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Abstract 

The development of an apparatus for the measurement of linear thermal expansion coefficient 

of metal by a single diffraction method has been developed. The development was made based 

on several ideas from previous researchers, as well as to overcome several limitations which 

yields insignificant results. The development includes the redesign of the primary holder 

module, the temperature measurement module (using a thermocouple sensor connected to the 

PC), and the measurement approach of the diffraction pattern distance by means of digital 

video analysis techniques using Tracker software. The development of the modules as well as 

the measurement approach that has been done yields very good experimental results. The 

measured linear thermal expansion coefficient of aluminum has a high level of accuracy and 

precision. The result is (23.100 ± 0.2186)×10-6/°C, and compared from a reference, i.e., 23.000 

× 10-6/°C, the relative error of is 0.95% and the relative standard deviation is 0.43%. 
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INTRODUCTION 

Measurement of linear thermal expansion coefficient are generally carried out through 

experiments using Musschenbroek apparatus, which are commonly used in high schools. There are 

many other tools and methods currently available which have been developed for the measurement, 

one of which is the single slit diffraction method. The experimental apparatus for the measurement of 

linear thermal expansion coefficient by a single slit diffraction method has been previously 

developed by several researchers, e.g., Pujayanto, et al., (2016), Wulandari & Radiyono (2015) and 

Ferawati & Okimustava (2012). Based on the results of these researches, there are several limitations 

which still need to be resolved to produce more accurate results. The development to overcome the 

previous limitations includes the improvement of the design and the size of the measured metal 

object, the redesign of the primary module, how to measure the rapid temperature change (which was 

previously undetected due to the limitations of the measuring instrument), and how to measure the 

generated diffraction pattern. Based on these considerations, an experimental apparatus to measure 

the linear thermal expansion coefficient of metal was developed, by using a single slit diffraction 

method with data acquisition using digital video recording. The accuracy of the results from the 

measurements is analyzed by a comparison with the result from a reference, while the precision of 

the apparatus is evaluated by means of standard deviations analysis from repeated measurements. 
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RESEARCH METHODS 

This research started with re-designing the apparatus, manufacturing the modules and 

constructing the experimental set, and concluded with evaluating the apparatus by analyzing the 

experimental results. The design and manufacture of the apparatus was carried out in the Department 

of Physics workshop, Institut Teknologi Bandung. The evaluation was carried out in the Basic 

Physics Laboratory of the Basic Science Center - A ITB building. All of the stages of this research 

are carried out in the period of January – June, 2018. 

The research is based on a concept of linear thermal expansion where a metal rod expands as it 

undergoes a temperature increment. The linear expansion (change in length) experienced by a 

particular metal depends on a constant known as the linear thermal expansion coefficient. Various 

measurements are available to determine the constant, one of which is based on the analysis of 

diffraction pattern. Diffraction refers to various phenomena that occur when a wave (in this case, 

light) passes through a narrow barrier or gap where the wave will be diffracted (spread-out) where 

the spread out will generate a dark-bright pattern on a screen. In this research, a metal rod is designed 

so that the two ends will form a narrow gap, where a beam of light is passed through the gap thus 

generates a diffraction pattern on a screen.  

The experiment was carried out using a set of apparatus which employs a method of measuring 

changes of width of the single narrow gap as the metal undergoes a thermal expansion. Furthermore, 

the apparatus should also be able to measure the rapid temperature change, as well as the 

corresponding rapid expansion. In this research, the developed apparatus uses laser as the beam of 

light which is passed through the single narrow gap to obtain a single slit diffraction pattern. The 

increase in the gap width that is proportional to the linear expansion of metal length can be measured 

by analyzing the generated diffraction pattern, in which, the linear thermal expansion coefficient of 

the metal can then be determined.  

Analysis of the generated diffraction pattern mainly focused on measuring the distance of the 

pattern. The measurement was carried out by means of video analysis using Tracker: a software for 

analyzing and modeling various type of motion as well as optical phenomena. Tracker is a free 

software developed by Open Source Physics (OSP) using a Java framework (Wee & Lee, 2012). As 

for the temperature change, a thermocouple temperature sensor is used where the module is 

connected to the PC through Logger Pro software. This module is used to overcome rapid 

temperature change.  

Calculation of the linear thermal expansion coefficient involves digital image processing method, 

i.e., image acquisition, image digitization, image quality improvement, and graph plotting. Linear 

regression is applied to analyze the relationship between 1/y (y = the distance of the first order of 

dark diffraction pattern to center pattern) and T (temperature), the gradient/slope of the curve is used 

to calculate the linear thermal expansion coefficient of the metal. The design and arrangement of the 

experimental apparatus is shown in FIGURE 1. 

 
a) 
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b) 

 

 
c) 

FIGURE 1. (a) trial set scheme; (b) experimental device arrangement in data collection; and  

(c) sample video frames analyzed using Tracker. 

RESULT AND DISCUSSION 

Development of Experiment Apparatus  

In the previous studies, analysis of the diffraction pattern was done manually, where the distance 

of the first order of dark diffraction pattern to center pattern generated on a screen is measured using 
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a ruler. Likewise, data acquisition of temperature change was based on a manual reading of the 

analog thermometer scale. The rapid expansion process which occur as the temperature increases 

rapidly, makes it difficult to record the temperature data accurately. Therefore, the use of digital-

automated data acquisition devices in this study is employed to overcome the difficulty. Digital-data 

acquisition includes the video recording of the diffraction pattern and recording of temperature data 

using thermocouple temperature sensor which is connected to the PC through Logger Pro software.  

The limitations from previous studies are listed in TABLE 1, as well as the analysis of the causes and 

the corresponding applied development. 

The size of the metal strip and the design of the primary module of the previous research 

(limitation number 1) can be seen in FIGURE 2(a). FIGURE 2(b) shows the design of the new 

primary module holder (development to resolve limitation number 2). To resolve the limitation 

number 3, the use of a digital-based thermocouple sensor temperature gauge is shown in FIGURE 

2(d), which replaces the analog-based rod mercury thermometer temperature gauge shown in 

FIGURE 2(c) which is used in previous researches. Millimeter block which is used in the previous 

researches to measure the distance of the generated diffraction patterns is shown in FIGURE 2(e)  

(limitation number 4). FIGURE 2(f) shows the digital video analysis tool; the Tracker software. The 

use of Tracker software is based on research conducted by Brown & Cox (2009). 

 

TABLE 1. Factor’s constraints, analysis of causes, and development of experimental tools. 

 

TABLE 1. Factor’s contraints, analysis of cause and development tools. 

Constraints Factors Analyze Factor  Tool Development  

a. The primary module is 

not sturdy which causes 

the module not to be in 

an upright or steady 

position. 

The metal strip is too thin, 

causing it to be curved due 

to the weight of the wood 

support so that the position 

of the primary module is not 

steady. 

The size of the metal strip is 

replaced by a thicker one (20 

mm wide and 1.0 mm thick). 

b. Uneven expansion on 

both sides of the metal. 

 

 

 

 

 

The primary module holder 

is designed on one side, 

made by clamping the top of 

the side. This causes 

expansion to only occur in 

one direction (not balanced). 

 

The holder's design and 

position of the primary 

module are re-designed. The 

primary module holder is 

replaced by using a screw 

attached to the bottom of the 

metal, thus the expansion is 

balanced on both sides of the 

metal. 
c. The temperature rise is 

too rapid so that it 

cannot be observed 

carefully on the scale of 

the increase in 1°C. 

 

 

 

Accuracy of analog 

temperature gauges used and 

limitations of the observer's 

vision. The temperature of 

the water (which conducts 

the heat to the metal) rises 

rapidly, which cause the 

observation to be inaccurate 

if measured using analog 

device. 

The temperature gauge is 

replaced with a digital 

temperature measuring 

device, i.e., a thermocouple 

sensor that is connected 

directly to the PC via a 

Vernier connection interface.  

d. Inaccuracy in measur-

ing the width of the 

diffraction pattern on 

the screen. 

 

The width of the pattern is 

measured using ruler which 

is highly inaccurate, 

especially in the case of 

rapid change of the pattern 

due to rapid temperature rise.  

A digital video camera is 

used to record the generated 

diffraction patterns, where 

the produced video is then 

analyz-ed using Tracker 

software. 
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e. A slight-repeated mo-

vement in the diff-

raction pattern on the 

screen when the water 

reaches the boiling 

point. 

When observations are 

carried out for a long time, at 

the boiling point, the water 

will undergo a phase change. 

During this phase change, 

the water vapor affects the 

path of the laser beam, 

which causes a change in the 

generated diffraction pattern. 

The water container is 

enclosed with a cover which 

is adjusted accordingly to fit 

the design of the primary 

module.  
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c) 

 

 
d) 
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e) 

 

 
f) 
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g) 

FIGURE 2. (a) Design of the primary module used in previous researches, (b) the re-design of the primary module, (c) 

mercury thermometer used in previous researches, (d) thermocouple sensors (digital) used to measure temperature, (e) 
millimeter blocks used for measuring the distance of diffraction patterns in previous researches, (f) Tracker software to 

analyze the distance of diffraction patterns, (g) Heater cover to minimize water vapor. 

 

Evaluation of the Experiment Results 

Evaluation of the developed experimental apparatus was conducted through analysis of several 

physical parameters that can be measured, i.e., temperature (T), time (t) and the distance of the first 

order of dark diffraction pattern to center pattern (y). FIGURE 4 (a) shows the graph obtained from 

plotting the y and T, which qualitatively show the relationship between y and T. FIGURE 4 (b) shows 

the relationship between y and t. 
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a) 
 

 
b) 

 
FIGURE 4. (a) Plot of y (the distance of the first order of dark diffraction pattern to center pattern) vs. T (temperature), (b) 

Plot of y (the distance of the first order of dark diffraction pattern to center pattern) vs. t (time). 

 

As seen in FIGURE 4 (a), when the temperature increases the distance of the first order of 

dark diffraction pattern to center pattern decreases (the generated diffraction pattern narrows 

down). The rapid temperature rise over time causes the distance of the first order of dark 

diffraction pattern to center pattern decreases, as seen in FIGURE 4 (b). This shows that the 

width of the metal gap increases due to thermal expansion of the metal. From the results of 

the experiment, the relationship between the temperature rise of each 1°C and 1/y is shown 

in FIGURE 5. 
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FIGURE 5. (a) Graph 1/y (y = first order dark distance) with respect to T (temperature). 

 

The curve in FIGURE 5 is obtained by regression analysis between data 1/y (y = distance of 

diffraction pattern) to T (temperature) obtained by a linear relationship. From the graph obtained a 

gradient or slope graph value which is then used to calculate the value of aluminum metal expansion 

coefficient using Equation (1). 

                   (1) 

 

From the plot in FIGURE 5, the relationship between 1/y and T is obtained by a linear regression 

analysis, which is also consistent with the results of a study by Bharmanee, et al., (2008) and 

Fakhruddin (2006). The experimental data shows the increase of temperature causes the width of the 

metal gap to increase, which causes the distance the diffraction pattern to narrow. Thus it can be 

concluded that the temperature rise is inversely proportional to the distance of the diffraction pattern. 

Experimental data from the analysis of measurements of aluminum metal long expansion coefficients 

are shown in TABLE 2. Analysis carried out included accuracy analysis by calculating relative error 

through Equation (2) and precision analysis carried out by calculating standard deviation using 

Equation (3) and relative standard deviation from repetitive measurement using Equation (4). 

        (2) 

           (3) 

          (4) 
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TABLE 2. The results of data analysis of linear thermal expansion coefficient of aluminum 

 

 

TABLE 2 provide an illustration of the quality of the produced data. Accuracy, which describes 

the similarity of the experimental data compared to a reference, is analyzed based on the comparisons 

which was made based on a relative error (the smaller the error, the greater the accuracy). The 

relatively small error value indicates that the measurement has a high level of accuracy. From the 

five measurements, the data that is fairly constant, which indicates that the measurement has a high 

level of consistency, as evidenced by the relatively small standard deviation and standard deviation. 

Standard deviation is a benchmark that shows the level of precision in measurement, the smaller the 

standard deviation, the higher the precision. 

SUMMARY 

The development of experimental apparatus for measuring the linear thermal expansion 

coefficient by means of digital video-based analysis if the diffraction pattern has been conducted. 

The development includes the re-design of the primary module holder, the use of temperature 

measurement with thermocouple sensors connected to the PC, and the distance measurement of 

diffraction patterns using digital video analysis techniques using Tracker software yielded a very 

good results, i.e., the ones with high degree of accuracy and precision. The linear thermal expansion 

coefficient of aluminum from the experiment is (23.100 ± 0.2186) × 10-6/0C with an average of 

relative error of 0.43% and a relative standard deviation of 0.95%. 

The experimental apparatus for measuring the linear thermal expansion coefficient is expected to 

contribute to the development of physical experiments regarding expansion and diffraction, primarily 

for the high school level. Future possible works includes the measurement of linear thermal 

expansion coefficient of other metals. 
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