Students’ Misconceptions in Reflection, Refraction, and Diffraction: A Two-Tier Diagnostic Study Using the Photonics Explorer Kit
Abstract
This study investigated students’ conceptions and misconceptions in reflection, refraction, and diffraction using a two-tier diagnostic framework supported by activities from the Photonics Explorer Kit (PEK). The study employed a descriptive diagnostic research design involving 51 physics students from a senior high school in Ghana. Data were collected using a 22-item two-tier diagnostic test designed to assess students’ conceptual understanding and scientific reasoning in optics.
The findings revealed varying levels of conceptual understanding across the three optics domains. Students demonstrated relatively better understanding of reflection concepts, particularly rectilinear propagation of light and the law of reflection. Moderate understanding was observed in refraction, especially in Snell’s law and refractive index. However, major misconceptions were identified in lens image formation and total internal reflection. Diffraction and interference emerged as the most conceptually difficult topics, with students showing widespread incorrect scientific justification in wave superposition, constructive and destructive interference, and diffraction patterns. The study further revealed that many students could recall formulas or isolated facts but struggled to provide scientifically accurate explanations for their responses.
The results also showed that non-understanding exceeded understanding across all optics domains, with diffraction and interference recording the highest level of conceptual difficulty. The findings highlight the importance of diagnostic assessment and inquiry-based practical activities in identifying and addressing students’ misconceptions in optics. The study recommends greater emphasis on conceptual reasoning, wave-based explanations, and hands-on learning approaches in physics instruction.
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Introduction
Optics is one of the fundamental areas of physics and plays an important role in science and technology education. Concepts such as reflection, refraction, diffraction, and interference are essential for understanding many natural phenomena and modern technological applications. Despite their importance, several studies have indicated that students experience considerable difficulty in understanding optics concepts scientifically (Kaltakci-Gurel, 2023; Sebald et al., 2022). Many learners are able to solve numerical problems in optics but struggle to explain the physical principles underlying light's behaviour.
Research in science education has consistently shown that students do not come into the classroom as “blank slates". Instead, they already hold ideas formed through their everyday experiences and observations. From a constructivist perspective, these existing ideas shape how learners make sense of new scientific knowledge (de Andrade et al., 2017; Novak & Treagust, 2018, 2022). Some of these prior conceptions can support learning, but others become misconceptions that directly conflict with accepted scientific explanations. What makes these misconceptions particularly challenging is that they are often quite resistant to instruction and can persist even after formal teaching (Guerra-Reyes et al., 2024a, 2024b; Prinz et al., 2021).
In optics, for instance, students commonly develop alternative conceptions about image formation, reflection, refraction, and wave behaviour. A typical example is the belief that images are formed on the surface of a mirror rather than behind it. Others think that light bends because a medium “push” the rays, or they treat diffraction as if it works the same way as reflection (Kaltakci-Gurel, 2023; Kaltakci-Gurel et al., 2017). These kinds of misconceptions limit students’ understanding and make it difficult for them to apply scientific reasoning in unfamiliar situations.
Reflection is usually one of the easier optics concepts for students because it connects to familiar experiences with mirrors and visible reflections. Even so, learners still struggle with ray tracing, lateral inversion, and making sense of mirror equations. Research indicates that many students end up memorising the laws of reflection without truly understanding how images are formed in both plane and curved mirrors (Kaltakci-Gurel, 2023).
Refraction, on the other hand, tends to be even more conceptually demanding. Students often discover it difficult to explain how refractive index relates to the speed of light and wavelength. Misunderstandings are especially common in topics like total internal reflection and image formation by lenses, where learners frequently confuse the conditions under which light behaves differently in various media (Amacker et al., 2024; Özdemir et al., 2020).
Diffraction and interference are typically the most challenging areas because they require students to shift from ray-based thinking to wave-based reasoning. Many students struggle to explain constructive and destructive interference in a scientifically accurate way and often confuse diffraction with either refraction or reflection. Prior studies have shown that learners frequently have a fragmented understanding of wave behaviour and find it difficult to apply wave concepts consistently within optical contexts (Wörner et al., 2022).
Traditional physics assessments, however, tend to place greater emphasis on numerical calculations and final answers than on scientific understanding of concepts. As a result, they may fail to reveal whether students truly understand scientific concepts or are simply recalling memorised procedures. Diagnostic assessments are therefore important because they provide insight into students’ reasoning processes and conceptual difficulties. Among the most widely used approaches in conceptual difficulties research is the two-tier diagnostic test, which combines answer selection with explanation-based interpretation to identify students’ misconceptions more effectively (Csapó et al., 2019; Gurel et al., 2015). This approach makes it possible for distinguish between guessing, partial understanding, and genuine conceptual understanding.
Beyond diagnostic assessment, practical learning experiences also play a crucial role in building students’ understanding of physics concepts. When students engage in hands-on activities, they can test their own ideas, observe scientific phenomena directly, and share explanations through discussion with peers. One example of this kind of support is the Photonics Explorer Kit (PEK), an inquiry-based instructional resource developed to enhance the teaching and learning of optics through experimentation and guided observation. By working with materials such as mirrors, lenses, diffraction gratings, and light sources, students are better able to bridge the gap between abstract scientific principles and real, observable phenomena (Chalyan et al., 2023; Cords et al., 2012; Seyringer et al., 2022).
Although several studies have examined misconceptions in optics, limited research has explored students’ misconceptions across reflection, refraction, and diffraction simultaneously using a two-tier diagnostic framework within the Ghanaian context. Furthermore, few studies have examined how students transition from ray-based reasoning to wave-based reasoning in optics learning environments supported by practical activities.
This study therefore used a two-tier diagnostic approach supported by activities from the Photonics Explorer Kit to investigate students’ conceptions and misconceptions in reflection, refraction, and diffraction. The study sought to identify common misconceptions and determine which optics concepts presented the greatest conceptual difficulty for students.
The study was guided by the following research questions:
1. What conceptions and misconceptions do students hold regarding reflection, refraction, and diffraction? 
2. To what extent do students demonstrate misconceptions when analysed using a two-tier diagnostic framework? 
3. Which optics concept presents the greatest conceptual difficulty?

Theoretical Framework
This study was grounded in constructivist learning theory and conceptual change theory. Constructivism explains that learners do not enter the classroom as empty recipients of information. Rather, students actively build their own understanding of scientific ideas based on what they already know from their prior experiences, everyday observations, and existing mental models of the world (Vosniadou, 2013). In science learning, these prior conceptions play a major role in shaping how new ideas and phenomena are interpreted.
From a constructivist perspective, what are often called “misconceptions” are better understood as alternative conceptions that emerge from everyday interpretation and intuitive thinking. While these ideas may seem reasonable from the learner’s perspective, they frequently do not align with scientifically accepted explanations (Vosniadou, 2013). In optics, for example, students may believe that images are formed on the surface of a mirror or that light bends because a medium physically pushes the light rays. If instructors do not explicitly identify and address such ideas during instruction, they can hinder meaningful learning.
This study is also grounded in conceptual change theory, which explains how learners move from incorrect or incomplete ideas toward scientifically accepted concepts. The theory suggests that students are unlikely to abandon their existing beliefs unless they encounter learning experiences that directly challenge those ideas and create a need for restructuring their understanding (Posner et al., 1982; Vosniadou, 2013). Conceptual change, therefore, requires students to recognise limitations in their current understanding and engage with explanations that are scientifically meaningful and intelligible.
The use of a two-tier diagnostic approach in this study was informed by the need to examine students’ underlying reasoning rather than focusing only on correct answers. Two-tier diagnostic assessments are effective in identifying misconceptions because they reveal both students’ selected responses and the explanations supporting those responses. This makes it possible to distinguish between memorisation, guessing, partial understanding, and genuine conceptual understanding.
The use of the Photonics Explorer Kit (PEK) was also consistent with constructivist principles of learning. Hands-on activities involving mirrors, lenses, diffraction gratings, and light experiments provided students with opportunities to observe scientific phenomena directly, discuss ideas collaboratively, and test their explanations through inquiry-based experiences. Such learning environments may help students confront misconceptions and develop deeper scientific understanding of optics concepts. Overall, constructivism and conceptual change theory provided an appropriate theoretical basis for understanding how students develop misconceptions in reflection, refraction, and diffraction and how diagnostic assessment can be used to identify these conceptual difficulties.

Methodology
Research Design
The study employed a descriptive diagnostic research design to investigate students’ conceptions and incorrect interpretation in reflection, refraction, and diffraction. The design was considered appropriate because the study sought to identify and describe students’ conceptual understandings rather than evaluate the effectiveness of an intervention program. Diagnostic research designs are widely used in science education studies involving misconceptions because they allow researchers to examine students’ reasoning processes and conceptual difficulties in detail, particularly in topics such as light and optics where misconceptions are often deeply rooted (Fulmer et al., 2015; Xiao et al., 2018).
Participants
The participants consisted of 51 physics students from a senior high school in Ghana. The students had previously studied geometrical optics as part of their physics curriculum but had limited exposure to diffraction and interference concepts. The participants were selected purposively because they had the required background knowledge relevant to the study.
Participation in the study was voluntary. Ethical procedures such as informed consent, confidentiality, and anonymity were observed throughout the study. Students were told the research's purpose and assured that their responses would be used only for academic purposes.
Instrumentation
Data were collected using a 22-item two-tier diagnostic test developed to assess students’ understanding of reflection, refraction, and diffraction concepts. The instrument covered major optics topics, including the rectilinear propagation of light, laws of reflection, image formation by mirrors and lenses, refractive index, Snell’s law, total internal reflection, diffraction, and interference. 
The first tier of each item required students to select an answer to a conceptual question, while the second tier required students to provide written explanations to justify their responses. This structure made it possible to identify students’ misconceptions and distinguish between correct guessing and genuine conceptual understanding.
The use of two-tier diagnostic tests has been widely recommended in misconception research because such instruments reveal more about students’ reasoning than conventional multiple-choice tests (Fulmer et al., 2015).


Validity and Reliability of the Instrument
To ensure content validity, the diagnostic test items were carefully aligned with the research objectives and the major optics concepts included in the senior high school physics curriculum. The instrument was reviewed by two physics education lecturers and one experienced senior high school physics teacher to assess the scientific accuracy, clarity, relevance, and appropriateness of the items.
A pilot review of the instrument was conducted with a small group of students who possessed characteristics similar to those of the main study participants. Feedback from the pilot review was used to revise ambiguous statements, improve item clarity, and strengthen the wording of the explanation tier.
To improve reliability in the classification of students’ responses, the written explanations were coded independently according to four conceptual categories: Correct Conception (CC), Partial Conception (PC), Misconception (MC), and No Explanation (NE). The coding process followed clearly defined criteria to ensure consistency in interpretation and classification of responses. Disagreements identified during the coding process were reviewed and resolved through discussion before final analysis.
Photonics Explorer Kit (PEK) Activities
Before the administration of the diagnostic test, students engaged in guided practical activities using the Photonics Explorer Kit (PEK). The activities were designed to give students meaningful opportunities to observe and explore key optics concepts through hands-on engagement. Students took part in practical tasks involving mirrors, lenses, laser light sources, diffraction gratings, and experiments on light propagation.
Through these activities, students were able to directly observe phenomena such as reflection, refraction, diffraction, and interference, making the underlying concepts more tangible and accessible. Students also discussed observations and provided explanations during the activities. The PEK activities were not treated as an intervention programme but rather as a learning environment that encouraged conceptual engagement and scientific explanations. Hands-on inquiry activities have been shown to improve students’ scientific understanding and support scientific interpretation in physics education (Faour & Ayoubi, 2018; Islek, n.d.; Papalazarou et al., 2023). 
It is important to note that the Photonics Explorer Kit activities were not used as an instructional intervention to measure learning gains or treatment effects. Rather, the activities were used to provide students with a shared experiential context before the diagnostic assessment. The PEK-supported activities allowed students to observe optics phenomena directly and articulate their scientific explanations more clearly during the two-tier diagnostic process.
Data Collection Procedure
The diagnostic test was administered after students had participated in the PEK activities. Students responded individually to all items and provided written explanations for their answers. Adequate time was given to allow students to explain their reasoning clearly. Students’ responses were collected and organised according to the major optics concepts assessed in the study.
Data Analysis
Students’ responses were analysed quantitatively and qualitatively. Quantitative analysis involved the use of frequencies and percentages to determine the proportion of students demonstrating Correct Conception (CC), Partial Conception (PC), Misconception (MC), and No Explanation (NE).  Qualitative analysis involved a careful examination of students’ written explanations to identify recurring patterns in their reasoning, as well as common misconceptions across the various optics concepts. By combining both quantitative and qualitative approaches, the study was able to generate a more comprehensive understanding of students’ conceptual knowledge and the specific difficulties they encounter when reasoning about optics.


RESULTS
4.1 Conceptions and Misconceptions in Reflection, Refraction, and Diffraction
The analysis revealed varying levels of understanding across reflection, refraction, and diffraction concepts.
Table 1
Summary of Students’ Conceptual Understanding Across Optics Domains (n = 51)
	Optics Concept
	Sub-Concept
	CC (%)
	PC (%)
	MC (%)
	NE (%)
	Dominant Interpretation

	Reflection
	Rectilinear propagation of light
	45.10
	25.49
	11.76
	17.65
	Generally understood basic ray behaviour

	
	Law of reflection
	31.37
	27.45
	17.65
	23.53
	Partial procedural understanding

	
	Image formation (mirrors)
	11.76
	25.49
	27.45
	35.30
	Weak conceptual/spatial understanding

	
	Mirror equation & magnification
	29.41
	21.57
	33.33
	15.69
	Formula recall > conceptual meaning

	
	Spherical mirror characteristics
	23.53
	17.65
	29.41
	29.41
	Fragmented understanding

	
	Lateral inversion
	7.84
	25.49
	31.37
	35.30
	Strong misconception persistence

	Refraction
	Snell’s law
	41.18
	9.80
	23.53
	25.49
	Moderate procedural understanding

	
	Refractive index
	39.22
	29.41
	13.73
	17.65
	Reasonable intuitive grasp

	
	Lens image formation
	27.45
	35.29
	13.73
	23.53
	Weak ray diagram competence

	
	Thin lens equation
	23.53
	27.45
	17.65
	31.37
	Procedural errors are common.

	
	Total internal reflection
	1.96
	7.84
	15.69
	74.51
	Major conceptual breakdown

	Diffraction & Interference
	Constructive/destructive interference
	0.00
	5.88
	39.22
	54.90
	Very weak wave reasoning

	
	Interference pattern drawing
	0.00
	0.00
	62.75
	37.25
	Severe representational difficulty

	
	Light speed (air → glass)
	58.82
	0.00
	41.18
	0.00
	Procedural recall is strong.

	
	Wavelength change
	70.59
	0.00
	29.41
	0.00
	Strong isolated recall

	
	Frequency constancy
	64.71
	0.00
	33.33
	1.96
	High factual retention

	
	Light vs sound waves
	0.00
	13.73
	41.18
	45.09
	High conceptual confusion



In reflection, students demonstrated relatively stronger understanding of rectilinear propagation of light (45.10% CC) and the law of reflection (31.37% CC). However, lower levels of correct conception were observed in image formation by mirrors (11.76% CC) and lateral inversion (7.84% CC). Misconceptions in these areas were associated with incorrect ray tracing and misunderstandings about image location.
In refraction, moderate levels of correct conception were recorded for Snell’s law (41.18% CC) and refractive index (39.22% CC). In contrast, total internal reflection recorded the lowest level of correct conception (1.96% CC) and the highest proportion of no explanation responses (74.51% NE).
Diffraction and interference concepts showed the weakest overall performance. No student demonstrated correct conception for constructive/destructive interference or interference pattern drawing. Misconceptions were especially high in interference pattern representation (62.75% MC) and differences between light and sound waves (41.18% MC). Overall, the findings suggest a progressive decline in conceptual performance from reflection to diffraction and interference.

4.2 Extent of Students’ Misconceptions Across Concepts
To determine the extent of misconceptions, responses were aggregated across Correct Conception (CC), Partial Conception (PC), Misconception (MC), and No Explanation (NE). For comparative analysis, an additional index was computed: Understanding which comprises Correct Conception and Partial Conception and Non-understanding which also includes addition of Misconception and No Explanation.
Table 2
Extent of Understanding and Misconceptions Across Optics Concepts (n = 51)
	Optics Domain
	Understanding (CC+PC) %
	Non-understanding (MC+NE) %
	Interpretation

	Reflection
	36.1%
	63.9%
	Moderate understanding

	Refraction
	34.0%
	66.0%
	Weak–moderate understanding

	Diffraction & Interference
	17.9%
	82.1%
	Very weak understanding



The aggregated results indicate that students had the highest level of understanding in reflection, followed closely by refraction. However, both areas still showed substantial levels of non-understanding. Diffraction and interference recorded the highest proportion of non-understanding (82.1%), indicating that this domain posed the greatest conceptual challenge to students.

4.3 Comparative Conceptual Difficulty of Optics Topics
A ranking of conceptual difficulty was established based on the proportion of non-understanding (MC + NE).
Table 3
Ranking of Conceptual Difficulty in Optics
	Rank
	Concept Area
	Non-understanding (%)
	Difficulty Level

	1
	Diffraction & Interference
	82.1%
	Highest difficulty

	2
	Refraction
	66.0%
	Moderate-high difficulty

	3
	Reflection
	63.9%
	Moderate difficulty



The results show that diffraction and interference represent the most challenging area for students. Reflection, although relatively better understood, still contained substantial conceptual gaps, particularly in image formation and ray-based reasoning.


DISCUSSION 
5.1 Students’ Conceptions and Misconceptions
The findings revealed that students’ scientific understanding varied across the three optics domains. Reflection concepts were comparatively better understood, particularly rectilinear propagation and the law of reflection. This finding agrees with earlier studies which reported that students tend to perform better in familiar ray-based optics concepts because such ideas are closely connected to everyday visual experiences.
Despite this relative strength, students still demonstrated misconceptions in image formation and lateral inversion. Many learners appeared to memorise rules and examples without fully understanding the underlying spatial relationships involved in mirror image formation. Similar misconceptions have been reported in previous optics education studies, where students struggled to interpret ray diagrams and image locations scientifically (Aregehagn et al., 2023; Uwamahoro et al., 2021).
In refraction, students demonstrated moderate understanding of Snell’s law and refractive index but had trouble applying these ideas to more advanced contexts such as lens image formation and total internal reflection. This supports the argument by Chu et al. (2009; WIDIYATMOKO & SHIMIZU, 2018) that students often retain fragmented scientific ideas when instruction emphasises formulas more than conceptual reasoning.
Diffraction and interference produced the greatest conceptual difficulty. Students struggled with wave superposition, phase relationships, and interference patterns, frequently confusing diffraction with reflection or refraction. This finding is consistent with (Planinic et al., 2024; Susac et al., 2020), who observed that students often fail to transition successfully from ray-based reasoning to wave-based reasoning in optics learning.

5.2 Extent of Misconceptions
The findings indicate that non-understanding exceeded understanding across all optics domains, suggesting that students’ scientific explanations were generally weaker than their procedural knowledge. This pattern may reflect instructional practices that prioritise formula application and examination performance over conceptual reasoning and explanatory thinking.
The comparatively stronger performance in reflection may be attributed to students’ frequent exposure to mirrors and observable ray behaviour in everyday contexts. Such experiences may support intuitive visual reasoning and reinforce basic geometrical optics concepts. However, the persistence of misconceptions in image formation and lateral inversion suggests that familiarity alone does not guarantee conceptual coherence.
Refraction concepts introduced greater cognitive demands because students were required to coordinate multiple scientific relationships involving speed, wavelength, refractive index, and medium transitions. Students’ explanations frequently revealed fragmented understanding, particularly in total internal reflection, where many learners failed to integrate the necessary boundary conditions for the phenomenon to occur.
Diffraction and interference produced the greatest conceptual difficulty because these topics require abstract wave-based reasoning rather than direct visual interpretation. Students appeared unable to consistently apply principles of superposition, phase relationships, and wave interaction. This supports conceptual change theory, which suggests that deeply rooted intuitive models often resist restructuring unless learners engage in experiences that directly challenge existing reasoning patterns (Novak & Treagust, 2022; Posner et al., 1982; Vosniadou, 2013).

5.3 Conceptual Difficulty Ranking
The ranking of conceptual difficulty confirmed that diffraction and interference are the most challenging topics for students. This aligns with the high cognitive demand involved in moving from geometric ray models to abstract wave superposition principles.
Refraction ranked second, mainly due to difficulties in applying Snell’s law to more complex situations such as total internal reflection and lens imaging. Reflection was identified as the least difficult topic, although it still presented challenges in higher-order spatial reasoning tasks. Overall, the pattern suggests a clear progression of difficulty from familiar visual phenomena (reflection) to abstract wave-based phenomena (diffraction and interference).

Conclusion
This study examined students’ conceptions and misconceptions in reflection, refraction, and diffraction using a two-tier diagnostic framework supported by activities from the Photonics Explorer Kit. The findings revealed substantial conceptual difficulties across all optics domains, although the severity of misconceptions differed across topics.
Reflection concepts were comparatively better understood, particularly those involving basic ray behaviour. Refraction demonstrated moderate levels of understanding, but students experienced considerable difficulty with lens image formation and total internal reflection. Diffraction and interference emerged as the most conceptually demanding topics, with widespread misconceptions related to wave superposition, interference patterns, and wave-based reasoning.
The findings further revealed that correct responses did not always correspond to scientifically accurate explanations. Many students demonstrated procedural recall without sufficient conceptual justification, highlighting the limitations of conventional assessment approaches that focus primarily on final answers.
The study therefore underscores the value of two-tier diagnostic assessments in identifying hidden misconceptions and revealing students’ reasoning processes in physics learning. The findings also emphasise the need for optics instruction that prioritises conceptual explanation, inquiry-based engagement, and opportunities for students to confront and reconstruct alternative conceptions. Overall, the study contributes to growing research in physics education by demonstrating how students’ conceptual difficulties increase as optics concepts move from concrete ray-based reasoning toward more abstract wave-based reasoning.
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