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Examining Students’ Proportional Reasoning 
Strategy Levels as Evidence of the Impact of an 
Integrated LEGO Robotics and Mathematics 

Learning Experience 
 

In many school districts in the United States, the Common Core State 
Standards for Mathematics (National Governors Association Center for Best 
Practices & Council of Chief State School Officers, 2010) outline what students 
should understand and be able to do in their study of mathematics. These 
standards are composed of content standards and practice standards that must be 
connected in order to allow students to engage more deeply with the subject 
matter. Engagement and learning in context can support understanding in a 
couple of ways. The first is by increasing student motivation and interest in the 
curriculum itself. The second is by enhancing transfer of learning through the 
demonstration of connections between abstract mathematics and real-world 
problems. Students must be prepared to apply this knowledge in multiple 
external situations, often through creative and personally meaningful situations, 
as well as to learn to address mathematical problems in a variety of situations 
and contexts.  

The presented study used a problem-solving experience in engineering 
design with LEGO robotics materials as the real-world mathematics-learning 
context. The goals of the study were (a) to determine if a short but intensive 
extracurricular learning experience would lead to significant student learning of 
a particular academic topic and (b) to explore the differences in mathematical 
problem-solving strategies used by students when solving problems of ratio and 
proportion in two different learning environments. It was important to first 
determine if indeed a short-term but intensive extracurricular learning 
experience could be effective, given the reliance of such an experience as the 
framework for conducting the educational research. The experimental research 
explored student learning in mathematics but deliberately limited the specific 
topic of exploration to integrated concepts of proportional reasoning within 
LEGO robotics challenges in engineering design. The impact of this experience 
upon students’ proportional reasoning was measured and is described with a 
focus on proportional reasoning strategy levels.  

 
Araceli Martínez Ortiz (araceli@txstate.edu) is Director of the LBJ Institute for STEM Education & 
Research, and is a Research Assistant Professor in Engineering Education at Texas State University. 
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Two research questions guided this study:  
• Research Question 1: Can a significant change in students’ 

understanding of ratio and proportion take place during a short but 
intense learning experience?  

• Research Question 2: How do students’ demonstrated proportional 
reasoning strategy level use compare for students learning ratio and 
proportion concepts within the integrated LEGO robotics and 
mathematics program versus when using a traditional textbook-based 
mathematics program? 

A prior study by the author (Martínez Ortiz, 2011) describes the comparison of 
resulting student group performance based only on correct answers to 
proportional reasoning questions. 
 

Literature Review 
LEGO Robotics in K–12 Engineering 

Research exploring the cognitive impact of engineering education at the 
kindergarten through twelfth grade level (K–12 engineering) suggests that such 
learning experiences can build creative design skills and foster the utilization of 
higher order thinking and problem solving skills (Amsel, Goodman, Savoi, & 
Clark, 1996; Foster & Wright, 2001; Roden, 1995). Furthermore, K–12 
engineering can serve as a vehicle to effectively integrate and teach across 
content areas (Barlex & Pitt, 2000; Cross, 2007; Martínez Ortiz, 2004; 
Moundridou & Kaniglonou, 2008). There are longstanding debates across 
STEM education about whether the T (technology content) and the E 
(engineering content) should be stand-alone K–12 subjects or integrative 
activities (Katehi, Pearson, & Feder, 2009; U.S. Department of Education 
National Assessment Governing Board, 2014). The merits of the stand-alone 
approach are that engineering and technology would be given the spotlight and 
focus paralleling their importance in the educational and workplace landscape 
allowing clear career connections to be made. However, the major challenge still 
lies in the difficulty of finding time during the school day to dedicate to these 
additional content areas. Therefore, in this study, the integrative approach was 
explored. In this study, K–12 engineering was utilized as a curricular framework 
for the integrated exploration of proportional reasoning concepts. In addition, 
the use of robotics allowed opportunities and specific problem solving contexts 
for the teaching and learning of ratio and proportion. K–12 engineering, with an 
emphasis on technology, can serve as a platform for providing inquiry-based 
learning with real-world contexts and collaborative problem solving.  

The design of this study was motivated by the work of Papert (1980), who 
pioneered and investigated how technology could be used to help children learn 
mathematics differently. He developed a philosophical approach called 
constructionism and a supporting programming language called Logic Oriented 
Graphic Oriented (LOGO) language. Massachusetts Institute of Technology 
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researchers then collaborated with the LEGO® Company to design a control 
unit (the brick) embedded with computational power that could accommodate 
the mounting of traditional LEGO blocks to design and build controllable LEGO 
construction projects. This control brick, known as a Mindstorms RCX, runs 
basic programs written by students using a simple graphical interface on a 
personal computer. Together, the LEGO blocks and the programmable brick can 
empower children with the capability to design and interact with the physical 
world through their own insight and programming determination. The LEGO 
blocks can be used in a collaborative design environment that allow for team 
design and variable setting that is further facilitated by the additional 
controllable options such as motor settings, use of add-on sensors, and infrared 
communication devices (Resnick, Martin, Sargent, & Silverman, 1996). Several 
generations of this tool have followed the original LEGO Mindstorms RCX; 
however, due to cost and material limitations at the school district level, the 
original version was used in this study. 
 
Integrated Engineering and Mathematics 

This study is based on the proposition that engineering robotics can be 
integrated with mathematics and serve as a context to offer students the 
opportunity for improving their proportional reasoning. The hypothesis is that 
learning in the context of engineering robotics may be more meaningful and 
long lasting for students than learning with a non-engineering, textbook-based 
mathematics curriculum (Martínez Ortiz, 2008). The interconnected concepts of 
multiplication, division, fraction, ratio, and rational numbers often appear in 
problem situations that students encounter in real-world experiences. These 
concepts are also related mathematically to such an extent that when taken all 
together, they may define a unique mathematical conceptual field. Vergnaud 
(1983) calls this the multiplicative conceptual field (MCF) and defines it as “a 
set of problems and situations for the treatment of which concepts, procedures, 
and representations of different but narrowly interconnected types are 
necessary” (p. 127). Vergnaud suggests that the MCF includes concepts in 
multiplication and division, linear and bilinear functions, dimensional analysis, 
linear mapping, and linear combinations of magnitudes as well as ratio, rate, 
fraction, and rational numbers. He maintains that these mathematical concepts 
do not exist in isolation but rather in a network of conceptual relations and 
problem situations. Similarly, student mathematical reasoning develops and is 
called upon to consider various mathematical problem-solving situations. 
 
The Role that Contexts Play in Assessment Problems in Mathematics 

Using the terminology of Chevallard (1990, 2007), the assessment 
instruments used in this study were designed in order to allow for the 
determination of the influence of the context of the assessment task on students' 
performance. The intra-mathematical problems or pure mathematical questions 
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utilized only numbers and letters. Alternately, extra-mathematical questions 
appeared to the student in contexts outside of pure mathematics. The definition 
for context in this case provided by Borasi (1986) is appropriate: “a 
characteristic of a task presented to the students: referring either to the words 
and pictures that help the students to understand the task, or concerning the 
situation or event in which the task is situated” (p. 129). Results from this study 
showed that after instruction, students performed better on the extra-
mathematical assessment as compared to the intra-mathematical questions. This 
suggests that extra-mathematical contexts in mathematics assessment can offer 
the students more opportunity for demonstrating their abilities due to the 
opportunity for sense making that these contexts provide and the multiple 
approaches that students can take to solve the problem when presented along 
with extra-mathematical contexts. In contrast, an intra-mathematical problem 
generally relies on a specific operation to be performed and is therefore limiting 
in that it does not provide the opportunity for students to focus on making sense 
of the situation, whereas a contextually based problem might otherwise 
contribute to this sense making. These observations are supported by the work 
of many researchers in mathematics education such as Carraher, Carraher, and 
Schliemann (1985), Carpenter and Moser (1984) and Clements and Sarama 
(2007). 
 
Proportional Reasoning Research 

Research on proportional reasoning at the elementary school level 
(Tourniaire, 1986) has shown that children in Grades 3, 4, and 5 may 
demonstrate a grasp of the concept of proportion, but it begins as a fragmented 
ability that relies on the context of the problem. There remain gaps in the 
research in regards to the most effective methods for teaching proportional 
reasoning. Some evidence suggests that simply structured ratio and proportion 
problems that utilize small numbers and integer ratios are within the grasp of the 
elementary school child and that when coupled with appropriate manipulatives, 
high quality teaching and critical thinking-based curricula can improve student 
understanding of ratio and proportion (Karplus, Pulos, & Stage, 1983; 
Tourniaire, 1986). 

Proportional reasoning is a kind of mathematical reasoning that students use 
when solving problems in the multiplicative conceptual field. Research indicates 
that the ability to reason proportionally is important for students’ mathematical 
development and is essential for learning advanced topics in mathematics (Behr, 
Harel, Lesh & Post, 1987; Kaput & West, 1994). However, there is also 
evidence that students perform better when “encouraged to construct their own . 
. . knowledge . . . through collaborative problem solving activities” involving 
proportion than when they participate more passively in “more traditional, 
teacher-directed instructional experiences” (Ben-Chaim, Fey, Fitzgerald, 
Benedetto & Miller, 1998, p. 247). Proportional reasoning is important to this 



Journal of Technology Education Vol. 26 No. 2, Spring 2015 

 

-50- 
 

study because the engineering robotics context includes collaborative problem-
solving activities that directly call upon the use of proportional reasoning. 
Proportional reasoning calls upon the understanding and application of skills 
within the MCF to make sense of mathematical relationships using ratios and 
equations involving ratios. Mathematical problems of ratio and proportion can 
be analyzed by using the concepts of multiplication, division, fractions, and 
linear functions. Proportional reasoning involves the understanding of the 
relationship of two numbers (ratio) as the critical multiplicative comparator. 
Researchers propose that although proportional reasoning does not appear to be 
an automatically developed concept, students do encounter many opportunities 
for developing proportional reasoning in their daily lives as well as in the 
elementary and middle school classroom (Karplus, Pulos, & Stage, 1983; 
Lamon, 1993). Harel, Behr, Post, and Lesh (1987) have called proportional 
reasoning a watershed concept, a cornerstone of higher mathematics and the 
capstone of elementary concepts. 
 

Methods 
This study examined the impact of using LEGO robotics engineering in 

support of students’ learning of ratios and proportion in intra-mathematical 
contexts, various extra-mathematical contexts not involving engineering (word 
problems not involving hands-on engineering design), and extra-mathematical 
contexts involving engineering. The study utilized an experimental mixed-
methods repeated-measures design with a small sample of students (n = 30) in 
which one group of students (n = 15) participated in each treatment condition. 
Student participants applied for a 1-week mathematics program and were 
assigned to either the intervention group or the comparison group, therefore 
allowing internal validity for group result comparisons. There were two 
conditions included in this study: The first condition was the learning of ratios 
and proportions in a non-engineering textbook-based mathematics intervention 
program (i.e., the control group), and the second condition was the learning of 
ratio and proportion in an integrated engineering and mathematics intervention 
program (i.e., the experimental group). The repeated measures design was 
intended to compare students’ understanding of ratio and proportion between 
experimental and control-group students after a weeklong intervention program. 
Each student was assessed at three different time points. Measures were 
collected at the beginning (T1) and end (T2) of each intervention program, and 
an additional measure was collected 10 weeks after the intervention programs 
(T3), as shown in Figure 1. 
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Figure 1. Experimental design with control group and repeated measures. 
 
Intervention Program Curricula 

In the state of Texas, the Texas Education Agency (TEA) directs the state 
learning frameworks for K–12 students in the state of Texas by defining specific 
content standards. These standards are known as the Texas Essential Knowledge 
Standards (TEKS). Towards the end of fifth grade, the mathematics TEKS begin 
introducing concepts of ratio and proportion in preparation for sixth grade, a 
year of focus upon proportional reasoning development (Texas Education 
Agency, 2008). For this reason, this study included fifth grade students and 
offered unique extracurricular learning programs guided by sixth grade TEKS in 
each program: a non-engineering textbook-based intervention program and a 
LEGO-based engineering robotics program. 

LEGO-based Engineering Robotics Program. The goal of the LEGO-
based engineering robotics program was to teach ratio and proportion using 
theory-based principles within an engineering design context in a small group 
peer-learning environment. One major curricular component of the engineering 
design context was the engineering design process. The eight-step engineering 
design process defined within the Massachusetts state standards (Massachusetts 
Department of Education, 2001is a robust model for teaching engineering design 
concepts to students. However, the eight steps require substantial explanation 
and practice and may be a more appropriate model to use with older students 
and certainly in a longer duration learning opportunity that offers more time for 
focus on each of the eight steps of the engineering design process. A simple four 
step engineering production improvement model called the Plan, Do, Check, Act 
Cycle (Deming, 1986; Shewhart, 1986) was modified as Plan, Build, Check, 
Improve (PBCI), as shown in Figure 2, and was shared with the students in the 
engineering intervention program. This four-Step Engineering Design Process 
model (named Fusion by the author) was therefore selected over others models 
(Museum of Science, n.d.; Puntambeker, 2005), to include in the curriculum of 
the engineering intervention program. 
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Figure 2. The four-step Fusion engineering design process model. 
 

Students were encouraged to approach their mathematics problem solving 
and design challenges using the systematic nature of the engineering design 
process as well as the feedback data and support skills emphasized in this 
process (e.g., use of symbols and sketches, systemic testing of variables, use of 
graphic organizers). The program instructor encouraged students to learn and 
use this approach by introducing the engineering design process, by posting a 
graphic of it in the classroom, by modeling and providing mathematics problem 
solving examples using the engineering design process, and by providing 
worksheets with prompting questions and a graphic organizer that integrated this 
process. In addition to this process standard, five additional learning objectives, 
unique to the LEGO robotics engineering program, were defined in order to 
clearly guide in the teaching of this program. Although the experimental 
program students participated in the same number of instruction hours as the 
control group, their instructional program addressed mathematics and 
engineering content as guided by mathematics TEKS and research-based 
standards for elementary engineering learning from the Massachusetts state 
standards (Massachusetts Department of Education, 2001). The Massachusetts 
standards for elementary engineering were used because at the time, Texas did 
not have adopted state standards for engineering learning at the elementary 
level. In addition, the experimental program curriculum used in this study was 
developed as a modified curriculum that was previously utilized in an 
elementary engineering and mathematics integrated teaching program with 
LEGO robotics developed by the author (Martínez Ortiz, 2005).  

 
Experimental Group. The experimental group consisted of 15 fifth grade 

students from a low income inner-city elementary school in Austin, Texas. This 
group participated in a weeklong integrated engineering and mathematics 
intervention program (titled “Engineering Fusion”) through which they received 
an engineering robotics curriculum that integrated LEGO robotics and 
mathematics instruction in ratio and proportion. The program was delivered as a 
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five-session program totaling 15 instructional hours, supported by one teacher as 
instructor along with one teacher aid. Both teachers were school campus 
teachers, but not regular fifth-grade classroom teachers. The principal teacher 
for both intervention programs was an experienced mathematics specialist 
teacher whose usual role included providing some classroom mathematics 
lessons, so she and the students were familiar with each other. The teacher aid 
was a campus afterschool instructor who was knowledgeable in the use of 
LEGO robotics and was also familiar with the school and with some of the 
students. 

Non-engineering Textbook-based Intervention Program. A non-
engineering textbook-based curriculum is the accepted pedagogical approach for 
teaching students the mathematics TEKS in most Texas school districts. In the 
textbook-based intervention program (or control) program, the daily lessons 
were designed by selecting material from the district-adopted fifth-grade 
mathematics resource book. This material is usually provided as an optional set 
of lesson plans because it addresses sixth grade TEKS for ratio and proportion at 
the end of the fifth grade. The sixth-grade TEKS were used because ratio and 
proportion learning expectations do not formally appear until the sixth grade. 
This also allowed for greater confidence in the assertion that program students 
had not received prior instruction in the topic. In the control condition, students 
received five 3-hour sessions of textbook mathematics lessons on ratio and 
proportion to address four major mathematics TEKS regarding proportional 
reasoning. These included specific TEKS for sixth grade from the strand of 
mathematical concepts labeled as “number, operation, and quantitative 
reasoning” (Texas Education Agency, 2008). This strand of mathematical 
concepts describes the knowledge expectation that students use and represent 
rational numbers in a variety of equivalent forms. In addition, TEKS for sixth 
grade from the strand of mathematical concepts labeled as “patterns, 
relationships, and algebraic thinking” (Texas Education Agency, 2008) were 
included in which students were expected to solve problems involving 
proportional relationships, specifically representing and using rational numbers 
in a variety of equivalent forms. Students also had extended opportunities to 
work with non-engineering mathematics manipulatives (such as Cuisenaire rods) 
and to carry out mathematics worksheet practices. 

Control Group. A second group of 15 fifth grade students from the same 
low income inner-city elementary school in Austin, Texas participated as the 
control group. Control students participated in a 15-hour non-engineering 
mathematics intervention program through which they received mathematics 
instruction in ratio and proportion based on the school district adopted textbook. 
This program was also delivered as a five-session program totaling 15 hours, 
supported by the same principal teacher and teacher aid as in the experimental 
group. Non-engineering mathematics refers to the pedagogical approach of one 
classroom of students learning in a classroom directed by one teacher providing 
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a textbook-based lecture with worksheet practice and some use of 
manipulatives. 
 
Assessment Instruments: Computational vs. In-Context 

Data were collected to assess the students’ proportional reasoning strategy 
levels demonstrated in solving each of the assessment problems selected to 
assess the learning of students in each of these intervention programs. The 
contexts were three- computational (paper and pencil) proportional reasoning, 
general contexts, and engineering design contexts using each of the three 
assessment instruments shown in Table 1: (a) Intra-Prop assessment, (b) Extra-
Prop assessment, and (c) Engin-Prop assessment. 
 
Table 1 
Assessment Instruments 

Instrument Context Scoring for Proportional Reasoning 
Strategy Level 

Intra-Prop Measures the understanding of 
ratio and proportion concepts by 
numerical computation problem 
solving [only included number 
sentences]. 

Included 10 questions. Each student 
answer sheet was reviewed and 
assigned a numeric level assessment 
score (0, 1, 2, or 3) to each question 
using the Langrall and Swafford 
modified scale (described in the 
following section). The total score = 
mean score. 

Extra-Prop Measures the understanding of 
ratio and proportion in general-
context mathematical word 
problems. 

Included 10 questions. Each student 
answer sheet was reviewed and 
assigned a numeric level assessment 
score (0, 1, 2, or 3) to each question 
using the Langrall and Swafford 
modified scale (described in the 
following section). The total score = 
mean score. 

Engin-Prop Measures the understanding of 
ratio and proportion in a LEGO 
engineering problem solving 
context. 

Included 8 questions. Each student 
answer sheet was reviewed and 
assigned a numeric level assessment 
score (0, 1, 2, or 3) to each question 
using the Langrall and Swafford 
modified scale (described in the 
following section). The total score = 
mean score. 
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The instruments, specifically designed for this study, were administered to 
capture background information, measure students’ basic understanding of some 
engineering and mathematics definitions, and to measure students’ 
understanding of ratio and proportion. The understanding of ratio and proportion 
through numerical computation was measured using the Intra-Mathematical 
Proportional Reasoning Test (Intra-Prop). The understanding of ratio and 
proportion in general-context mathematical word problems was measured using 
the Extra-Mathematical Proportional Reasoning Test in a General Context 
(Extra-Prop). The understanding of ratio and proportion in a LEGO engineering 
context was measured using a mathematical tool called the Extra-Mathematical 
Proportional Reasoning Test in an Engineering Context (Engin-Prop). 

Assessment of Proportional Reasoning: Selection of a Scale. Although 
there is a wealth of research on the development of children’s proportional 
reasoning (Hart, 1984; Kaput & West, 1994, Lamon, 1994; Harel, Behr, Post, & 
Lesh, 1987), there is much less focus on the development of diagnostic 
instruments for assessment of proportional reasoning. A few diagnostic 
instruments and/or assessment guidelines (Baxter & Junker, 2001; Langrall & 
Swafford, 2000; Misailidou & Williams, 2003) were reviewed to determine if 
their research-based scales or guidelines might support the data analysis of 
student proportional reasoning strategy levels for this study. These were found 
to be qualitatively similar to each other (level to level), and all three were based 
on similar bodies of established developmental proportional reasoning research. 
Langrall and Swafford (2000) proposed a proportional reasoning scale. They 
classified the strategies that students use in proportional reasoning into four 
different levels: levels 0, 1, 2, and 3. Level 0 students do not display any 
proportional reasoning at all. Level 1 students do not use proportional reasoning 
strategies yet may arrive at the correct answer by relying on qualitative 
strategies using pictures, models, or manipulatives to help solve proportional 
problems. Level 2 students begin to use numeric strategies such as the simple 
additive strategy as well as build-up scalar strategies that employ multiplication 
and division. Level 3 students show formalized proportional thinking using 
functional strategies and use of ratio variable comparison and manipulation. 
This scale was consistent with the research base reviewed and the focus on 
younger students, such as the 10–11 year olds in this study. This scale was 
therefore selected for the interpretation of students’ strategic thinking and the 
coding of the data collected using the ratio and proportion instruments 
discussed. 

In addition, a repeated-measures design was used to compare the 
mathematics achievement in proportional reasoning of intervention students 
over a longitudinal period of a school trimester. Descriptive statistics and 
ANOVA statistics were utilized to determine if there were any significant 
differences in the performance of these two groups. Students in the engineering 
LEGO Fusion program received instruction in mathematics, an overview of the 
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engineering design process, and instruction regarding building and programming 
with LEGO robotics. The programming instruction was pared down to a limited 
introduction using a visual programming language. Robolab was used as the 
graphical programming language because that was available to students for 
future use. Student were provided design challenges that allowed them to 
consider the robots’ physical environment, control basic functions and variables 
through structural design, and programming and evaluating the performance of 
their robots by utilizing mathematical understanding and skills of measuring and 
comparing variable relationships. 
 
Table 2 
Langrall and Swafford's Proportional Reasoning Scale with Modifications and 
Examples Added 
Level Strategies Exhibited Author Selected Student Example of the 

Proportional Reasoning Level 

Level 0: Non-
proportional 
reasoning 

“Guesses or uses 
visual clues . . . 
 
Is unable to 
recognize 
multiplicative 
relationships 
 
Randomly uses 
numbers, operations 
or strategies 
 
Is unable to link the 
two measures” 
(Langrall & 
Swafford, 2000). 
 
Does not lead to 
correct solutions or 
development of 
more mature 
proportional 
reasoning 
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Level 1:  
Informal 
reasoning 
about 
proportional 
situations 

“Uses pictures, 
models, or 
manipulatives to 
make sense of 
situations 

Makes qualitative 
comparisons” 
(Langrall & Swafford, 
2000). 

 

Level 2: 
Quantitative 
reasoning 

“Unitizes or uses 
composite units 

Finds and uses unit 
rate 

Identifies or uses 
scalar factor or table 

Uses equivalent 
fractions 

Builds up both 
measures” (Langrall 
& Swafford, 2000) . 

Uses scalar strategies 

 

Level 3:  
Formal 
proportional 
reasoning 

“Sets up proportion 
using variables and 
solves using cross-
product rule or 
equivalent fractions 

Fully understands the 
invariant and 
covariant 
relationships” 
(Langrall & Swafford, 
2000). 

Displays functional 
reasoning 
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Results 
The research questions were addressed by analyzing the quantitative results 

of both groups of students (engineering based and non-engineering based) and 
their changes in correct responses to proportional reasoning questions set in 
different contexts as well as ratings of the level of proportional reasoning 
strategies used at each of the three time points. The scale used to assign a score 
for proportional reasoning level to each student’s work was Langrall and 
Swafford’s (2000) scale, which was discussed in the previous section, with 
possible scores of 0, 1, 2, and 3. Each item in the student’s assessment was 
assigned a single proportional reasoning score, a mean was calculated for each 
student’s assessment, and then a mean was derived for the 15 students’ scores 
from each group. Each of the three assessments was scored first for percentage 
of correct answers and second for mean level of proportional reasoning using the 
Langrall and Swafford scale. The assessment instruments included the same 
questions when scored for percentage correct, as when scored for mean level of 
proportional reasoning. In the following sections, the assessment results that 
were used in the analysis of variance (ANOVA) runs were the level of 
proportional reasoning strategy-use results for each of the three assessments: the 
Intra-Prop, Extra-Prop, and Engin-Prop. 
 
Proportional Reasoning Levels Analysis: Intra-Prop 

Table 3 shows the descriptive statistics for each program group’s 
performance on the Intra-Prop at each of the three time points. Figure 3 displays 
the mean level of strategy-use scores (0–3) on intra-prop for program groups 
across three time points. 
 
Table 3 
Intra-Prop Descriptive Statistics—Mean Strategy Rating by Student Groups 

Time of Intra-
Prop Assessment 

Program Group Mean SD N 

T1 Control Group .27 .458 15 
 Experimental Group .47 .516 15 
 Total .37 .49 30 
T2 Control Group .67 .617 15 
 Experimental Group .67 .617 15 
 Total .67 .606 30 
T3 Control Group .87 .640 15 
 Experimental Group .80 .561 15 
 Total .83 .592 30 
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Figure 3. Mean level of strategy-use scores (0–3) on intra-prop for program 
groups across three time points. 
 

The experimental group’s mean score was .27 at T1. This implies that the 
majority of students were closer to Level 0 of proportional reasoning at T1. This 
same group of students achieved a .67 mean score immediately after the 
conclusion of the intervention program. This implies that the majority of the 
students were closer to Level 1 of proportional reasoning. At this level, 
proportional reasoning strategies are not yet clearly used, but students rely on 
qualitative strategies such as the use of pictures, and they are able to use some 
multiplicative thinking to arrive at the correct answer. At T3, the use of 
proportional reasoning strategies increased even more, to the level of .87. 
Although students show an increase in use of statistical reasoning at the 10-week 
post-post assessment, the scale score only defines integer values, so the changes 
at each time point are all still within the zero (0) score of the scale, meaning that 
students were not judged to have demonstrated proportional thinking. 

A mixed between–within subjects ANOVA was conducted to assess the 
impact of the two different interventions (non-engineering textbook-based 
mathematics intervention program versus LEGO robotics integrated engineering 
and mathematics intervention program) based on the level of proportional 
reasoning strategies used by the participants, as reflected by their level of 
strategy-use scores on the Intra-Prop at T1, T2, and T3. There was no significant 
interaction between program type and time, Wilks’ Lambda = .951, F(2,27) = 
.690, p = .510, partial eta squared = .049. There was a substantial main effect for 
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time, Wilks’ Lambda = .625, F(2,27) = 8.114, p = .002, partial eta squared = 
.375, with both groups showing an increase in the level of proportional 
reasoning strategies used, as measured by their overall level of strategy-use 
scores on the Intra-Prop. The main effect comparing the two types of 
intervention was not significant, F(1,28) = .07, p = .791, partial eta squared = 
.002, suggesting no difference in the effectiveness of the two teaching 
approaches when measured by the level of strategy-use score on the Intra-Prop. 
The control group’s mean score on the Intra-Prop was stronger (.47) than the 
experimental group (.27) at T1. However, this score is somewhat deceptive 
because the strategic reasoning scores assigned to each problem were integer 
values of 0, 1, 2, and 3; at the levels reported, both groups were determined to be 
at between 0 (non-proportional reasoning) and 1 (informal reasoning about 
proportional situations). After the intervention, both groups improved with the 
levels becoming a lot more similar (.67) but still under Level 1. This indicates 
that students learned to use slightly higher levels of proportional reasoning 
strategies. It could also mean that the types of problems presented did not 
require these students to use higher level strategies and that given the 
straightforward intra-mathematical nature of the assessment, students were 
equally prepared to solve the problems regardless of their learning experience. 
 
Proportional Reasoning Levels Analysis: Extra-Prop 

Table 4 shows the descriptive statistics for each program group’s 
performance on the Extra-Prop at each of the three time points. 
 
Table 4 
Extra-Prop Descriptive Statistics—Strategy Rating by Student Groups 

Time of Extra-Prop 
Assessment 

Program Group Mean SD N 

T1 Control Group 1.20 .941 15 

Experimental Group 1.27 .704 15 

Total 1.23 .817 30 

T2 Control Group 2.13 .640 15 

Experimental Group 2.47 .516 15 

Total 2.30 .596 30 

T3 Control Group 2.13 .640 15 

Experimental Group 2.47 .516 15 

Total 2.30 .596 30 
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Figure 4 displays the mean score for strategy level use on the Extra-Prop 
assessment by each group (experimental and control) at each of the three time 
points. 
 

 
Figure 4. Mean strategy level scores (0–3) on extra-prop for program groups 
across three time points. 
 

There is an indication of students’ improvement from an average of Level 1 
of proportional reasoning strategies demonstrated to an average of Level 2 of 
proportional reasoning strategies. However, both groups changed similarly, 
regardless of the teaching approach they were exposed to. Level 2 is 
quantitative, and perhaps their prior school experiences had reinforced 
quantitative and algorithmic strategies over higher level reasoning strategies. 
Level 2 proportional reasoning allowed them to achieve a relatively high 
percentage of correct answers (experimental mean score = 77.3%; control group 
mean score = 62%), so they did not need to go further. As seen in Figure 3 
above, student mean strategy levels for both groups do not drop after 10 weeks. 
Perhaps this indicates that students in both intervention groups have learned to 
apply quantitative proportional reasoning strategies (at an average level of 2) 
and they retain this knowledge over time. This is an important accomplishment 
that might not have been apparent if only measured by the percentage correct 
score on the same test at T3. Student work displays their use of proportional 
reasoning strategies, even though their final answer may be incorrect. A mixed 
between–within subjects ANOVA was conducted to assess the impact of two 
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different interventions (non-engineering textbook-based mathematics 
intervention program and LEGO robotics integrated engineering and 
mathematics intervention program), based on the level of proportional reasoning 
strategies used by the participants as reflected by their level of strategy-use 
scores on the Extra-Prop at T1, T2, and T3. There was no significant interaction 
between program type and time, Wilks’ Lambda = .973, F (2, 27) = .772, p = 
.387, partial eta squared = .027. There was a substantial main effect for time, 
Wilks’ Lambda = .362, F(2,27) = 49.434, p = .000, partial eta squared = .638, 
with both groups showing a large increase in the level of proportional reasoning 
strategies used, as measured by their overall level of strategy-use scores on the 
Extra-Prop. The main effect comparing the two types of intervention was not 
significant, F (1, 28) = .1.483, p = .233, partial eta squared = .050, suggesting no 
difference in the effectiveness of the two teaching approaches when measured 
by the level of strategy-use score on the Extra-Prop. 
 
Proportional Reasoning Levels Analysis: Engin-Prop 

Table 5 shows the descriptive statistics for each program group’s 
performance on the Extra-Prop at each of the three time points. 
 
Table 5 
Engin-Prop Descriptive Statistics—Strategy Rating by Student Groups 
Time of Engin-Prop 
Assessment 

Program Group Mean SD N 

T1 Control Group 1.07 .704 15 

  Experimental Group 1.13 .640 15 

  Total 1.10 .662 30 

T2 Control Group 1.00 .655 15 

  Experimental Group 2.47 .516 15 

  Total 1.73 .944 30 

T3 Control Group .87 .640 15 

  Experimental Group 2.40 .507 15 

  Total 1.63 .964 30 
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Figure 5 displays the mean score for strategy level use on the Engin-Prop 
assessment by each group (experimental and control) at each of the three time 
points. 
 

 
Figure 5. Mean strategy level scores (0–3) on engin-prop for program groups 
across three time points. 
 

The range of the proportional reasoning score for the Engin-Prop 
assessment was 0–3. The mean strategy score for the 15 students in the 
experimental group began with a strategy score of 1.13. Students achieved a 
score of 2.47 at T2 and 2.40 at T3. The data for the control students are shown 
as a benchmark. However, it is not expected that students would demonstrate 
any change because control group students did not receive instruction in the use 
of LEGO robotics. It is noteworthy, nonetheless, that the accomplishments of 
the experimental group were achieved within the same overall program 
instructional time as that of the control group. 

A mixed between–within subjects ANOVA was conducted to assess the 
impact of two different interventions (non-engineering textbook-based 
mathematics and LEGO robotics integrated engineering and mathematics) based 
on the level of proportional reasoning strategies used by the participants as 
reflected by their level of strategy-use scores on the Engin-Prop at T1, T2, and 
T3. In this case, there was significant interaction between program type and 
time, Wilks’ Lambda = .419, F(2,27) = 18.684, p = .000, partial eta squared = 
.581. There was also a substantial main effect for time for the experimental 
group, Wilks’ Lambda = .502, F(2,27) = 13.377, p = .000, partial eta squared = 
.498, with the experimental group showing an increase in the level of 
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proportional reasoning strategies used, as measured by their overall level of 
strategy-use scores on the Engin-Prop. The main effect comparing the two types 
of intervention was significant, F(1,28) = .31.381, p = .000, partial eta squared = 
.528, suggesting a significant difference in the effectiveness of the two teaching 
approaches when measured by the Engin-Prop. This main effect was to be 
expected given that the Engin-Prop included many items that were better 
understood by students that had actually received instruction in engineering 
LEGO robotics as well as ratio and proportion mathematics. 
 

Discussion 
This study was designed to determine the possible impact of an integrated 

engineering and mathematics teaching approach using LEGO robotics upon 
students’ learning of concepts of ratio and proportion. The results of this study 
indicated that the students were able to make significant progress in learning 
new concepts of ratio and proportion while also learning basic definitions 
related to LEGO robotics engineering design and programming when this 
learning took place in an integrated engineering and mathematics context. It has 
been shown that a statistically significant change in students’ understanding of 
ratio and proportion took place during the relatively short but intense learning 
experience, regardless of the type of intervention to which the students had been 
exposed. Even students who were exposed to a traditional textbook curriculum 
experienced changes in their scores. This confirms that the 3 hours of instruction 
daily in a 5-day program during a normal planned school-year break (that 
included no other schoolwork) allowed students to focus on and learn about the 
academic topics taught. These students were motivated to attend a program that 
was advertised to be of an academic nature, so perhaps they were intrinsically 
motivated to learn. However, the more important finding is that the 15 hours of 
focused instruction with quality curricula (textbook-based and non-textbook-
based) was sufficient to allow students to significantly increase the number of 
correct responses to problems of ratio and proportion. 

The performance of students in the experimental group on the Intra-Prop 
was not significantly higher than that of the performance of students in the 
control group. This might indicate that students that are taught concepts of ratio 
and proportion in a focused intervention program will learn how to solve 
problems of ratio and proportion in intra-mathematical contexts just as well, 
regardless of the differences in instructional methodology and with or without 
engineering integrated into their learning experience. The performance of 
students in the experimental group on the Extra-Prop was significantly higher 
than the performance of students in the control group. These results indicate that 
students that learn about ratio and proportion in an engineering-related context 
improve in their understanding significantly and retain their learning for a longer 
period of time when they encounter these situations in an extra-mathematical 
context versus in an intra-mathematical context. 
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The performance of students in the experimental group on the Engin-Prop 
was significantly different than the performance of students in the control group. 
However, even these students did not use particularly high levels of proportional 
reasoning strategies. It may be unrealistic to expect students to achieve higher 
levels of proportional reasoning in such a short intervention program. In 
addition, the young students in this class seemed to be more comfortable with 
solving problems as simply as possible and were able to “get the right answer” 
with only Level 2 proportional reasoning strategies. 

The main message of these findings is that educational robotics can serve as 
a motivating context that may be very beneficial as an instructional tool in the 
integrated engineering mathematics classroom when teaching concepts of ratio 
and proportion and potentially many others. It is important and productive for 
students to be allowed the opportunity to learn mathematics concepts 
accompanied with meaningful constructionist experiences such as those 
provided by LEGO educational robotics in an integrated engineering and 
mathematics design setting. Perhaps these experiences influence the level of 
engagement and thoughtful approaches that lead to deeper student understanding 
of mathematics concepts—in this case, ratio and proportion concepts. One 
finding of special note to practitioners is the fact that students in the 
experimental group were able to learn at least as much and as well (if not more) 
of the mathematics content topic of ratio and proportion as compared to the 
control group of students. Additionally, within the same amount of time, 
experimental group students learned and retained engineering and related 
applied ratio and proportion mathematics concepts. 
 

Limitations of the Study and Future Research 
The experimental intervention program described in this study was a 

program that integrated engineering design and educational robotics application 
opportunities in addition to the same mathematics objectives regarding ratio and 
proportion as the non-engineering mathematics intervention program. The 
intervention and control programs took place in the same school setting as 
extracurricular programs occurring during a holiday week when school was not 
in session. The experimental program took place in the morning, and the control 
program took place in the afternoon. This introduced a variable (learning in the 
morning versus learning in the afternoon) that was beyond the control of this 
study and is certainly a limitation. The study was designed and carried out in 
spite of this limitation in order to maintain the same instructor for both student 
groups. Although morning versus afternoon course time is a factor that may 
certainly have affected the performance of the students, introducing a different 
instructor may have introduced much greater variability. 

Another limitation of this study was that only one student group received 
the opportunity to learn about LEGO robotics and use LEGO robotics in 
engineering design challenges requiring mathematical thinking. Although this 
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was precisely the intent of the study in order to compare the impact of the two 
differing learning experiences, it limited the ability of comparison of learning in 
the engineering context between the two groups. In this study, it is not 
appropriate to compare learning differences of LEGO engineering concepts 
between the two groups because one group was not exposed to LEGO 
engineering concepts. However, the analysis presented in this study does show a 
comparison only as a benchmark as to how much students might already know 
about LEGO engineering concepts without explicit instruction. Given the low 
socioeconomic status of both student groups, it is not likely that students have 
access to expensive LEGO robotics materials at home or at school. 

Another limitation of this study was the short duration of the learning 
experience. This limitation was driven by the interest in controlling the 
mathematics learning levels of the participating students. Because students were 
in different classrooms and in different households, the mathematics learning 
experiences that each might be exposed to would increase as the time increased. 
However, as was shown, all had a significant change in their learning of the 
proportional reasoning concepts expected. This supported that even a short 
duration learning experience, if purposefully designed and intense, can support 
significant and sustained student learning. 

This research study focused primarily on students, and the author sought to 
measure student mathematical learning and skill development. In order to 
capture detailed qualitative data, the overall sample size of n = 30 was small, 
which limited the power of statistical analysis and generalization of results. 
Although there was pretesting (P1) conducted for all students, a more in-depth 
analysis could be conducted using the P1 scores as a covariate to describe the 
differences between the groups. Future studies can be repeated with the support 
of additional research and instructional support that will allow for a larger 
number of participants. External validity can be addressed by repeating this 
study at multiple schools, both with similar and differing student demographics. 
Finally, in light of the conclusions regarding the positive impact of the 
integrated content teaching approach for mathematics and engineering using 
LEGO robotics, a future direction would be to analyze the specific techniques 
that expert teachers utilize to effectively teach integrated content, specifically 
when working with educational robotics and mathematics. Such research would 
help to better identify the pedagogical skills and content knowledge necessary to 
teach well in such a setting. 
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Book Review 
 
Roth, M. S. (2014). Beyond the university: Why liberal education matters. New 

Haven, CT: Yale University Press.  
ISBN: 978-0-300-17551-6 
$25 (Hardback) 228 pages  

  
Will there forever be a rift between workforce education (career and 

technical (CTE), technological, and vocational) and liberal arts education? Will 
American society ever reach consensus over the daunting question regarding 
education’s purpose: “Does one attend college or university for the sake of 
learning in-and-of-itself, or in pragmatic preparation of a future career?” Will 
we ever reach a mending of what Rose (2008) dubbed “the hand/brain divide”? 
Dr. Michael S. Roth does not think so. Roth is a champion of “traditional” 
liberal arts education. That is not to say he totally discredits the value of 
vocational education. Yet, in Beyond the University: Why Liberal Education 
Matters, he not only relegates workforce education to second-class status, but 
misrepresents historical figureheads.  

 
Organization 

Roth assumes the role of historian and provides a poignant argument for his 
readers. All is informative, personal, elegant, witty, and non-academic; it is 
written to appeal to a mass audience of both scholars and lay persons alike. Roth 
captures the reader’s attention by sharing his personal testimony and concern 
that stems from his experience as president of Wesleyan University, the 
institution he attended as an undergraduate. A chronological comparison of 
conflicting ideals from monumental figureheads follows.  

 
Roth’s Ideas 

Beyond the University does not advocate an eradication of workforce 
education. For the most part, it is a celebration of the historical roots of the 
liberal arts and its offerings to students. Roth defends the virtues of liberal 
learning as both a developer of better people and useful in preparation for future 
success. That said, according to Roth, liberal education is “under siege.”  

Changes to the American social, cultural, and economic landscape have 
challenged the notion that venturing off to a four-year institution is something 
impractical. In an era of economic instability, liberal arts is once again being 
attacked for its elitism and irrelevance. Parents and students wonder if higher 
education is a worthy investment. Modern-day pupils’ focuses include: return on 
investment, résumé building, employment opportunities, and employers’ 
expectations.  
Brian C. Preble (bpreb001@odu.edu) is a graduate student in STEM Education at Old Dominion 
University. 
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Roth champions the benefits of a liberal arts education. Liberal, humanistic 
learning promotes personal development and, therefore, is an integral 
component of optimal success. Its [liberal arts education] broad context with its 
emphasis on inquiry and critical thinking is needed now more than ever. Such 
undertakings enhance capacities for the shaping of the self by instilling the 
ability to think for oneself, the successive reinventing of the world, and the 
unleashing of creative potential. Finally, a liberal education benefits all 
regardless of occupation by developing intellectual capacities, which has been 
revealed through the ages.  

 
Liberal Arts vs. Vocational Education: A Historical Debate 

The debate over the usefulness of education has a long history in America. 
Beyond the University serves as a superficial survey and comparison of 
influential figureheads from our collective past at odds with the purpose of 
education. Roth begins with the educational ideals of Thomas Jefferson, 
contrasting them with the practical approaches promoted by Benjamin Franklin. 
After an analysis of Emerson’s views on education and the self, Booker T. 
Washington’s opinion of education as a means of economic inclusion are 
compared with that of W.E.B. Du Bois. Jane Addams’, William James’, Richard 
Rorty’s, Martha Nussbaum’s, and John Dewey’s educational philosophies 
follow.  

 
John Dewey and a Shared Vision 

Roth’s understanding of Dewey mandates possible correction. Dewey 
argued vehemently against Snedded’s philosophy of a narrow focused 
vocationalism, which transformed itself into industrial arts. At the opening of 
the 20th Century, Prosser and Snedden argued for the development of targeted 
skills for specific occupations, while Dewey advocated for a broader approach 
and application of career education to satisfy basic human fulfillment, which 
included vocational-adaptability and self-sufficiency, to best prepare students 
for life (Petrina, 1996; Rojewski, 2002). John Dewey desired education of the 
whole person through occupation, emphasizing the experience, active learning, 
and a connection to the learner’s interests and activities. Dewey is one of the 
fathers of modern-day workforce education.  

Differentiations need to be made regarding career education and respect for 
multiple options, pathways, and choice championed. Dewey’s philosophy of 
learning through career, created an ever-widening schism in vocational 
education and the establishment of current occupational and technical studies. 
The aims of modern-day career education, career and technical education (CTE), 
and technology and engineering literacy are not far removed from that of liberal 
arts. Some individuals desire specific careers that require said vocational 
preparation. Beyond that, all parties concerned in specific subgroups within 
workforce education argue against “narrow, technical forms of teaching 
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intended to give quick, utilitarian results” (Roth, 2014, p. 10) for curricula that 
requires learners to develop literacy and thinking skills, soft skills, and the like. 
American liberal education is not the only path to life-long learning. Different 
options exist, as diversity is the norm. Truthfully, a skeptical and cynical 
spotlight has been cast by Americans on our education system in totality 
(Johnson & Duffett, 2003). 

All educational institutions, regardless of focus and offerings, face the same 
student recruitment and retention issues. Malaise, pessimism, and general apathy 
are the zeitgeist of the current era. The majority of Americans focus on return on 
investment, and rightfully so. Rising tuition costs and stories of college 
graduates either unable to find employment or being underemployed are 
routinely in the media. So too is information about high-wage, in-demand 
occupations that require education and training below the baccalaureate level. 
Many of my peers have informed me of their choice to attend community 
college to obtain a certification and start a career to become financially stable 
and independent, with the goal of ultimately returning to college at night and 
further their education. Does this not speak to independent and problem-solution 
thinking? Is this not an exemplification of Maslow’s hierarchy of needs, where 
safety and security are a natural priority?  

 
Final Analysis 

Though there are ample reasons why the material in Beyond the University 
would not be agreeable to those in career and technical education, technology 
and engineering education, career development, and those that cannot afford the 
luxury of higher education, many vehemently agree with Roth. In short, though I 
reviewed this work because I felt it needed a critique, all was well written. Dr. 
Roth should be commended for his ideas and bringing them back into the social 
consciousness, opening up all for debate and hopefully moving education out of 
its current quagmire, to a new era of inspiration.  
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