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Abstract

Students often experience persistent conceptual difficulties in static fluid topics due to
fragmented understanding and reliance on intuitive reasoning. Therefore, the development of
valid and reliable diagnostic instruments is essential to accurately assess students' conceptual
understanding. This study aims to develop and validate a Static Fluid Concept Understanding
Test covering hydrostatics, buoyancy, Pascal's law, and surface tension. The research
employed an instrument development and validation design using Rasch modeling to evaluate
item functioning, dimensionality, and measurement quality. Data were collected from 54
secondary students and supported by expert validation. The results indicate high item
reliability (0.93) with stable item calibration, although person reliability is relatively low,
likely due to limited variability in student ability. Several items exhibit near-misfit patterns,
reflecting variation in students' reasoning in conceptually demanding contexts. Dimensionality
analysis suggests essential unidimensionality, while Differential Item Functioning (DIF)
analysis shows no clear systematic bias across gender. In conclusion, the instrument
demonstrates strong item-level measurement quality and potential as a diagnostic tool. In
practice, it can help physics teachers identify students' misconceptions and design targeted
instructional strategies. However, further validation with larger, more diverse samples is
recommended to enhance its precision and generalizability.
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I. Introduction

In contemporary physics education, conceptual understanding stands as the most consequential marker of
substantive learning, shaping how instructional effectiveness is interpreted and evaluated [1], [2]. Yet, the
coherent integration and application of scientific conceptual structures to interpret, explain, and predict
physical phenomena is persistently difficult for many learners [3]. In the context of static fluids, such
understanding is not merely a collection of isolated ideas but rather a coherent structure of interrelated
principles [4]. Core concepts such as hydrostatic pressure, Pascal's law, and Archimedes' principle are
inherently interconnected. Specifically, understanding pressure as a function of depth and fluid density
underpins reasoning about pressure transmission in hydraulic systems, which in turn relates to the
interpretation of buoyant force as a consequence of fluid displacement [5]-[8]. Consequently, meaningful
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learning in this domain requires not only conceptual accuracy but also the integration of these principles into
a coherent cognitive framework.

Despite this structural nature of knowledge, extensive research in physics education demonstrates that
students’ conceptual structures are often fragmented, unstable, and dynamically constructed rather than
scientifically coherent [3]. Learners tend to rely on intuitive reasoning derived from everyday experiences,
which leads to persistent and systematic misconceptions [2], [3], [9]. Current research converges on three
particularly persistent naive understandings in static fluids: many students (i) attribute hydrostatic pressure to
container shape, cross-sectional area, or total fluid volume; (ii) misinterpret Pascal’s law by conflating pressure
with force, assuming that transmitted pressure or force scales directly with piston area or that forces at different
pistons must share the same direction; and (iii) treat buoyant force as determined primarily by object-related
properties instead of by the weight of the displaced fluid, leading to systematic errors in predicting floating
and sinking [10]-[12]. These patterns of reasoning are not random errors but reflect systematic deviations from
the underlying conceptual structure of static fluids, indicating the presence of stable naive understandings that
guide student responses. Such findings highlight the need for assessment approaches that can capture not only
correctness but also the quality and coherence of students’ reasoning.

Various assessment instruments have been developed to investigate students’ understanding of static fluid
concepts using different methodological approaches. Traditional assessments based on Classical Test Theory
(CTT) primarily rely on total scores and item difficulty indices, which are inherently dependent on sample
characteristics and therefore limited in their ability to provide objective measurement [13]-[16]. To address
these limitations, more recent developments include diagnostic instruments such as the Static Fluid Concept
Inventory (SFCI) [17] and multitier assessments (e.g., MIFO and SFTTI) designed to capture students'
reasoning processes and alternative conceptions more explicitly [18], [19]. These instruments have made
important contributions to the field by providing richer insights into students’ conceptual difficulties,
particularly in identifying patterns of misconceptions and reasoning strategies.

At the same time, each approach reflects different analytical emphases. For example, the Static Fluid
Concept Inventory (SFCI) focuses on classifying students' conceptions through a structured multitier format,
while instruments such as MIFO and SFTTI extend this approach by incorporating additional reasoning layers
to capture students' thought processes in greater detail [17]-[19]. These developments have significantly
improved the diagnostic capacity of assessments compared to traditional methods. However, the primary focus
of many of these instruments remains on identifying misconceptions or comparing group performance
outcomes. As a result, the extent to which they capture the internal organization and coherence of conceptual
understanding, particularly how students coordinate multiple concepts within a unified structure, remains an
area for further exploration.

In parallel, Rasch modeling has been increasingly adopted in physics education research as a means of
achieving more objective measurement by calibrating item difficulty and student ability on a common interval
scale [14], [16]. Rasch analysis provides a range of analytical tools, including item fit statistics, Wright
mapping, and dimensionality analysis, which enable researchers to examine both measurement properties and
response patterns in greater detail [20]. These features offer the potential to move beyond score-based
evaluation toward a more nuanced understanding of how students interact with assessment items and how their
responses reflect underlying conceptual structures [14]-[16], [21]. Despite this potential, the application of
Rasch modeling in the context of static fluid assessment has often focused on establishing measurement
quality, such as reliability and item functioning, or on conducting group-level comparisons [22], [23]. While
these contributions are valuable, there remains an opportunity to explore further how Rasch-based indicators,
particularly model-data misfit and response variability, can be interpreted as indicators of unexpected response
patterns that may reflect inconsistencies in students' conceptual understanding [15], [24], [25].

From this perspective, the present study does not seek to replace existing diagnostic instruments, but
rather to extend prior work by exploring the use of Rasch-based analysis as a complementary approach for
examining conceptual understanding. Specifically, this study develops a Static Fluid Concept Understanding
Test comprising 15 items designed to represent key conceptual relationships among hydrostatic pressure,
Pascal's law, Archimedes' principle, and surface tension. Accordingly, this study aims to develop and validate
a diagnostic instrument for assessing students' conceptual understanding of static fluid concepts using Rasch
modeling. The focus is placed on examining item quality, exploring the hierarchical distribution of item
difficulty, and interpreting response patterns that may reflect variations in students' conceptual understanding.
Through this approach, the study contributes an alternative perspective to existing research by highlighting
how Rasch-based analysis can be used not only for measurement purposes but also for gaining insight into the
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structure of students' reasoning. Therefore, there is a need to develop and validate robust diagnostic instruments
using modern measurement approaches to assess students' understanding of static fluid concepts accurately.
This study addresses this gap by developing and validating the Static Fluid Concept Understanding Test based
on Rasch modeling, thereby contributing to the development of more valid and reliable assessments in physics
education.

1. Methods

This research employed an instrument development and validation design anchored in psychometric principles
and Rasch Measurement Theory. Instrument development followed established standards for construct-aligned
assessment design, content validation, and empirical calibration [1], [15], [16], [26], while validation
procedures were guided by methodological criteria for measurement stability, diagnostic sensitivity, and
structural coherence [15]. Within this framework, Rasch analysis was adopted to evaluate item functioning,
model—data fit, dimensionality, and instrument fairness, reflecting contemporary recommendations for test
development in physics education and conceptual diagnostics [1], [16], [27].

The instrument development process involved adapting and modifying items from previous studies [28]—
[35] and aligning them with the targeted conceptual indicators. An initial pool of 20 items was constructed and
subjected to expert validation to ensure content relevance, conceptual accuracy, and linguistic clarity. The
validation process used a Likert scale from 0 to 3, and the instrument yielded an average score of 2.7 out of 3,
indicating that the items were highly appropriate for measuring students' conceptual understanding [36]. The
validated items were then tested in a pilot study to evaluate their empirical performance. Based on the initial
reliability analysis, four items were removed due to inadequate measurement consistency. A subsequent
validation stage was conducted with a different group of students, resulting in improved reliability. The
instrument demonstrated strong internal consistency, with a KR-20 coefficient of 0.91, indicating high
reliability for measurement purposes. From the remaining 16 items, one item exhibiting extreme misfit was
excluded, yielding a final set of 15 items for Rasch calibration.

The final instrument structure and item distribution are presented in Table 1, which links static fluid
subconcepts to conceptual indicators. Although surface tension is ultimately represented by a single item in
the final instrument, this outcome resulted from the item refinement process, during which other items within
this subtopic were excluded based on empirical evaluation. This allocation, therefore, reflects both the
refinement procedure and the relatively limited emphasis of surface tension within the targeted curriculum
scope. Future instrument refinement may consider expanding item representation for this subconstruct.

Table 1. Test blueprint for the static fluid concept understanding instrument

Sf:;)t;i:i:;: Conceptual Indicator Sample Item Focus gf)ﬁln "
Hydrostatic Understands the dependence of hydrostatic Comparing pressure at equal depths in 5
Pressure pressure on depth and fluid density; compares  different container shapes, pressure

pressure at different positions and conditions.  variation with depth, and fluid type.
Pascal’s Applies pressure transmission principles in Predicting force and pressure outcomes 4
Principle hydraulic systems; analyzes the relation in piston systems with unequal cross-

between force, area, and pressure. sectional area.
Archimedes’ Explains buoyant force as the weight of Determining buoyant force and object 5
Principle displaced fluid; predicts floating/sinking behavior in fluids; relating volume

behavior based on density differences. displacement to buoyancy.
Surface Recognizes intermolecular forces at fluid Explaining capillary rise and surface 1
Tension surfaces and their effects in phenomena such tension effects in fluid interfaces.

as capillarity and floating objects.
Total 15

Data were collected using the finalized 15-item diagnostic instrument administered to 54 eleventh-grade
science students from a senior high school in Malang. In addition to selecting answers, students were required
to provide written explanations for their choices. These responses were used to support the interpretation of
response patterns and provide additional context for students' reasoning. Participants were selected using
purposive sampling, with the criterion that they had completed instruction on static fluid concepts. Permission
for data collection was obtained from the school through formal administrative procedures in accordance with
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institutional ethical guidelines, and participants were informed of the study's purpose prior to participation.
Participation was voluntary and conducted with the awareness and approval of both the school and the students.

Following data collection, the adequacy of the sample size was considered in relation to Rasch
measurement requirements [37]. Rasch measurement allows for instrument calibration with relatively small
samples while maintaining estimation stability. According to Rasch measurement guidelines, a sample size of
approximately 50 participants can yield stable item estimates within £1 logit at a 99% confidence level [37],
[38]. Therefore, the sample size used in this study meets the adequacy criteria for Rasch calibration. While
larger sample sizes generally improve the stability and precision of Rasch estimates, the sample size used in
this study is sufficient for preliminary calibration.

The collected data were analyzed using the Rasch model to evaluate the instrument's psychometric
quality. Rasch analysis was conducted using Ministep version 5.10.4, a Rasch modeling software developed
based on the Winsteps framework [39], [40]. Item responses were analyzed using a dichotomous scoring
approach. The analysis included: (a) reliability and separation indices; (b) item fit statistics (INFIT and
OUTFIT), evaluated using Mean Square (MNSQ) and standardized Z values (ZSTD), with acceptable criteria
of 0.5-1.5 for MNSQ and —2.0 to +2.0 for ZSTD [20], [37]; (c) Principal Component Analysis of Residuals
(PCAR) to assess dimensionality; (d) Wright mapping to examine the alignment between item difficulty and
student ability; and (e) Differential Item Functioning (DIF) to evaluate item fairness across subgroups.
However, DIF results were interpreted cautiously due to the limited subgroup sample sizes in line with
established Rasch measurement guidelines.

I1l. Results and discussion

The results of the Rasch analysis are presented to evaluate the psychometric quality and diagnostic capability
of the developed instrument. The analysis focuses on reliability and separation indices, item fit statistics,
dimensionality testing, and hierarchical mapping of item difficulty, each serving as an evidentiary basis for
assessing construct alignment, measurement precision, and the instrument's sensitivity to naive understanding
linked response patterns. The presentation of results follows a results discussion integration format, with each
empirical finding immediately followed by its theoretical interpretation and comparison with prior research to
ensure analytical coherence and contextual relevance.

Reliability and Measurement Precision

The Rasch reliability and separation results, as shown in Table 2, indicate contrasting measurement
characteristics between items and persons. The high item reliability (0.93) and item separation index (3.83)
suggest that the items are well-calibrated and distributed across varying levels of difficulty, supporting stable
estimation of item parameters and supporting the robustness of the instrument at the item level. In contrast, the
very low person reliability (0.13) and person separation (0.22) indicate limited variability in participants'
abilities, which limits the instrument's capacity to distinguish among different levels of learner proficiency.
This pattern suggests that the sample may be relatively homogeneous, resulting in restricted response variance,
which may be associated with limited variability in participant ability rather than necessarily indicating
deficiencies in item quality [16], [41]. In Rasch measurement, person reliability is highly sensitive to the spread
of ability distribution; therefore, when respondents exhibit similar ability levels, reliability estimates tend to
decrease despite well-functioning items [42].

Table 2. Rasch reliability and separation summary

Parameter Value Interpretation

Item Reliability 0.93  High items are stably calibrated

Item Separation 3.83  Good; suggests adequate spread of item difficulty

Person Reliability 0.13  Low; reflects limited variability in participant ability

Person Separation 0.22  Low; indicates limited differentiation across learner proficiency

KR-20 (Internal Consistency) 0.13  Low; likely influenced by restricted response variance

This interpretation is also consistent with the discrepancy between the internal consistency obtained
during pilot testing (KR-20 = 0.91) and that observed in the main data collection (KR-20 = 0.13). The high
reliability in the pilot phase indicates that the instrument demonstrates potential for consistent measurement
under conditions with sufficient variability in participant ability, while the substantially lower reliability in the
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main study suggests that the observed limitation is more likely attributable to sample characteristics,
particularly limited variability in student responses, rather than inherent flaws in the instrument design.

Comparable studies on static fluid instruments using Rasch modeling [17], [22] have reported similar
patterns when sampling was limited to a single school context, indicating that low person reliability may arise
from sampling constraints rather than instrument malfunction. Related Rasch-based instrument validations in
other physics education domains also demonstrate that high item stability can coexist with limited person
discrimination under conditions of restricted sample heterogeneity [1], [41]. Therefore, while the instrument
demonstrates strong measurement properties at the item level, its person-level diagnostic precision remains
sensitive to sample composition. This suggests that broader and more heterogeneous samples may be required
to enhance person separation and improve the instrument’s discriminative capability [37], [38]. Nevertheless,
the current findings provide a preliminary basis for diagnostic application, particularly for analyzing item
functioning and naive understanding—linked response patterns.

For future applications, it is recommended that the instrument be administered to larger and more
heterogeneous samples to improve person separation and measurement precision. Involving students from
multiple schools or diverse academic backgrounds may help achieve a broader distribution of ability levels.
Based on Rasch measurement guidelines, sample sizes of approximately 30-50 participants are generally
sufficient for stable item calibration within =1 logit at a 95-99% confidence level. Larger samples (e.g., 100—
150) are generally recommended for higher precision (£0.5 logit) and improved generalizability of the
measurement results [37], [38].

Item Fit and Naive Understanding Patterns

Item fit was evaluated using both Mean Square (MNSQ) and standardized Z values (ZSTD) based on
established Rasch criteria. Acceptable fit was defined as 0.5—1.5 for MNSQ and —2.0 to +2.0 for ZSTD. Values
within 1.50-2.00 were considered indicative of potential misfit while still retaining diagnostic relevance, as
such deviations may reflect meaningful variations in response patterns rather than random error [24], [43]. The
analysis identified several items approaching the upper boundary of acceptable fit. In particular, items S7 (Infit
MNSQ =1.17; ZSTD = 1.59) and S11 (Infit MNSQ = 1.13; ZSTD = 1.40) exhibited localized deviations from
model expectations. As shown in Table 3, both items have statistically acceptable response patterns but suggest
possible inconsistencies in students' conceptual understanding. Although still within acceptable limits, they
are considered borderline misfits and treated as near-misfit items for further diagnostic analysis [43].

Table 3. Summary of items approaching the misfit threshold and diagnostic interpretation

Item Concept Infit Outfit Classifi- Naive Understanding Diagnostic Interpretation
Focus MNSQ ZSTD  cation Triggered g P
S7  Hydraulic 1.37/ 1.59/ Near-misfit ~ Context-dependent May indicate potential
pressure 1.22 1.59 reasoning; difficulty difficulty in integrating
distribution coordinating pressure spatial reasoning with
transmission across Pascal’s principle; potential
connected systems conceptual fragmentation
S11 Buoyancy & 136/ 1.40/  Near-misfit Formula-based (plug-and- May reflect a tendency .
density 1.12 1.00 S toward procedural reasoning
) chug) reasoning; reliance
inference rather than conceptual
on surface-level . . .
roportional heuristics integration of density and
P displacement relationships
S14  Buoyancy 1.21/ 0.92/ Borderline/  Over-regular response May reflect stable but non-
(daily 1.66 1.83 overfit pattern; consistent scientific reasoning; requires
context) tendency intuitive schema cautious interpretation
S3 Pressurc? 1.17/ 1.60/  Near-misfit Partial neglect of depth or May 1nd1cqte sensitivity to
comparison 1.48 1.48 (upper . . representational context; may
contextual inconsistency .
(depth) boundary) require refinement
S13  Archimedes 1.31/ 0.16/  Well-fit . Conceptually acceptable but
S o Experience-based . ;
(daily life 1.10 0.23 (monitoring) . relatively superficial
reasoning )
transfer) understanding
S2 U-tube 1.01/ 0.10/  Well-fit o . Early-stage conceptual
o Intuitive balancing . A .
pressure 1.33 0.33 (monitoring) . structuring retains diagnostic
R reasoning
distribution value

Jurnal Riset dan Kajian Pendidikan Fisika, 2026, 13(1)



Static fluid concept understanding ...

In Rasch measurement, borderline misfit reflects deviations from model-expected response patterns and
is often interpreted as an indication of unexpected or inconsistent responses rather than definitive measurement
error [16], [43]. Such deviations may arise in contexts where items require the coordination of multiple
conceptual elements or involve cognitively demanding reasoning processes. In the present study, qualitative
inspection of students’ written explanations provides additional context for interpreting these patterns. For
example, responses to item S11 suggest that some students relied on formula-based (plug and chug) or
procedural strategies (e.g., direct application of density relationships) without fully integrating the underlying
conceptual relationships between density, volume, and buoyant force. Similarly, responses to item S7 indicate
that some students treated pressure as a localized effect of applied force, rather than as a uniformly transmitted
quantity within a connected fluid system. These interpretations should be understood as indicative rather than
definitive, as the analysis of written responses was limited in scope. Nevertheless, such patterns are consistent
with findings in physics education research showing that students often rely on context-dependent or surface-
level reasoning when dealing with conceptually demanding topics such as pressure transmission and buoyancy
[12], [44].

These patterns suggest that the observed misfit may be associated with inconsistencies in how learners
coordinate formal scientific principles with intuitive reasoning, particularly in conceptually complex domains.
This interpretation aligns with prior work in physics education research, indicating that student reasoning often
emerges from the interaction between intuitive and formal knowledge structures, especially in situations
involving conceptual conflict or transitional understanding [2], [20], [45].

Qualitative inspection of item content and students’ written explanations provides additional context for
interpreting these results. Item S7 (Figure 1a), which presents a hydraulic system involving differential piston
areas, requires learners to coordinate Pascal’s principle with spatial reasoning about fluid continuity. Response
patterns suggest that some students may treat pressure as a localized consequence of applied force, predicting
differential surface elevations across connected containers as if pressure propagation diminishes with distance.
This tendency is consistent with prior findings indicating that students often conceptualize pressure
transmission as directionally constrained rather than uniformly distributed [12], [46], [47].

Similarly, Item S11 (Figure 1b), which requires inference of density from buoyant equilibrium, elicits
reasoning based on proportional surface heuristics. Analysis of students' explanations suggests that some rely
on formula-based or plug-and-chug strategies (e.g., 30% volume above water, so density 0.3 g/cm?®) without
fully integrating the relational structure of Archimedes' principle, a pattern commonly associated with surface-
level or heuristic-based reasoning in physics problem solving [44]. Such patterns have been widely reported
in buoyancy contexts, where learners apply surface-level reasoning or computational shortcuts that are not
fully grounded in conceptual understanding [45]. Taken together, these patterns suggest that the observed near-
misfit may be associated with inconsistencies in how learners integrate formal scientific principles with
intuitive reasoning, particularly in conceptually demanding domains such as pressure transmission and
buoyancy.

7. A hydraulic pump with three pistons is shown in
the figure below.

K
: l 11. Look at the figure below!

If a force F; is applied to the piston in chamber
1, then the correct statement is ...

A. The water level in container 2 is higher than A block is floating in water (p,= 1 g/cm?) with

the water level in container 3 30% of its volume above the water. The density
B. The water level in container 3 is higher than of the object is ....

the water level |r1 contalr\er 2 ) A. 03 g/cm?
C. The water level in container 2 is the same as 3

. X B. 0,4g/cm

the water level in container 3 C 05 3
D. The water level in container 2 is lower than o g/cm3

the water level in container 3 D. 0,6 g/Cma
E. The water levels in the containers cannot be E. 0,7g/cm

determined

(a) (b)

Figure 1. (a) Test instrument S7, (b) Test instrument S11
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Comparable patterns have been reported in Rasch-based diagnostics of conceptual physics assessments,
where elevated misfit values tend to occur in items designed to elicit model competition, that is, when intuitive
reasoning interacts with formal scientific constructs [14]. For example, Purwanto et al. [17] reported increased
residuals in items targeting hydrostatic pressure differences due to students relying on shape-dependent
interpretations of pressure. At the same time, another study [22] identified similar tendencies in buoyancy tasks
involving proportional volume reasoning. In the present study, the observed near-misfit appears to be localized
in items associated with conceptually demanding subdomains, particularly those requiring integration of
multiple principles. This pattern suggests that the observed deviations may not be randomly distributed across
the instrument, but may instead be associated with specific areas of conceptual difficulty.

However, this interpretation should be approached with caution, as additional analyses, such as residual
correlation or distractor pattern analysis, were not conducted in this study. Therefore, while the observed
deviations are consistent with theoretically expected areas of conceptual difficulty, further investigation is
required to determine whether these patterns reflect stable cognitive structures or context-dependent response
variability.

Within these limitations, the findings indicate that items such as S7 and S11 may provide useful diagnostic
information by revealing response patterns associated with naive or transitional understanding. Their
borderline misfit, therefore, is retained not solely as evidence of measurement error, but as a potential indicator
of underlying variability in students’ conceptual understanding [41]. In this regard, the present instrument
contributes to the perspective that Rasch analysis, when interpreted alongside learning-related evidence, can
support both psychometric evaluation and exploratory insights into student reasoning in static fluid contexts.

Dimensionality & Construct Coherence

The Principal Components Analysis of Residuals (PCAR) indicated that the Rasch measures accounted for
32.2% of the total variance, while the unexplained variance in the first contrast was 2.96 eigenvalue units
(13.4%). Subsequent contrasts decreased to 2.49 (11.3%) and 2.09 (9.1%), respectively. The essential
unidimensionality index reached 41.0%, suggesting that a substantial proportion of item responses align with
a single latent construct of static fluid conceptual understanding.

Although the first contrast slightly exceeds the commonly referenced 2.0 eigenvalue threshold used to
flag potential multidimensionality, such results should be interpreted cautiously. In applied educational
contexts, eigenvalues marginally above this threshold do not necessarily indicate the presence of a distinct
secondary dimension, particularly when supported by theoretical coherence and item design considerations
[15], [40]. The residual contrasts appear to correspond to groupings of conceptually demanding items,
particularly those involving hydrostatic pressure propagation (S7), buoyancy reasoning (S14), and density—
volume relationships (S11). This pattern suggests that the residual structure may reflect localized variations in
item difficulty or response patterns rather than a clearly defined unintended secondary dimension [44].

Comparable findings have been reported in Rasch-based evaluations of fluid mechanics and conceptual
physics instruments [17], [19], where residual contrasts tend to emerge in items that require coordination of
multiple concepts or involve cognitively demanding reasoning. In such contexts, residual variance may be
associated with differences in how students engage with complex conceptual tasks, rather than solely indicating
violations of the unidimensional measurement assumption. In the present study, the concentration of residual
variance in specific conceptually demanding items suggests that the observed multidimensional signals may
not be randomly distributed, but instead linked to identifiable areas of conceptual challenge [15], [41]. From
this perspective, PCAR results may provide complementary information about item functioning and response
variability [24], [40], in addition to their role in evaluating dimensionality.

However, this interpretation should be approached with caution. The eigenvalue of the first contrast
exceeds the conventional threshold, and additional analyses, such as subscale modeling or validation with more
heterogeneous samples, would be necessary to more definitively evaluate the dimensional structure of the
instrument. Overall, the findings suggest that the instrument demonstrates evidence of essential
unidimensionality, while also exhibiting localized residual variation associated with conceptually complex
subdomains [14], [15]. Rather than indicating a fundamental measurement flaw, these patterns may reflect the
interaction between item demands and variations in students’ conceptual reasoning, highlighting areas for
further refinement and investigation in future studies.
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Wright Map: Hierarchical Alignment of Item Difficulty and Learner Ability

The Wright Map, as presented in Figure 2, reveals a clustering of learner abilities around the logit mean, with
very limited spread across the continuum (approximately -1.5 to +1.5 logits). In contrast, item difficulty spans
a broader hierarchical range, from relatively accessible items (S10, S8, S2 at approximately —1 to —2 logits) to
substantially more demanding items (S12, S13 at approximately +2.0 logits). This asymmetry confirms earlier
findings: the instrument contains sufficient difficulty gradation, yet the participant sample demonstrates
restricted variability in conceptual mastery.

This distribution indicates that the test is more effective for mapping item difficulty than for precisely
differentiating learner ability in a homogeneous population. High-difficulty items (S14, S12, S13), located
above most students on the logit scale, align with contexts where naive understandings are activated, such as
spontaneous reasoning about buoyancy forces (S14) or implicit geometric reasoning in hydraulic systems (S12,
S13). These patterns are consistent with documented findings that students default to perceptual cues (e.g.,
height, shape, and visible force direction) rather than applying invariant principles such as Pascal’s Law or
Archimedes’ principle [48], [49]. Conversely, items situated below the learner's mean (S10, S8, S2) capture
phenomena where intuitive reasoning aligns more closely with normative conceptions, typically in cases
without geometric manipulation or competing perceptual cues.

TABLE 1.0 D:\AA Magister's Courses\ARTICLES 2nd ZOU579wS.TXTt Dec 27 2025 05:37sial\Rasch
INPUT: 54 Person 15 Item REPORTED: 54 Person 15 Item 2 CATS MINISTEP 5.10.4.0

MEASURE Person - MAP - Item
<more>|<rare>
3 +
-
513
512
2 +
s14
11P 22P 24P 36P T|S
s5
1 +
07P 08P 09P 19L 23P 27P
S
14L 150 29P 31L 32L 44P 49P 53P
. s15 .
Learner ablllty 03P 05P 20L 25P 28P 33L 34L 38P 39P 46L 47P 52P s1 Item dlfﬁculty
. S MEML - - .
mapping mapping
02L 06P 10L 12L 13L 17P 37P 42P 50L 51L s11
01P 04L 16L 18L 21L 26L 40P 43L 54L S| s4
s3 s9
-1 30L 45P 48L +
s6
T 52
350 41L s
— °
-2 +
510
.
-3 +
<less>|<freqg>

Figure 2. Wright Map

Wright's map shows that item S11 (0.00 logits) occupies the conceptual center of the scale, indicating that
it functions as an anchor point for assessing baseline understanding of density buoyancy relations. S11 (Pascal
context with floating block, 0 logits) indicates confusion between mass, weight, and density, buoyancy
relations, mirroring findings reported [10], [12], [44], [50], that floating phenomena trigger default substance-
based reasoning (lighter objects float because they weigh less), rather than equilibrium of forces. Conversely,
S7 (+1.0 logits) is positioned at the upper boundary of the item hierarchy, reflecting its role as a high-leverage
indicator of advanced conceptual coordination. The item’s elevated difficulty suggests that recognizing
pressure invariance across non-uniform containers requires restructuring of hybrid mental models that treat
pressure as shape-dependent, a phenomenon widely documented as form-dependent pressure reasoning [49].
Together, these two items establish a conceptual gradient within the scale: S11 as a core conceptual anchor
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and S7 as a threshold indicator, enabling the instrument to differentiate between surface-level correctness and
structurally coherent understanding.

Comparable studies using Rasch modeling on static fluid inventories [17], [22] also report difficulty
alignment concentrated in buoyancy and hydraulic contexts, yet the present results diverge in that the top-end
items (S12—S14) create a clearer difficulty tier. This suggests that while the item set is not superior in scope,
it contributes diagnostic granularity by clarifying where conceptual instability concentrates. Rather than
implying greater instrument advancement, these differences offer an alternative mapping topology that may
complement existing inventories. Collectively, the Wright Map confirms that the instrument's structural
hierarchy is sensitive to the activation of naive understandings in high-cognitive-load contexts, yet its capacity
to classify learners remains limited by sample homogeneity. Thus, while the hierarchy supports diagnostic
interpretation, broader sampling is required to appraise the instrument's full measurement potential and to
validate whether its difficulty structure generalizes across populations.

Differential Item Functioning (DIF) and Fairness Across Gender

Based on the finalized DIF output for the L (male) and P (female) groups, none of the 15 items exceeded the
combined criteria of statistical significance and substantive DIF magnitude (|logit| = 0.5-0.7). While several
items, such as S5 (y* = 5.44, p=.0302) and S9 (3> = 6.52, p = .0172), showed statistically significant contrasts
at the nominal level, these values remain within a borderline range and should be interpreted cautiously rather
than as definitive evidence of DIF. All other items align within expected measurement error ranges. Inspection
of the DIF plot, illustrated in Figure 3, shows fluctuating profiles across items with no consistent advantage
trend for either gender, supporting the absence of a clear systematic bias.
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Figure 3. Person DIF Plot

These findings suggest that item functioning appears largely invariant across gender within the present
sample, indicating no clear evidence of systematic bias. However, this interpretation should be treated with
caution due to the relatively small subgroup sample sizes, which may limit the statistical power of DIF
detection and increase the uncertainty of subgroup comparisons.

Minor contrasts in S5 (hydrostatic paradox context) and S9 (pressure depth comparison in asymmetric
vessels) suggest that the observed contrasts may be associated with context-related response variation rather
than construct-irrelevant bias. For instance, differences in familiarity with representational formats or prior
exposure to specific problem contexts may contribute to localized variation in response patterns [12], [21],
[44]. Such localized variation is consistent with previous Rasch-based studies, which report that small DIF
contrasts often reflect contextual or instructional factors rather than systematic bias [15], [16], [41].

Comparable findings have also been reported in gender-based analyses of physics concept inventories,
where borderline DIF is frequently linked to representational familiarity or contextual framing effects rather
than necessarily reflecting inherent bias [51]. In fluid mechanics contexts, variations in visual-spatial
representation (e.g., U-shaped tubes or buoyancy scenarios) have been shown to momentarily advantage
certain groups depending on prior experience [49]. In line with these findings, the present results indicate that
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DIF patterns are localized and item-specific rather than systematically favoring one group [50]. This supports
the interpretation of psychometric fairness in the majority of items.

Nevertheless, given the limited sample size and subgroup distribution, further validation using larger and
more balanced samples would be beneficial to more robustly evaluate measurement invariance. Future studies
may also consider incorporating additional DIF detection approaches or cross-validation across different
populations. Within these limitations, the current findings provide preliminary support for the instrument's use
in evaluating conceptual understanding across mixed-gender populations, while highlighting specific items
(S5 and S9) for further monitoring and potential refinement.

IV. Conclusions

This study reports the development and initial validation of a Static Fluid Concept Understanding Test,
grounded in Rasch measurement principles, to examine students' conceptual understanding of hydrostatics,
Pascal's law, buoyancy, and surface tension. The results indicate that the instrument demonstrates strong
measurement properties at the item level, including high item reliability and stable item calibration across
varying levels of difficulty. At the same time, several findings should be interpreted with appropriate caution.
The observed near-misfit patterns in selected items (e.g., S7 and S11) may be associated with variations in
students' reasoning, particularly in conceptually demanding contexts, rather than definitive measurement error.
Similarly, the dimensionality analysis suggests evidence of essential unidimensionality, while also indicating
localized residual variation that may reflect differences in how students engage with specific conceptual
subdomains.

The analysis of Differential Item Functioning (DIF) further suggests that item performance appears
broadly invariant across gender within the present sample, although the relatively small subgroup sizes limit
the strength of this conclusion. In addition, the low person reliability observed in the main data collection
highlights the influence of sample characteristics, particularly restricted variability in student ability, on
measurement precision. Within these limitations, the instrument has potential as a diagnostic tool for exploring
students' conceptual understanding and response patterns in static fluid contexts. Rather than serving as a
definitive assessment framework, the instrument provides a preliminary basis for identifying areas of
conceptual difficulty and informing further investigation.

Future research is needed to strengthen the instrument's validity and generalizability through larger, more
heterogeneous samples, cross-institutional validation, and extended analyses of response patterns. Further
refinement of specific items, particularly those exhibiting borderline misfit or context sensitivity, may also
enhance the diagnostic resolution and interpretability of the instrument.
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