fight 
gravity, but it [the ball] is working with gravity, but it 

Fig. 8  Elements of mechanistic 
reasoning used by student A 
(left) and student B (right) to 
reason about phase C
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[the ball] still has some residual forward momentum. 
so when you do with that, it is sort of slope down, 
and angle [the ball moves down gradually], instead of 
dropping down immediately [he gestures to each posi-
tion to depict the gradual downward movement] …”.

Student B contended that two abstract entities “momen-
tum” and “gravity” played a role in preventing the ball fall-
ing straight down. During downward movement, gravity 
“pulls the ball down” (element 4; concrete), and the ball has 
“some residual forward momentum” (element 5; abstract) 
maintaining horizontal velocity “instead of dropping down 
immediately” (element 4; concrete). As a result, the ball 
moved down gradually “when you do with that, it is sort of 
slope down, and angle” (element 7; abstract).

In sum, even though students A and B started with a 
different abstraction of reasoning, both exhibited concrete 
chaining. Both students also used abstract chaining in phase 
B. However, student B was the only one who did so in phase 
C. Moreover, there appeared to be an increase in student B’s 
understanding of the motion. In particular, his conception 
of entity evolved toward a more scientifically correct use of 
the concept. In phase B, student B identified momentum as 
an entity to enable the ball to move up. In phase C, he con-
ceptualized momentum as a vector “forward momentum.”

Discussion and Conclusions

The main goal of this study was to investigate how engag-
ing students in constructing SMA could induce mechanistic 
reasoning. The first research question was “To what extent 
are 9th grade students able to model a phenomenon in clas-
sical mechanics using stop-motion animation?” We found 
that all students were able to sequence frames to model a 
ball motion resembling a curved trajectory. Three distinct 
phases could be distinguished in each model: the initial 
upward movement (phase A), the change in direction (phase 

B), and the downward movement (phase C). Constructing 
the model using the stop-motion animation required the 
students to visualize the moment-by-moment motion of the 
ball, and these moments are arranged in order (chunking 
and sequencing). It was found that the creation of the first 
moment (phase A) was mostly attributed to a visible agent 
“the foot.” In the subsequent moments, most of the students 
started to think about invisible agents. Moreover, the last two 
moments triggered students to think deeply with content, in 
particular the usage of abstract concepts.

The second research question was “To what extent do the 
students use mechanistic reasoning while discussing their 
stop-motion animations?” The stop-motion animation as a 
means to model the ball motion supported all students in 
building mechanistic reasoning, as it becomes clear from the 
presence of entities and activities in all phases. We attribute 
these to chunking and sequencing to model the ball motion. 
In Fig. 9, we represent how students built mechanistic rea-
soning through chunking and sequencing. When sequencing 
the frames, the students needed to identify relevant entities. 
At the same time, they also thought about plausible activi-
ties of those entities to make the plausible move to the next 
chunk (the next frame). Most of the students incorporated 
the other mechanistic elements to enable the next move to 
occur. For instance, in frames 1 and 2, student A thought 
about the specific way an entity, “the foot,” kicked the ball 
(as an activity of the foot) to enable the ball moving up to the 
second position in a straight line (frame 3). These findings 
are in line with previous studies, e.g., Wilkerson-Jerde et al. 
(2015); Wilkerson et al. (2018), who noted that the anima-
tion construction process itself played an important role in 
stimulating students to identify the entity “fog” and how this 
entity behaved to give rise to evaporation.

Analysis of the data revealed that the construction of a 
stop-motion animation afforded opportunities for the stu-
dents to engage deeply with content. This can be seen by 
the fact that the students’ reasoning becomes more abstract 
in subsequent phases. In particular, phase B elicited abstract 

Fig. 9  A way students build 
mechanistic reasoning through 
chunking and sequencing
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reasoning most explicitly: there was a considerable increase 
in the number of abstract entities used. Moreover, even 
though most of the students did not start using those enti-
ties at the beginning (phase A), they did so in phase B. The 
notion that the trajectory will, at some point, has to flatten 
while the ball is in no way visibly connected to a changing 
agent is what appears to elicit the use of abstract entities. In 
this explanation, intangible concepts are needed, whereas 
the straight-line movement in phase A does not require these 
concepts in principle, since nothing changes in the direc-
tion of the movement. The students thus introduce concepts, 
such as momentum, air resistance, and gravity, in phase B to 
explain the change in the direction.

The results of the analyses showed that the students who 
engaged in chaining were capable of gaining a deeper under-
standing of concepts. For example, student B argued, using 
chaining, that for each position of the ball, the motion was 
the resultant of two vector entities, i.e., gravity and momen-
tum, so that the ball gradually moved down. On the other 
hand, student A appeared to be unable to exhibit chaining 
in phase C. She only argued that, due to gravity pulling 
down, the ball moved down. However, she was not capable 
of explaining the reason why a pull by gravity prevented the 
ball from falling down in a straight line.

Student A’s failure to reason with chaining was attributed 
to lack of either the presence of a property of entities (element 
5) or an organization of these entities (element 6). Russ et al. 
(2008) argued that students who did not specify a relevant 
property of the entities seemed to use a scientific knowledge 
that they did not understand. Thus, if student A used entities 
that made sense to her, we might expect that she could iden-
tify a relevant property of the entity. As a consequence, she 
might be then able to assign the specific activities of the entity 
that enabled the specific trajectory of the ball to happen or an 
increase in both speed and kinetic energy to occur.

Implication

The current study provides a first insight in how SMA can 
induce mechanistic reasoning, especially chaining and 
abstract reasoning in lower secondary students. In future 
studies, this will need to be explored further, for instance, 
how thinking about more aspects of mechanistic reason-
ing can be supported, such as setup condition, properties  
of entities, and organization of entities. Additionally, we 
propose to conduct studies that focus on the differences in 
terms of elicited mechanistic reasoning between SMA on 
the one hand, and other forms of representation (e.g., sim-
ple drawing and thinking aloud about the drawings) on the 
other. Also, the studies should extend to other domains (e.g., 
multi-agent systems) and student groups (e.g., from primary 
school to university). A quasi-experimental design to com-
pare the quality of learning science through a stop-motion 

animation to the other modeling approaches would also be 
very useful (Farrokhnia et al., 2020). This comparison could 
also include expert-generated animations to investigate 
whether students’ reasoning strategies for learning science 
with such models differ.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10956- 021- 09918-z.
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