
 

 

  

  

Beyond active learning: Critical factors 
for learning in labs 
  

Jonte Bernhard 

Conference Paper 

N.B.: When citing this work, cite the original article. 
Part of: 7th Research in Engineering Education Symposium (REES 2017), Bogota, 
Columbia, 6-8 July 2017, Volume 2, 2017, pp. 532-540. ISBN: 9781510849419 
 
Copyright: Research In Engineering Education Network 
 
Available at: Linköping University Institutional Repository (DiVA) 
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-138020 
 

 
 
 



1 
 

Beyond active learning: Critical factors for learning in labs 
Jonte Bernhard 

Linköping University, Campus Norrköping, Norrköping, Sweden 
jonte.bernhard@liu.se 

 

Abstract: Active learning is generally defined as an approach that engages 
students in the learning process and is supposed to lead to consistently better 
and deeper understanding. In an earlier study students in mechanics were 
offered the choice between labs using probe-ware (MBL) [FMCE normalised 
gain: 48%] and experimental problem-solving labs [18% gain]. Both options were 
considered to employ active learning, but the difference in gains was remarkable. 
As this contradicts the conclusions in the literature a follow-up study was 
performed. Analysis of video recordings from the labs showed that in probe-ware 
labs students linked observed data to concepts, whereas students in the 
problem-solving labs made little use of physical concepts in their modeling of 
phenomena. One implication of this study is that we have to go beyond surface 
interpretations of “active learning”, and in a detailed and nuanced way look into 
the ways in which students are actually active in a learning environment. 

1. Introduction 
Active learning is an approach to education that has received considerable scholarly 
attention; it is, for example, one of the CDIO standards (Crawley, Malmqvist, Östlund, 
Brodeur, & Edström, 2014), and has been the topic of two special issues of the European 
Journal of Engineering Education (De Graaff & Christensen, 2004; Lima, Andersson, & 
Saalman, 2016). Active learning is generally supposed to lead to deeper learning, a better 
understanding of key concepts, and a greater ability to apply knowledge in new and 
unfamiliar settings (e.g. Crawley et al., 2014; Freeman et al., 2014; Prince, 2004). However, 
in an earlier study I found that students in two different options for a lab-course achieved very 
different gains in conceptual understanding despite the fact that both options were 
considered to employ active learning principles (Bernhard, 2010). Indeed, the gain in one of 
the alternatives was equivalent in magnitude to that seen in traditionally designed labs (ibid.). 
As this apparently contradicted the conclusions in much of the literature about active 
learning, as well as Trumper’s (2003) conclusions regarding learning in labs, these findings 
prompted a follow-up study to more thoroughly investigate the learning that took place in the 
labs in the previous study. 

The paper is organised as follows: Section 2 describes the background and theoretical 
framework of the study, i.e. active learning and variation theory, as well as providing a brief 
review of the results from the earlier quantitative study; Section 3 describes the purpose of 
the paper and sets out the research questions; Section 4 presents the qualitative 
methodology used; Section 5 presents the findings of the current study; finally, Section 6 
presents the conclusions and implications. 

2. Background and theoretical framework 
Active learning 
Despite the widespread interest in active learning, the term is often only rather vaguely 
defined; indeed, a surprisingly large number of studies do not define the term at all, the 
authors relying instead on an intuitive – and therefore somewhat unsatisfactory – 
understanding of its meaning. The most common definition, based on the classic work of 
Bonwell and Eison (1991, p. iii), is: “instructional activities involving students in doing things 
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and thinking about what they are doing”. In a similar vein, Prince (2004, p. 223) suggested 
that “active learning requires students to do meaningful learning activities and think about 
what they are doing”. It should be noted that Freeman et al. (2014) in their meta-analysis 
focused only on “in class” activities and explicitly excluded laboratories. On the other hand, 
Trumper (2003) focused on the laboratory and concluded that a common attribute of 
successful activities “is that they are learner-centered. They induce students to become 
active participants in a scientific process in which they explore the physical world, analyze 
the data [and] draw conclusions”. 

The Interactive-Constructive-Active-Passive (ICAP) framework proposed by Chi (2009) offers 
somewhat more precise definitions and differentiated distinctions. In this framework overt 
learning activities are classified as passive, active, constructive, and interactive. In active 
activities a student does something physically; in constructive activities a student also 
generates an output that extends beyond the presented materials; and finally in interactive 
activities two or more students cooperate on the same topic and have a substantive dialogue 
that does not ignore and exclude each others’ contributions. Based on the literature, Chi 
suggested that student learning is better in interactive than in constructive activities, which in 
turn are better than merely active activities, which are better than simple passive learning. 
For students in a material science course Menekse, Stump, Krause, and Chi (2013) have 
confirmed Chi’s hypothesis.  

Variation theory 
A further framework that will be employed here is variation theory (e.g. Marton, 2015; Marton 
& Tsui, 2004). To promote students’ learning effectively, it is important to ensure that the 
learning environment enables them to focus on the object of learning and discern its critical 
features. Central to variation theory is the notion that we discern certain aspects of an 
environment by experiencing variation, rather than by recognizing similarities. Important 
concepts are hence discernment, simultaneity, and variation. When one aspect of a 
phenomenon or an event varies, while one or more aspects remain the same, the aspect that 
changes is the one that will be discerned. One of the main themes of variation theory is that 
the pattern of variation inherent in the learning situation is fundamental to the development of 
certain capabilities. Experiencing variation amounts to experiencing different instances of the 
object of learning simultaneously. This simultaneity can be either diachronic (experiencing, at 
the same time, aspects of something that we have encountered at different points in time), or 
synchronic (experiencing different coexisting aspects of the same thing at the same time). 

Marton (2015, p. 27, my italics; cf. Marton, Runesson, & Tsui, 2004) related learning to what 
students could possibly experience in a particular classroom situation, stating that in a 
learning situation “the critical aspects that it is possible [for a student] to discern … make up 
the enacted object of learning”. Another important distinction in a learning situation is the 
difference between the intended object of learning (the knowledge, values, and skills the 
teacher or curriculum designer wants the students to learn) and the lived object of learning 
(the critical aspects that could be discerned and that the student actually discerns, i.e. what 
the student learns in the end). 

Two active learning labs 
As already briefly discussed in the introduction, the current author (Bernhard, 2010) found 
quite different learning gains for students participating in two alternative sets of labs. In this 
section a short recapitulation of the results from this earlier study is presented. Engineering 
students studying mechanics as a part of an introductory physics course were offered the 
possibility to choose between two options for the lab-course. The regular set of labs within 
the course was the so-called experimental problem-solving (EPS) labs, but as an alternative 
the students were offered a set of labs utilizing so-called probe-ware. The students 
participating in the probe-ware labs were volunteers. For legal reasons, students could not 
be randomly assigned to groups since the EPS-labs were described as the lab-course in the 
official curriculum documents. As can be seen in Table 1, the between-group differences in 
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pre-course conceptual understanding of mechanics were very small and not statistically 
significant. 

Both sets consisted of four 4-hour lab sessions, i.e. a total of 16 hours of lab work. All 
students attended the same 20 hours of lectures (in a lecture hall) in mechanics, and 
participated in similar sets of 12 hours of problem-solving sessions (with groups of 
approximately 30 students led by a doctoral student). Thus, the only difference between the 
groups, in terms of teaching, was the 16 hours of lab work. How the options were organized 
is summarized in Table 1.  

To investigate students’ conceptual understanding of mechanics a Swedish translation of 
Force and Motion Conceptual Evaluation (FMCE) (see Thornton & Sokoloff, 1998) was used 
both pre- and post-test. FMCE is a widely used and well-established instrument that probes 
student understanding of one-dimensional kinematics and dynamics in depth by utilizing 
verbal and graphical representations. The average pre- and post-tests, as well as the 
normalized gain and the effect size, are also presented in Table 1. The normalized gain 
(Hake, 1997) is defined as g = Actual gain/[Gain(max possible)] where Actual gain is the 
difference between group averages in the pre- and post-test. The effect size (Cohen’s d) is 
defined as d = (ME – MC)/Sp; here, ME is the experiment group average (in this case the 
probe-ware labs), MC is the control group average (in this case the EPS-labs), and Sp is the 
pooled standard deviation (Cohen, 1988). 

Table 1. Organization of the mechanics part of the physics course, and results from the pre- 
and post-tests using the FMCE (means with standard deviations in parentheses), normalized 

gains, and calculated effect size from the results in the earlier study (Bernhard, 2010). 

Group No.  Lec-
tures 

Problem-
solving 
sessions 

EPS-labs 
(groups of 2–
3 students) 

Probe-ware 
labs 
(groups of 2–
4 students) 

Pre-
test 
% 

Post-
test 
% 

Norm
Gain 
% 

Effect 
size 

EPS-labs 86 
20 h 
(all)  

12 h (groups 
of approx. 30 
students) 

16 h  
(2×[4+4 h]) 

 29.3 
(16.4) 

42.3 
(22.9) 

18.4 
 

0 (by 
def.) 

Probe-
ware labs 

25  16 h  
(4×4 h) 

34.3 
(23.1) 

65.8 
(21.8) 

47.9 1.04 

Although the pre-test differences were insignificant, the differences in post-test results are 
striking. The students participating in the probe-ware labs achieved a normalized gain of 
48%, compared to just 18% for the students participating in the EPS-labs – which corre-
sponds to what is achieved by traditional labs (Hake, 1997). This difference is strongly 
statistically significant (t = 2.93, p = 0.0003). The effect size (Cohen’s d) calculated from the 
post-test averages is d = 1.04. An effect size d > 0.8 is usually regarded as large (Cohen, 
1988). 

3. Purpose and research questions 
The purpose of this follow-up study was to try and explain why, despite the fact that both sets 
of labs were supposedly using “active learning”, considerable differences in conceptual 
learning had been observed. This led to the following research questions: 

Would a closer investigation confirm or reject the hypothesis that both sets of labs could be 
seen as examples of active learning, and how would the labs be classified according to the 
ICAP framework (Chi, 2009)? 

How did the students act and approach the learning environment in the two sets of labs and 
how could any observed differences be understood in relation to students’ learning, i.e. the 
enacted object of learning? 

It was hoped that answers to these two main questions would provide the basis for additional 
insights into learning in labs and the general concept of active learning.  
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4. Methodology 
Analysis of the learning that had occurred in the EPS-labs and in the probe-ware labs was 
performed in several steps: Students’ conceptual understanding was investigated through 
pre- and post-tests using the FMCE test (Thornton & Sokoloff, 1998). The results of this 
investigation are reported in more detail in Bernhard (2010) and summarized in Table 1. 
Activities in both sets of labs were recorded using digital camcorders, resulting in 70 hours of 
video evidence. This data were subsequently used to detect typical interaction patterns and 
find evidence supporting, or refuting, hypotheses regarding the generality of these patterns 
(Jordan & Henderson, 1995). I was particularly looking for how the students were actually 
working together, what they did, what they made relevant, and how they oriented themselves 
towards the object of learning. After repeated viewings, some episodes were found to contain 
more interesting and comparable activities in relation to the research questions. Particularly 
interesting parts of these episodes were transcribed to allow for detailed examination of 
interactional patterns. In the transcriptions, standard conventions used in conversation 
analysis have been used (ten Have, 2007) and transcripts included in this paper were 
ultimately translated from Swedish into English. As a final step the analyses for the two 
optional lab-courses were contrasted to find similarities as well as “differences that make a 
difference” (Bateson, 1972; cf. Lindwall & Ivarsson, 2010). 

5. Findings 
Analysis of the video recordings from both sets of labs showed that the students’ actions 
were framed by the task at hand and encounters with the instructions, the technology and 
experimental setup, the teacher, and other students. Thus in terms of Chi’s (2009) ICAP 
framework students’ activities in both sets of labs could be seen as interactive, which further 
implies that they were also active and constructive. In addition to this, the criteria for active 
learning proposed by Bonwell and Eison (1991) as well as by Prince (2004) were fulfilled 
(although according to Freeman et al. [2014] the course could not be legitimately described 
as active learning as the lectures and problem-solving sessions were traditional). Yet 
although the labs fulfilled most of the theoretical criteria to qualify as active learning 
environments, the way that the students actually worked on their tasks was much more 
complex and differentiated than might at first be assumed. Some of these complexities will 
be explored below.   
Probe-ware labs 
The labs in the probe-ware lab-course were a subset (4×4 h) of labs used in an earlier 
developed lab-course (7×4 h), utilizing probe-ware technology and instructions in line with 
active learning (Bernhard, 2010). The approach used in the development of these labs was 
inspired by the pedagogical techniques outlined in RealTime Physics (Sokoloff, Laws, & 
Thornton, 2007; Sokoloff, Thornton, & Laws, 1998), incorporating “a learning cycle consisting 
of prediction, observation, comparison, analysis and quantitative experimentation”.  

Findings from an activity in the first lab (the motion lab, where kinematics concepts were 
introduced using probe-ware) will be presented in detail here. This lab is based on Laws' 
(1997) contention that a good understanding of kinematics (the laws of motion) is essential 
for understanding dynamics (the laws of force and motion), and the findings from various 
researchers (e.g. Bowden et al., 1992; McDermott, 1997; Trowbridge & McDermott, 1980, 
1981) that a large proportion of students have problems understanding basic concepts of 
kinematics. Many students, for example, reportedly have problems distinguishing between 
velocity and change of velocity. They commonly believe that acceleration is always in the 
direction of motion and that zero velocity implies that acceleration must be zero.  

Hence, one of the tasks in the motion lab is acceleration with zero velocity. In this activity 
students monitor the motion of a cart propelled by a fan that provides almost constant 
acceleration (see Figure 1a). The students give a cart with a fan an initial push in the 
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opposite direction to that in which the force of the fan is acting, so that the cart will slow down 
and reverse its direction of motion. Students are first asked to observe the motion of the cart 
(without measuring it) and then to sketch their predictions of how the motion will be 
represented by position-time, velocity-time, and acceleration-time graphs. After they have 
made their predictions the motion of the cart is once more observed and this time the probe-
ware equipment is used to measure the motion, and simultaneously display it as a graph (a 
typical graph is shown in Figure 1b). To make accurate predictions, not only do the 
differences between position, velocity, and acceleration have to be discerned – the relation-
ships between these concepts must also be perceived and understood. Velocity and position 
vary, but students have to recognize that the acceleration is constant, and that a zero 
velocity does not imply that the acceleration is zero – as is commonly believed. In Excerpt 1, 
below, students discuss what the acceleration should be when the velocity is zero at the 
cart’s turning point, and what the acceleration-time graph should look like around this point. 

a. b.  

Figure 1. a) A typical setup in a probe-ware experiment. A low friction cart is pushed towards 
a motion sensor. A fan unit attached to the cart provides an approximately constant force in 

the opposite direction to the initial movement and, thus, the cart’s direction of motion.  
b) The results (which show that acceleration is not zero at the turning point) are presented to 

the right.  
Excerpt 1 
1. Beata here I don’t think the acceleration will be constant 
2. Cecilia no for it will only [increase then 
3. Beata                     [it will 
4. Cecilia =then stop 
  ((a few turns are missing here due to a change of tape)) 
5. Beata something like that increases 

((makes a sketch)) 
6. Cecilia then it becomes zero 
7. Beata =for a little while when it turns 

It will be seen that the students suggest that the acceleration “becomes zero for a little while 
when it turns”. However, after performing the actual experiment Cecilia finds that “the 
acceleration turns out strange”; contrary to their prediction it is not zero, as shown in Figure 
1b. After discovering that their prediction was not correct, and the acceleration was not in fact 
zero, the students discuss the results for a long time and finally in Excerpt 2 they decide to 
ask the instructor. 
Excerpt 2 
1. Beata it is so [strange 
2. Cecilia          [acceleration in this case 
3. Cecilia the acceleration can’t be constant (.) since it stops and when it 

starts again  
4. Cecilia can it be constant? 
5. JOHN yes 
6. Cecilia because it feels weird 
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After some discussion between the students and the instructor the issue is resolved in 
Excerpt 3.  
Excerpt 3 
1. JOHN there you have zero (.) but if you look at delta v:: even at this 

point 
2. Cecilia =you mean that the velocity doesn’t change much 
3. JOHN no but you [you have 
4. Beata            [no 
5. JOHN the whole time a constant [change in velocity 
6. Cecilia                           [okay 
7. JOHN =per unit time 
8. Cecilia yes 
9. Beata if you have a straight line (.) you will have the same slope on it 

(.) then you will have the same acceleration the whole way (3.7) 
10. Cecilia °m::° 
11. Beata because acceleration is 
12. Cecilia [it’s because 
13. Beata [the derivative of velocity 

As can be seen in the excerpt above, it took several turns before the students realized why 
acceleration is not zero when the velocity is zero at the turning point. 

EPS-labs 
The aim of an EPS-lab is to “highlight what is essential for creating good physics; imagination 
and initiative to develop hypotheses, use of experimental techniques to test hypotheses, and 
the ability to find concepts that provide simple descriptions” (course description, author’s 
translation). 

An example of an EPS-lab is the torsion pendulum lab depicted in Figure 2a. The students 
were instructed to find the relevant physical parameters determining the time period for the 
oscillations of the torsion pendulum, and to construct and experimentally verify a mathe-
matical model for the time period. No further instructions were given.  

 

Figure 2. a) The torsion pendulum setup (drawing from student lab report).  
b) A mathematical model for the oscillations of this torsion pendulum. 

At their disposal the students had two lab sessions of four hours each, with one week 
between the sessions. To solve the problem of finding a suitable mathematical model the 
students were expected to use a combination of empirical measurements of the physical 
system and dimension analysis. Besides the torsion pendulum, there were five more EPS-
labs, one example being a sinking boat and an oscillating beam. The students worked in the 
labs in groups of 2–3, and were expected to do two of these six labs; for each lab they had at 
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their disposal eight hours (4 + 4 hours). The EPS-labs were designed after a proposal by 
Richards (1971). 

The initial discussions in the EPS-labs centered largely around which variables were 
important, how experiments should be planned, and how measurements should be 
performed. Excerpt 4 is an example from a discussion between Adam and Bengt that took 
place some 45 minutes into the first session of the first lab about the measurement of period 
time for the torsion pendulum. 
Excerpt 4 
1. Bengt thus we measure (.) we start here 
2. Adam yes 
3. Bengt it goes out one time ((swings the rod with masses by holding it in 

his hand a full period)) 
4.  (2 s) ((Bengt swings the rod a full period a second time)) 
5. Bengt two  
6.  (2 s) ((Bengt swings the rod a full period a third time)) 
7. Bengt three 
8.  (2 s) ((Bengt swings the rod a full period a fourth time)) 
9. Bengt four 
10.  (2 s) ((Bengt swings the rod a full period a fifth time)) 
11. Bengt five 
12. Bengt if we should take (.) if we say before it slows down markedly (.) 

if we take like three swings or something (.) two swings (.) we 
can do it a few times and take an average   

From this excerpt it could look as if the conversation lacked interactivity, and that Adam was 
rather passive: after all, his contribution seems to amount to the single word “yes”. However, 
after about a half a minute Adam moves to the pendulum and suggests that they should take 
the time every time the pendulum stops at the maximum excursion. After some discussion 
they eventually settled for Adam’s suggestion. However, they found that this was quite 
difficult to do with the available stopwatch. Yet instead of changing their strategy, Bengt 
recalled that his old mobile phone had a function allowing the recording of several times; one 
of the students in another lab group had such a phone and they were allowed to borrow it. 

In their first series of measurements the position r of the masses on the rod was varied with 
other variables constant. In the second series the length l of the wire was varied with other 
variables constant. In the third series the diameter of the wire vas varied. 

Much of the second session was spent on analyzing the data from the first session, and 
testing different hypotheses for a model of the period time for the torsion pendulum. Adam 
voiced concerns about kinetic energy and wanted to include it in the relationship but 
struggled to see how this could be done. A hint from the instructor and dimension analysis 
led the students to the insight that the shear modulus must be included. Near the end of the 
second session the students had arrived at the mathematical model displayed in Figure 2b. 
However, their model was lacking C2 (corresponding to the moment of inertia of the rod). 
Even when questioned by the instructor, the students failed at first to see that this implied T = 
0 if there were no masses mounted on the rod and that this was contrary to what was 
possible to observe. After some Socratic dialogue the students realized that C2 must be 
included and arrived at the model in Figure 2b. Some other groups, where the instructor 
failed to notice this during the session, submitted reports with a model lacking C2.  

Discussion and comparative analysis 
The intended object of learning in the two sets of labs was quite different. For the probe-ware 
labs it was to develop students’ conceptual understanding, while in the EPS-labs it was to 
develop students’ abilities to plan experiments and model a physical system. The data show 
that both labs were successful in what they had set out to do, and the enacted and lived 
object of learning was in line with the intended object of learning.  

Looking at the students’ actions in line with Chi’s (2009) ICAP framework, it is apparent that 
their activities were significantly different. The design of the probe-ware labs framed students 
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to construct a conceptual understanding, while the students in the EPS-labs were steered to 
construct experiments and mathematical models. The content of students’ interactions with 
each other clearly reflected these differences. 

In both labs, students displayed misconceptions related to important physical concepts. The 
probe-ware labs were deliberately designed to develop conceptual understanding and to 
challenge such misconceptions. In the EPS-labs, on the other hand, misconceptions were 
not explicitly challenged (as can be seen in the results in Table 1), and so it is apparently 
possible for students to arrive at an adequate mathematical model of a physical system 
whilst having an inadequate understanding of the underlying physical concepts. However, an 
analysis of the students in the EPS-labs suggests that the inadequate conceptual 
understanding was indeed detrimental for them in their modeling process, and that they 
might have arrived at an adequate model faster and with a better and deeper understanding.  

Variation (Marton, 2015) played an important role in both sets of labs. In the probe-ware labs 
variation is built into the task structure and supports students’ learning of concepts. On the 
other hand, in the EPS-labs the variation was designed by the students in their experimental 
planning and helped them to identify the relevant physical parameters. Thus in both cases 
variation helped students to be aware of central aspects of the intended object of learning. 

Finally, it important to emphasize that the instructor played a significant role in both labs by 
helping students notice and highlight important aspects that might otherwise have gone 
unnoticed, and by scaffolding their reasoning through Socratic dialogues.      

6. Conclusion and implications 
Although the probe-ware labs in this study demonstrated an unquestionable superiority in 
developing conceptual understanding, it would be wrong to conclude that these labs were 
therefore wholly superior to the EPS-labs in every respect. Much depends on the intended 
object of learning. Conceptual understanding, as well as skills in experimental planning and 
mathematical modeling, should all be important learning objectives in engineering education. 
For each lab and each lab-course we have to make conscious and deliberate decisions 
about our aims and goals. Indeed, Streveler and Menekse (2017, p. 189) have argued very 
recently for “a more nuanced approach to active learning”, and urged the “engineering 
education community to more precisely describe the active learning strategies they are 
using” to allow for instructions to be more wisely designed. The findings of this study echo 
that of Streveler and Menekse in underlining that we have to go beyond surface 
interpretations of “active learning”: In short, when designing learning environments, rather 
than consider the ways in which, according to the literature, students are supposed to learn 
actively, we should bear in mind the ways in which they are actually learning.  
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