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Abstract. Fundamental concepts of thermodynamics rely on abstract physical

quantities such as energy, heat and entropy, which play an important role in the

process of interpreting thermal phenomena and statistical mechanics. However, these

quantities are not covered by human visual perception and since heat sensation is purely

qualitative and easy to deceive, an intuitive understanding often is lacking. Today

immersive technologies like head-mounted displays of the newest generation, especially

HoloLens, allow for high quality augmented reality learning experiences, which can

overcome this gap in human perception by presenting different representations of

otherwise invisible quantities directly in the field of view of the user on the experimental

apparatus, which simultaneously avoids a split attention effect. In a mixed reality

(MR) scenario as presented in this paper—which we call a holo.lab—human perception

can be extended to the thermal regime by presenting false-color representations of

the temperature of objects as a virtual augmentation directly on the real object

itself in real-time. Direct feedback to experimental actions of the users in form of

different representations allows for immediate comparison to theoretical principles and

predictions and therefore is supposed to intensify the theory-experiment interactions

and to increase students’ conceptual understanding. We tested this technology for

an experiment on thermal conduction of metals in the framework of undergraduate

laboratories. A pilot study with treatment and control groups (N = 59) showed a small

positive effect of MR on students’ performance measured with a standardized concept

test for thermodynamics, pointing to an improvement of the understanding of the

underlying physical concepts. Theses findings indicate that complex experiments could

benefit even more from augmentation. This motivates us to enrich further experiments

with MR.
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1. Introduction

Modern digital media, such as smartphones and tablets, with their numerous sensors

covering different physical quantities, have successfully been established as portable

mini-labs in the last years. Today they allow to perform experiments in many fields of

physics, such as mechanics, optics, acoustics and even nuclear physics [1, 2, 3, 4, 5, 6].

With regard to the precision of the results, these smart media have proven to be able

to substitute classical measurement devices in physics teaching scenarios at school and

university. However, in experiments performed with these smart media, several design

principles of cognitive-affective theory of learning with media (CATLM)[7], such as

spatial and temporal contiguity, can only be respected with limitations: since users

always have to integrate their perception of the real world experiment and the digitally

processed information of their smart measurement device, this leads to a higher level of

cognitive load (CL). In cognitive load theory (CLT) [8] and augmented cognitive load

theory (aCLT)[9], which similar to CATLM additionally takes into account affective

variables, like motivational and emotional factors, this is also known as the split

attention effect [10]. This means that the process of spatial or temporal integration

of information leads to a reduction of the amount of free working memory capacity

which in turn is not available for further processing of the results on a higher level as,

e.g., matching of the information presented in different representations or comparison

of the experimental results with theoretical implications.

The gap in human perception as well as the lacking spatial contiguity, however,

can be overcome with the help of other technologies in the field of Virtual Reality (VR)

and Augmented Reality (AR) which also have quickly made progress in recent years

[11, 12, 13] and in the meantime finally also have entered the field of education [14, 15].

Today, various setups based on head-mounted displays allow to embed virtual objects

into the real environment, leading to a Mixed Reality (MR) experience. To classify such

scenarios the so-called virtuality continuum has been introduced [16], which spans form

purely virtual environments on one end, to the real world without any augmentations

on the other. Smartglass technology is able to completely cover this continuum leading

to a true immersive virtually augmented world experience for the users.

In such a digitally enhanced surrounding, virtual and real objects do not only co-

exist, but moreover are also able to interact with each other in real-time. In a scenario

like this, digital augmentations can therefore be used to enrich human perception with

further senses. Today digital sensors are available for a huge number of different physical

quantities—otherwise inaccessible to human perception—like temperature, electrical

current, electromagnetic fields and many more. Immersive technologies with smart

glasses can now be used to merge human perception of reality with digitally visualized

sensor data directly in the user’s field of view, obeying spatial and temporal contiguity

and thereby avoiding any split attention effect. By transferring sensor data to the visual

sense, e.g., by transforming it into different representations like diagrams or false-color

representations, we are finally able to make the invisible visible and the not observable
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apparent; such a learning scenario we call a Physics holo.lab.

The paper is structured in the following way: As a first example, we present

a holo.lab version of a classical experiment on heat conduction in metals for an

introductory laboratory course in thermodynamics for physics and other STEM

students. In Section 2 we first introduce the learning scenario, give a brief recap of

the theory of heat conduction and finally explain the experimental setup used in the

laboratory classes in more detail.

To investigate the effects of the AR-support on the conceptual understanding of

the students, we conducted a first pilot study in a quasi experimental 2×2-design in the

introductory physics laboratory classes at university. In Section 3 we give an overview

of the theoretical background and methods, present the results of this empirical study

and discuss its implications.

2. A holo.lab for heat conduction

In this paper we present a holo.lab version of a standard experiment on heat conduction

in metals for an introductory laboratory course in thermodynamics, using physical data

from external sensors—in this case an infrared camera—for analyzing and displaying

physical phenomena to the users. Recently, the educational potential of infrared (IR)

cameras combined with the benefit of false-color representations visualizing thermal

phenomena has been focused and many applications and experiments on the level of

primary school up to university Physics have been developed [17, 18, 19, 20, 21, 22] also

including projection-based AR technologies [23], where thermal images are projected

directly onto the physical objects for energetic analysis. Our holo.lab setup goes

one step further, using false-color representations as digital augmentation in form of

HoloLens “holograms” placed directly at the real physical object. These augmentations

are mutually 3D and registered in real space. In our setup students yield the possibility

to observe the heat flux through a metallic rod, heated on one side while simultaneously

cooled on the other, from all angles without the problem of occlusion. Moreover,

additional representations as, e.g., graphs and numerical values, can also be included

as digital augmentations to the real experiment (cf. Fig. 1.c), allowing for a just-in-

time evaluation of physical processes, as students may directly observe and evaluate

the process of heating and the formation of a stationary state with the help of these

features. The smartglass setup using HoloLens at the same time ensures a hands-

free scenario, in which students are able to interact with the physical setup of the

experiment without losing track of the measurement data. Therefore, we expect

this setting to intensify the theory-experiment interactions [24], since direct feedback

in form of different representations to experimental actions of the users allows for

immediate comparison to theoretical principles and predictions for further experimental

reaction. Following the spatial contiguity principle of multimedia learning theory, the

AR annotations thus are presented in direct proximity to the real objects to enhance

learning effects [7] and facilitate memorization by the learners [25].
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2.1. Theoretical background

The paradigm experiment for heat conduction in metals can be realized with a metallic

rod, which is heated on one end with a constant heating power, while being cooled on the

other end [26]. If the rod is perfectly isolated, after some equilibration time the system

will reach a steady state with a hot and a cold end and a constant spatial gradient

along the rod axis, which allows to calculate the thermal conductivity constant λ of

the material. In general in one dimension—we choose x along the axis of the rod—the

temperature distribution T (x, t) obeys the heat equation

∂

∂t
T (x, t) =

λ

%c

∂2

∂x2
T (x, t) (1)

with % being the density and c the specific heat capacity of the material. According to

Fourier’s Law the heat flux Q̇, i.e. the amount of energy that flows through an area A

per time, is given by

Q̇ = −λA ∂

∂x
T (x, t). (2)

In the stationary state and in the case of perfect isolation, the constant heating power Q̇

applied to the warm end of the rod will be removed on the cold end by cooling such that

according to (2) a liner temperature gradient (T1 − T2)/L, where L is the lenght of the

rod and Ti are the two end-temperatures, is established. Thus, the thermal conductivity

constant can be computed according to

λ =
L

A (T1 − T2)
Q̇, (3)

if the constant heating power Q̇ and the dimensions, i.e. length L and cross-section

A, of the rod are known. This, however, only holds for a perfectly isolated rod. In

the case of heat exchange with the environment, modeled as heat bath with constant

temperature T0, a Newtonian cooling term proportional to the temperature difference

to the environment T − T0 has to be added on the right-hand side of (1), leading to an

equation of the form[26]

∂

∂t
T (x, t) =

λ

%c

∂2

∂x2
T (x, t)− h

cm
(T (x, t)− T0), (4)

with h being the heat transfer coefficient and m the mass of the sample, which finally

has the exponential solution [26]

T (x, t) = T0 + (T1 − T0)e−αx (5)

for the temperature profile in this case. If the coefficient α is determined experimentally,

the heat transfer coefficient can be calculated according to

h = α2λAL. (6)

Therefore, also the loss of heat to the environment can be determined experimentally.
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2.2. Experimental setup

The heat conduction experiment used in our laboratory courses consists of cylindrical

metal sample rods with a length of L = 26 cm and a diameter of d = 5 cm, made of

Aluminum and Copper, respectively (cf. Fig. 1.a). The sample is heated at one end with

a cartridge heater and cooled at the other with a standard CPU fan. The isolated version

moreover has a PVC insulation layer with a 3 mm slit along the rod, to allow for thermal

imaging of the rod inside (cf. Fig. 1.b). The temperature data finally is extracted from

thermal images taken with an Optris PI 450 IR camera placed in front of the sample.

The temperature values in axial direction are then passed to the HoloLens via WiFi,

where the visualization is done. In the current state, the HoloLens-App developed

by the authors provides three different representations of the data: false-color image

of the temperature values, projected as “hologram” directly onto the sample cylinder,

numerical values at three pre-defined points (the two ends and the middle of the rod)

and a temperature graph as a function of the position along the rod, hovering above

the setup, cf. Fig. 1.c. For this arrangement the spatial contiguity principle is not only

obeyed for the false-color representation by default, but also for the numerical and the

graph representation, as the x-position of the values exactly corresponds to the position

in real space along the rod. Since the augmentations are moreover shown in direct

neighbourhood to the experimental apparatus, both can be observed and compared at

the same time. The user may switch the numerical and graph representation on and

off at will; moreover, it is possible to export the data as csv-file at any time for later

analysis. These functions can be executed with the help of virtual buttons—square

holograms projected at the right end of the rod—which can be chosen with the so-called

gaze point, a cursor, that can be moved with the users gaze. If the gaze point meets a

hologram ready for selection, it will be highlighted. It may then be selected with the

air-tap gesture, a hand gesture analogue of clicking on a mouse or a touch pad, simply

by tapping with the forefinger [27].

Since in many laboratory courses it is common for the students to work at the same

experimental apparatus simultaneously in groups of two or even more, another important

feature of the current design consists of the possibility to cooperate not only in the real,

but also in the virtually augmented world. In the case of this setup this is ensured, as all

students attending the experiment and wearing a HoloLens are able to see and to work

with the same augmentations, enabling true cooperation also in MR. Therefore, they

are not only able to discuss the experimental progress during the session, but also the

virtual annotations and evaluations presented in their shared MR experience. This is

possible since HoloLens itself guarantees a very high quality level of spatial registration

of the virtual objects in real space. This means that a hologram, once positioned in

space, stays there, even if the user moves around, leaves the room and comes back

again. The initial positioning of the holograms in our setup is achieved with the help

of a visual marker on the experimental apparatus: after successful marker recognition

the AR content is simply presented in spatial relation to the position of the marker.
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Figure 1. a) Experimental setup (non isolated rod); b) Experimental setup (rod with

PVC-insulation) and user wearing a HoloLens; c) holo.lab setup (non isolated rod) with

MR experience; augmented representations: false-color representation of temperature

along the rod, numerical values at three points above the rod, temperature graph; d)

Temperature graph after equilibration (blue crosses) and linear fit (red line) for an

isolated Cu-rod.

If two or more students use a HoloLens, both devices use the marker recognition and

present the AR content independent of each other. The gesture recognition of HoloLens

works in a limited region, the gesture frame, which is within easy reach of a person’s

hands. Interference with a person performing the gestures in immediate neighbourhood

is possible, however, in a normal working distance in the laboratory very unlikely and

would only occur on purpose. That means, that actually all persons only control their

own HoloLens.

Compared to projection-based AR techniques, which also are able to overcome the

split attention effect, the holo.lab setting has the advantage of augmenting 3D objects

without any occlusion issues that are always present otherwise. Moreover, additional

augmentations—not fixed to surfaces of real objects—can be implemented here. One

drawback of state-of-the-art smartglasses, however, is the limited field of view. While

this is an issue especially for large-scale experiments, in table-top setups it represents

only a minor restriction that will be overcome in the next generation of smartglasses.

The standard version of the experiment in the framework of the laboratory course,

as used by the control group of our study (cf. Sec. 3), does not use the HoloLens

and therefore cannot benefit from real-time augmentations and representations of the
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data. Here students instead have to use a hand-held FLIR i60 IR camera, a standard

device in the laboratory, to take thermal images of the sample. These images may then

be transferred to a provided PC, where temperature data can be extracted from them

using the commercial software of the camera manufacturer. Only then the data can be

exported to a csv-file for further processing and plotting. To identify the stationary state

of the temperature distribution, this has to be done several times during the heating

procedure. Therefore, the main differences of this setup compared to the HoloLens setup

are that neither spatial nor temporal contiguity of the representations of the data are

provided in this scenario: students do not get any kind of real-time feedback besides the

false-color image. This also means that they do not get different representations of the

experimental data at the same time, but first have to process the snapshots taken with

the hand-held IR camera; finally displaying the data is also locally decoupled from the

physical experimental setup.

2.3. Experimental results

In both setups the data produced during the laboratory course has afterwards to be

processed and analyzed by the students. Extracting the slope of a linear fit to the

temperature distribution of the stationary state of the isolated rods (cf. Fig. 1.d) is

sufficient to calculate the thermal conductivity λ of the materials in use via (3). Such

an analysis of the data is also part of the laboratory course and has to be carried

out by all of the students after the experimental phase to analyze and discuss the

results and difficulties of the experiment. Regarding the very simple realization of

the experimental setup—especially the non perfect PVC insulation of the rods and

the cooling against room temperature with the fan—at a constant heating power of

Q̇ = 50 W the setup still yields reasonable results for the thermal conductivity constant

λAl = (128± 11) Wm−1K−1 and λCu = (329± 27) Wm−1K−1 of Aluminum and Copper,

respectively, as already has been reported in [28]. These values underestimate the

reference values found in literature (λAl,lit = 235 W/(m K) and λCu,lit = 401 W/(m K)),

since thermal losses to the environment effectively reduce the thermal flux through

the rods. The topic of these losses is then again picked up by the analysis of the

experiment using the non isolated rods. Extracting the decline factor α from an

exponential fit to the data of the form (5) allows to calculate the heat transfer coefficient

h according to (6), yielding hAl = (0.72 ± 0.01) WK−1 and hCu = (2.5 ± 0.01) WK−1,

respectively. Expectedly these values are again underestimating the reference values

hAl,lit = (1.32±0.01) WK−1 and hCu,lit = (3.05±0.01) WK−1, where the literature values

for λ were used. Nevertheless they are reasonable regarding the very simple insulation of

the setup. For the analysis of the data performed by the students, a thorough discussion

of the shortcomings of the setup and the data collection are required. In this context

the issue of heat losses to the environment also alludes to technical aspects as well as the

principle of energy conservation and different types of heat transport, such as radiation

and convection and therefore is an important part of the subjects of this experimental
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course.

3. Empirical study on conceptual understanding

3.1. Theoretical background

The benefit of the holo.lab setup presented in this paper is the possibility of keeping

track of the real physical devices and representations of the data simultaneously and

in real-time. The false-color representation allows to experience an otherwise invisible

quantity, like in this case temperature, with human senses, thus extending perception

to new regimes [17, 19, 21, 23, 28]. Based on multimedia learning theory [7], it can be

assumed that temporal and spatial contiguity of the holographic projection directly onto

the real object effectively supports the learning process by avoiding the split attention

effect that would occur according to CLT [8], if other display types, like tablets or even

computer screens, would be used for the virtual augmentation. In fact, basic principles

of multimedia learning theory can simply be extended to the case of AR scenarios if

real objects resemble pictures, while virtual augmentations substitute written text [14].

Therefore, real world annotations ensure spatial contiguity and reduce the cognitive

load of the students [14] such that a larger fraction of the short term memory may

be used during the cognitive process according to CLT [8]. This is also supported by

user studies targeting the ability to memorize annotated information in AR settings

[25]; also here spatial contiguity, i.e. presenting the information directly on top of an

object, turned out to significantly improve the results. Additionally the MR setup

automatically implements a contextual visualization [29] of the data by design [30, 14].

In combination with the real-time presentation of the data, we thus expect a more

effective interrelation of theory and experiment, as, e.g., the equilibration process can

directly be followed watching the temperature graph or the false-color representation

and be related to theoretical predictions, which otherwise—in classical laboratory class

setups—is only possible in hindsight while analyzing experimental data outside the lab.

Therefore, in this design a direct feedback is implemented, ensuring that students get an

immediate impression of the effects of the experimental parameters. Besides this direct

feedback, competent handling of representations is a key to successful physics learning

[31, 32, 33, 34, 35, 36, 37] and so the integrative use of multiple representations (such

as diagrams, measuring values and true- or false-color images) should foster conceptual

understanding. Moreover, in this setting students are also able to observe intermediate

non-equilibrium states and their evolution to the final equilibrium state.

3.2. Material and methods

In order to analyze the effects of the MR enhancements of the experiment on the

conceptual understanding of the students concerning heat and temperature, we thus

conducted an empirical study in the summer term 2017 at University of Kaiserslautern

paralleling the introductory laboratory courses in physics. The overall number of
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N = 59 participants (average age of 20.7 years; almost all of them were in their second

term of study) can be divided into NC = 43 students in the control group (CG) and

NT = 16 students in the treatment group (TG). The CG performed the experiment in

the framework of the laboratory course working with the traditional, well-established

experimental setup equipped with a hand-held IR camera and a PC—without a just-in-

time analysis of the data collected—while the participants of the TG used the holo.lab

setup with the HoloLens in parallel to the standard laboratory course as described in

Sec. 2.2. Our evaluation in a 2×2-design was integrated into the standard processes

of the laboratory course: After arrival at the lab, students first have to pass a short

introductory test, consisting of few oral questions by their advisor, granting that they

have the background knowledge required to use the experimental apparatus. After that,

the TG additionally was instructed to use the HoloLens including a short calibration

of the device. The concept test was conducted in a pre- and post-experiment design.

Before all of the students (TG and CG) started to experiment, they first had to complete

the pre-test; having finished their experimental work they completed the post-test. The

time slot for the laboratory course is set to three hours, such that after all more than

two hours of pure experimenting time are available for the participants.

The items of our conceptual evaluation were picked from the Heat and Temperature

Conceptual Evaluation (HTCE) [38] which is a multiple choice survey consisting of 28

items dealing with basic concepts of thermodynamics and statistics at an introductory

college level, which had to be translated into German. In a literature review concerning

concept tests for thermodynamics the HTCE turned out to cover the topics, which

are relevant in our case, best. Its items can be clustered into eight groups covering

different conceptions [39]. From these we have chosen 16 items, covering the scope of

the experiment, i.e. the clusters Heat and Temperature (Items 1-4), Rate of Cooling

(Items 5-7), Rate of Heat Transfer (Items 10, 11), Specific heat capacity (Items 16-19)

and Thermal conductivity (Items 26-28). The survey was presented to the students on

tablet computers using an online assessment tool.

3.3. Results

First we checked the reliability of the test, achieving an acceptable value of Cronbach’s

α = 0.76. A Kolmogorov-Smirnov test of the scores of the participants showed

agreement with a normal distribution. However, we found differences in the pre-

knowledge between the two groups, the TG on average reaching higher scores compared

to the CG (t-test statistics: t = 2.29, df = 30, p = 0.029, Cohen’s d = 0.63), cf. Fig. 2.a.

To analyze the data for statistically significant gains in the conceptual

understanding of the two groups, we performed t-tests and calculated the corresponding

effect size. The CG did not show a significant effect (t-test statistics: t = 1.19, df = 42,

p = 0.242), whereas participants of the TG on average could improve their score (t-test

statistics: t = 2.30, df = 15, p = 0.036, Cohen’s d = 0.26), cf. Fig. 2.a.

We compared the post-test scores of both groups using an analysis of covariance
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Figure 2. a) Average pre- and post-scores of the concept test (HTCE) of CG and

the TG, respectively. The errorbars indicate the standard deviaion; b) Average pre-

and post-scores of Item 16 of CG and the TG, respectively. The errorbars indicate the

standard error.

(ANCOVA) with the pretest-scores as covariates to take the different pre-knowledge into

account. This yields a statistically significant (F = 5.61, p = 0.02) corresponding small

effect size with a tendency towards the medium range (adjusted Cohen’s d = 0.43). We

therefore could conclude, that over all the MR-setting of the TG improves students’ gain

in conceptual understanding in the context of heat transfer and thermal conduction.

A more detailed analysis based on single items shows that the score gain for Item

16 (cf. Appendix) is especially high compared to all of the other items. Here the

TG is able to increase the score by 0.25 from 0.5 to 0.75, corresponding to a Hake’s

normalized gain of 〈gH〉 = 0.5, cf. Fig. 2.b. Taking into account that this item also

belongs to the group of items with the lowest pre-scores this is a remarkable result. In

Item 16 students have to qualitatively identify a connection between a constant heat

flow into an otherwise perfectly isolated system and the graph representation of the

temperature of the system. Exactly this kind of diagram (temperature graph over time)

is not part of the augmented representations the TG can benefit from, however, the

real-time feedback allows to easily follow the development of the temperature during

the heating process, which is not possible for the CG where only pictures with the

IR-camera for later analysis are taken. Therefore, this result might be a first hint that

augmentations with real-time feedback could enhance the interplay between experiments

and theoretical representations.

4. Conclusion

In this paper we presented a first holo.lab setting for augmenting an existing

experimental setup for the analysis of thermal conductivity of metals, well known

in physics laboratory courses. Making use of the capabilities of state-of-the-art

smartglasses opens the possibility of visualizing invisible physical quantities. In the
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scenario shown here, we extend human perception to new regimes—temperature and

heat—by digitally augmenting physical objects with their own temperature distribution

in false-color representation in real-time. Based on several theories, we could expect

such a holo.lab setting to support the learning process and to strengthen the connection

between theory and experiment. The fixation on the real object provides an intrinsic

contextuality [29], while at the same time students have their hands free to use the just-

in-time evaluation of the data to directly examine the physical processes and parameters

involved, and immediately compare the outcome to theoretical predictions, which we

believe to enhance the links between theory and experiment. Moreover, spatial and

temporal contiguity principles of CATML are obeyed, simultaneously avoiding a split-

attention effect of aCLT, which is supposed to support the learning process of the

students [7].

First positive results of the evaluation of the conceptual understanding of students

support our belief in the benefits of AR and encourage us to continue the development of

the holo.lab with smartglasses for the general use in laboratory courses in physics. Even

though the added value of AR was very limited in this example (in order to establish

a fair comparison between groups), we found positive results. Hence, we can assume

that more complex experiments will benefit even more from augmentation. This will

be tested in upcoming scenarios. Moreover, further evaluations have certainly to be

carried out capturing and analyzing affective and cognitive variables of the participants,

especially cognitive load, to validate our assumptions. The real-time interaction with

different representations as well as the corresponding impact on the conceptual and

representational understanding of the students will also need further examination.

Moreover, also the aspect of cooperation of the students in the framework of holo.lab

experiments and the exact interactions of theory and experiment will be analyzed in

future studies.

The basic idea of a holo.lab scenario is to augment existing standard experiments

widely used in laboratory classes in Physics. This has the advantage of being

easily transferable also to other laboratories at different universities. However, the

programming effort for the integration of new sensors, e.g., different IR cameras, into

the software framework, as well as the relatively high price for the Development Edition

of HoloLens [40] are limiting factors for a rapid implementation of holo.lab settings in

different laboratories at the moment.
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5. Appendix

HTCE Item 16:

This question refers to a cup which contains water at room temperature. The cup is

perfectly insulated so that no heat can transfer into or out of the cup. A small coffee

cup heater inside the cup is used to transfer heat to the water. The water does not boil.

If heat is transferred to the cup at a steady rate, which of the graphs below best

represents the shape of the graph of the temperature of the water over time as the heat

is transferred? Answer G if you think that none is correct.
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