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Feel it to learn it!—Cognitive and
motivational effects of haptic
learning materials

Hannah Sophie Erdmann*, Michael Montag, Lena Büscher and
Steffi Zander

Faculty of Social and Behavioural Sciences, Friedrich Schiller University Jena, Jena, Germany

Introduction: Haptic learning materials have been increasingly recognized for
their potential to enhance cognitive and motivational aspects of learning. This
study examines the effects of using haptic anatomical models compared to visual
representations in learning environments.
Methods: The research specifically investigates the impact of haptic materials on
learning success, intrinsic motivation, and cognitive load, considering individual
differences in the Need for Touch (NFT). Using an experimental design, 87
university students participated in a study where they engaged with either haptic
or visual materials on anatomical structures.
Results: Results showed no significant difference in overall learning success
between the two conditions. However, haptic materials led to lower extraneous
cognitive load and higher germane cognitive load in certain contexts,
suggesting improved information processing. Additionally, intrinsic motivation
was significantly higher in the haptic condition for specific learning content.
Regression analyses revealed that students with a high NFT particularly benefited
from haptic models, experiencing reduced extraneous load and increased
intrinsic motivation.
Discussion: These findings highlight the relevance of haptic materials in
optimizing cognitive load and motivation, contributing to embodied learning
theories. Future research should explore the long-term effects of haptic learning
and its applications across diverse educational contexts.

KEYWORDS

anatomical models, cognitive load, haptic learning, intrinsic motivation, learning with
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Introduction

Learning with models and materials is a long-standing instructional approach and
remains widely used in education. From a contemporary perspective, such materials can
be understood as one form of multiple external representations (MERs), i.e., different
representations (e.g., text, images, formulas, or physical objects) that are provided to
support understanding and problem solving. Research on MERs suggests that learning
benefits particularly when representations complement each other and help constrain
misinterpretations (Ainsworth, 2006). Haptic models (e.g., anatomical models of the
heart, brain, or molecules) represent an external representation that, unlike purely visual
materials, enables tactile interaction with the learning object. On a sensory and cognitive
level, this means that the learning object is examined using exploration procedures
that provide additional information about properties such as temperature, spatial extent,
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sub-processes, texture and material density (Klatzky and Lederman,
2002). Haptics can support learning by making it easier to establish
a connection between instructions and physical requirements
(Minogue and Jones, 2006).

In the area of learning with media, the form of representation
plays a decisive role, which can be explained by several theories
and models.

The Cognitive-Affective Theory of Learning with Media
(CATLM; Moreno and Mayer, 2007) extends the Cognitive Theory
of Multimedia Learning (CTML; Mayer, 2005) by incorporating
affective and metacognitive components. It posits that information
is processed through separate channels with limited capacity
(Sweller, 1999) and that meaningful learning requires active
cognitive processes such as selecting, organizing, and integrating
new information (Mayer and Moreno, 2003). Motivation influences
cognitive effort (Pintrich, 2003), metacognitive processes regulate
emotions and learning strategies (McGuinness, 1990), and prior
knowledge shapes learning success (Kalyuga et al., 2003; Moreno,
2004; Moreno and Durán, 2004).

Recent studies have extended the CATLM framework to
embodied and haptic learning contexts. Evidence shows that tactile
and immersive interactions can reduce extraneous cognitive load
and support motivation and engagement. For example, haptic
augmented reality applications have been found to lower cognitive
load while maintaining intrinsic motivation (Fehrmann, 2025),
and AR-based learning objects can enhance learning outcomes
by optimizing cognitive resources (Michel-Acosta et al., 2024).
Conceptually, the notion of non-cognitive load integrates emotional
and motivational demands into cognitive load theory (Sultanova,
2025), while research on embodied cognition shows that physical
interaction can improve learning without increasing cognitive
strain (Ratcliffe and Tokarchuk, 2020).

Together, these findings reinforce CATLM’s view that
cognition, emotion, and motivation interact dynamically during
multimedia learning and highlight the added value of embodied
and sensory engagement in (digital) learning environments
enriched by haptic MERs.

As shown in Figure 1, learning material initially enters the
sensory memory via different sensory channels. Words (spoken
or written) are received via the auditory or visual system, while
visual, haptic, olfactory and gustatory stimuli are processed via
the eyes, hands, nose and tongue. The sensory information is
then selected, depending on its relevance, and fed into the
working memory. In the working memory, this information is
processed further and converted into different representations:
Auditory information can be converted into a verbal model,
while visual and haptic-tactile information is predominantly
incorporated into a non-verbal model. These models are merged
into a coherent mental model through active cognitive processes
(e.g., organization and integration). Motivational, affective and
metacognitive processes have a significant influence on this process,
for example by controlling attention, regulating cognitive effort or
supporting the selection of suitable learning strategies. While haptic
exploration provides additional sensory information such as texture
or density—which also activates motor and somatosensory areas
of the brain—the visual-verbal pathway requires a more symbolic
representation of knowledge. Both pathways can ultimately
contribute to the formation of coherent mental models that are

integrated with existing knowledge in long-term memory and
stored there. Depending on the type of knowledge, this takes
place in declarative (explicit) or non-declarative (implicit) memory.
The retrieval of this information supports future learning and
problem solving (Moreno and Mayer, 2007). Working memory
plays a central role in the model. The CATLM assumes that
working memory has a limited capacity, while long-term memory
is considered unlimited. If the demands placed on learners exceed
the available resources of the working memory, an overload
occurs, which is referred to as “cognitive overload.” There is an
overlap in content with the Cognitive Load Theory (CLT) by
Sweller (1988), particularly in the area of evidence-based design of
learning materials. Both models are based on the working memory
model, which assumes limited attention resources when processing
external representations. The learning benefit of materials is
assessed based on the utilization of the working memory. The
decisive factors here are the complexity of the learning material
(intrinsic load), the didactic design (extraneous load) and the
mental involvement of the learner (germane load).

However, the limitation of working memory is only subject to
biologically secondary knowledge acquisition. CLT differentiates
between biologically primary and secondary knowledge. Primary
knowledge, such as speaking or facial recognition, is acquired
intuitively and effortlessly, while secondary knowledge, such
as reading or mathematics, requires explicit instruction and
conscious effort, as it is not directly rooted in evolution (Sweller,
2020; Lespiau and Tricot, 2024; Kalyuga, 2023; Castro-Alonso
et al., 2024). Relief can be achieved by externalizing internal
processes to tactile (haptic) perceptions. For example, if a learner
is supported by explicit instructions, visual representations, or
interactive elements, fewer cognitive resources need to be used
for the internal organization of information. This relieves the
working memory and facilitates the acquisition of knowledge
(Skulmowski and Xu, 2021). Similar assumptions are used in the
EC approach and in theories and research on the embodiment
principle. Embodied cognition (EC) states that sensory and motor
systems influence cognitive processes (Hayes and Kraemer, 2017;
Manches and O’Malley, 2012) and consequently, cognition cannot
be separated from perception and action (Fiorella, 2021; Zou
et al., 2025). If this is applied to the embodiment principle, it
is assumed that students learn better when new concepts are
explicitly linked to relevant actions, such as hand movements
or the use of manipulatives. Embodiment while learning should
reduce cognitive load and improve generative processing by linking
new knowledge with analog actions (Glenberg, 2008; Novack and
Goldin-Meadow, 2015). The working memory is thus relieved (Paas
and Sweller, 2012). Studies show that haptic experiences of objects
lead to detailed and lasting long-term memory representations,
suggesting that touch is an important sensory channel for
environmental information. Processing in working memory also
integrates haptic experiences with information from other sensory
channels (Hutmacher and Kuhbandner, 2018). In addition to
CLT, it is considered that cognitive load is reduced through
embodied instructions by enabling students to transfer their
thoughts to their bodies, e.g., through gestures, or to the world by
manipulating objects. This process effectively extends the capacity
of working memory (Sepp et al., 2019). It should be mentioned
that the distribution and focusing of attention is influenced by
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FIGURE 1

Multisensory model of cognitive—effective learning processing (extended according to Moreno, 2006).

the learner’s previous experiences as well as their current cognitive
requirements, is interrelated, and is subject to constant change.

Summarizing these theoretical approaches, it can be assumed
that rich sensory information also plays a central role in building
a mental model of the learning object when learning with haptic
models (manipulatives) and influences the learning process in
terms of cognitive load, motivation, emotion and learning success.

The current state of empirical research shows that the
inclusion of haptic models can significantly influence the overall
learning success.

Several studies have explored the effects of learning with
models across various subject areas, demonstrating that the use of
physical and manipulable models can positively influence learning
outcomes. The following table presents a selection of key research
findings in this area.

As can be seen from Table 1, most empirical studies on
learning with (3D) models primarily examine learning success, with
models mainly used in STEM-related domains such as anatomy
or engineering. Overall, the literature suggests that physical or
3D representations can support learning, particularly for content
that involves complex spatial structures; however, effects are not
necessarily uniform across topics, learner characteristics, and
assessment formats. In addition, the outcome focus has been
strongly performance-oriented: only one study assessed intrinsic
motivation (Justo et al., 2022), one study examined cognitive
load (Manrique et al., 2024), and one study assessed satisfaction
(Chen et al., 2017). This indicates that emotional, cognitive, and
motivational mechanisms that may explain when and why models
are effective have rarely been examined systematically. Moreover,
potential learner prerequisites and moderators have received
limited attention. For example, only Stull et al. (2016) considered
spatial ability, although such prerequisites may be crucial for
learning from complex structures. Other relevant factors, such as
individual interest, working memory capacity, or haptic learning
preferences, have not yet been systematically investigated in this

context. To address these gaps, the present study on two distinct
anatomical domains (heart and spine) compares haptic models with
closely matched visual materials and examines learning success
as well as intrinsic motivation and cognitive load as key process
outcomes, while additionally considering Need for Touch as a
potential moderator.

Research questions and hypotheses

The study aimed to investigate the influence of haptic learning
materials on learning outcomes, intrinsic motivation, and cognitive
load in two different domains and learning materials (heart and
spine). Specifically, the study sought to understand how individual
differences in the Need for Touch (NFT) might affect these variables
when learning with haptic vs. non-haptic (visual) materials.

The research was structured around the following hypotheses:

- Higher Learning Success (H1): Learners using haptic
materials would achieve greater learning success compared to
those using pictorial materials.

- Higher Intrinsic Motivation (H2): Learners using haptic
materials would report higher intrinsic motivation.

- Lower Cognitive Load (H3): Learners using haptic materials
would experience a lower cognitive load.

Method

Research design

This study employed an experimental design to investigate the
effects of haptic learning materials on learning success, intrinsic
motivation, and cognitive load. The study procedure began with

Frontiers in Psychology 03 frontiersin.org

https://doi.org/10.3389/fpsyg.2026.1753336
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Erdmann et al. 10.3389/fpsyg.2026.1753336

TABLE 1 Summary of relevant studies with information on study field, target group, study design and measurement methods.

Study Field Target group Study design Measurements and key findings

Stull et al. (2016) Chemistry—

molecular

representations

University students Study 1(N = 30): only models Drawing accuracy Main effect: not significant

Spatial abilities

(independent)a

Lower spatial abilities was

associated with better drawing

accuracy

Study 2 (N = 64): models (only

visual), models (manipulable),

pictures

Drawing accuracy Model manipulable > models

(only visual) and pictures

Spatial abilities

(independent)a

No significant findings

Study 3 (N = 59): models (only

visual), models (manipulable),

pictures

Drawing accuracy Model manipulable > models

(only visual) and pictures

Spatial abilities

(independent)a

No significant findings

Justo et al. (2022) Engineering—

structural

kit

University students

(N = 209)

Group 1: physical model

Group 2: virtual model

Learning success Not significant

Intrinsic motivationb Physical model > virtual

model

Attentionb Physical model > virtual

model; for Relevance,

Confidence

Conceptual

understanding

Only post: males > females

Krontiris-

Litowitz

(2003)

Neurophysiology University students

(N = 25)

Ion cell, nerve cell and membrane

properties

Learning success Model > no model

Reid et al. (2018),

(qualitative study)

Anatomy—upper

limb

Second—year

medical students (N

= 5)

Six-day educational intervention

with a novel “haptico-visual

observation and drawing” (HVOD)

method

Self-reported learning

success (retention)

Better memorization of

knowledge

Learning success

(understanding)c

Improve cognitive

understanding and memory

Kooloos et al.

(2014)

Anatomy—brain Second—year

medical students

Study 1 (N = 128):

Group 1: clay modeling Group

2: live observations

Learning success Clay modeling < live

observations

Study 2 (N = 392):

Group 1: clay modeling

Group 2: video observations

Learning success Clay modeling > video

observations

Rau et al. (2015) Medicine—Cleft lip

and palate (CLP)

model

University students

(N = 138)

Practical tasks on the CLP model Learning success Improvement was achieved in

69.6%

Manrique et al.

(2024)

Anatomy—scapulae,

humerus and

clavicle

Second—year

medical students (N

= 85)

Group 1: 2D method

Group 2: 3D plaster bone model

Group 3: no workshop

Learning success 2D method < 3D model

Cognitive load

(self—constructed)

Understanding

anatomical landmarks: 2D

method < 3D model

Experience with model 2D method < 3D model

Tanner et al.

(2020)

Anatomy-−3D

printed model of the

pterygopalatine

fossa (PPF)

Students (N = 118) Study 1: prior knowledge of PPF

Group 1: half skull

Group 2: 3D model

Study 2: no prior knowledge

Group 1: half skull

Group 2: 3D model

Learning success Group 1: half skull <

3D model

Group 2: half skull < 3D

model (not significant

but improvement)

Satisfaction

(self—constructed)

Group 1 and 2: half skull <

3D model

(Continued)
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TABLE 1 (Continued)

Study Field Target group Study design Measurements and key findings

Chen et al. (2017) Anatomy–colored

3D skull model

Medical students

(N = 79)

Group 1: 3D skull model

Group 2: cadaveric skulls

Group 3: atlas (anatomic)

Learning success 3D skull model > cadaveric

skulls and atlas (post-test)

Cai et al. (2019) Anatomy–3D

printed knee model

Medical students

(N = 35)

Group 1: 3D model for each student

Group 2: 3D model in front of class

(“didactic learning”)

Learning success 3D model for each student >

3D model in front of class

Kong et al. (2016) Anatomy–3D

printed model of

hepatic structures

Medical students

(N = 92)

Group1: 3D models

Group 2: atlas (anatomic) three

different types of models

Learning success 3D models (each type) > atlas

aVandenberg and Kuse (1978).
bKeller (2009).
c13 items test based on the specific learning objectives (Reid et al., 2018).

the preparation phase, during which participants received an
introduction to the study protocol and signed an informed consent
form. In the pre-test phase, baseline data were collected through
questionnaires that covered sociodemographic information, Need
for Touch (NFT) for learning, individual interest (Luo et al., 2019),
and prior knowledge about the heart and spine.

NFT was assessed as an individual-difference variable (not
to form groups) to capture potential preferences for tactile
information processing that may moderate the effects of haptic vs.
visual materials, given the limited empirical evidence in educational
haptic-learning contexts.

The study used a counterbalanced within-subject crossover
design: each participant completed one visual and one haptic
learning phase and learned both condition (heart and spine).
Topic order and modality order were counterbalanced across
participants via four sequence conditions. Participants completed
two learning phases (15 min each). Participants were approximately
evenly distributed across the four order conditions.

As can be seen in Figure 2, the study participants were either
first given the learning material with images of the spine and
then, in the second round, the learning material with the model
of the heart, or the other way round. During each learning phase,
participants additionally received unpictured informational texts
on the respective topic to standardize the informational content
across conditions. Following the learning session, the post-test
phase involved assessing cognitive load (Klepsch et al., 2017),
intrinsic motivation (Isen and Reeve, 2005) and learning outcomes
through a knowledge test on the heart and spine. Additionally,
qualitative data on the learning process were collected to provide
further insights into the participants’ experiences. The mixed
running order between learning materials and presentation formats
was used to control for effects of the order of task format.

Material and measures

Learning material

The learning content covered two anatomical topics
(heart and spine). Heart and spine anatomy were selected

because they are relevant to students’ training, are generally
familiar at a basic level without requiring extensive prior
knowledge and typically elicit interest. In each learning
phase, all participants received the same written learning text
(without pictures).

Depending on condition, the text was supplemented either by
visual materials (pictures) or by a physical anatomical model that
could be handled and explored by touch. In the visual condition,
participants received four photographs per topic showing the
corresponding model from different perspectives.

In the haptic condition, participants handled the physical
models directly. The heart model could be opened, whereas the
spine topic was represented by two separate models (a spine model
and an individual vertebra model).

Both models were labeled with the corresponding anatomical
structures. The anatomical models were purchased from a teaching
model manufacturer (“Erler-Zimmer”) and the visual materials
consisted of photographs depicting the corresponding models
from different perspectives to ensure that all information was
comparable across the visual and haptic conditions. Figures 3, 4
show the picture and model materials for the heart and spine
topics, respectively.

Need for Touch

The “Need for Touch Scale” (NFT) (German version:
Nuszbaum et al., 2012) is a psychometric tool developed by Peck
and Childers (2003), which assesses individual differences in the
preference and necessity for tactile interaction with objects.

This scale originally emerged in the field of consumer
research to explore how haptic (touch-related) information
influences purchasing decisions and is divided into two subscales:
Instrumental Need for Touch (1), this aspect relates to the
functional purpose of touch, where individuals seek tactile input
to obtain information about a product to aid in decision-making.
Autotelic Need for Touch (2), this dimension captures the
enjoyment and satisfaction derived from the act of touching itself,
independent of any practical outcome.

Recent research has extended the application of the NFT
Scale to educational contexts, particularly to understand how
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FIGURE 2

Study design.

tactile interactions with learning materials might influence learning
outcomes. The scale was adapted to create the “Need for
Touch—Learning Scale,” which includes items reflecting how
touch can aid in understanding learning content. The adaptation
involved transforming statements related to product interaction
into educational scenarios. For instance, the statement “I feel more
comfortable purchasing a product after physically examining it”
was adapted to “I feel more comfortable in being able to understand
the learning content correctly if I can touch it while learning.” A
pilot study with 20 participants confirmed the comprehensibility of
the adapted scale.

Based on test-theoretical analyses conducted in the main study
(N = 117), nine items were retained for the final version of
the scale, and the original “Demand” and “Preference” subscales
were not used further. In the validation study by Büscher et al.
(2023), the total scale showed excellent internal consistency with
a Cronbach’s alpha value of 0.953. In our sample, the adapted scale
also demonstrated high internal consistency of 0.872. All items are
provided in the Supplementary material S1.

Individual interest

The Academic Interest Scale for Adolescents (AISA; Luo
et al., 2019) measures students’ individual academic interest across
different domains and is based on the four-phase model of interest
development by Hidi and Renninger (2006). It comprises four
subscales: emotion, value, knowledge, and engagement. In the
original validation study, internal consistency was high, with
Cronbach’s alpha values of 0.87, 0.90, 0.88, and 0.86 in mathematics,
and 0.90, 0.93, 0.93, and 0.91 in English, respectively. In our study,
the instrument was adapted in terms of content and language
to fit the context of anatomical learning materials. The internal
consistency of the subscales in our sample (N = 87) was also

satisfactory: emotion (0.930), value (0.834), knowledge (0.878), and
engagement (0.896).

Cognitive load

The Cognitive Load Questionnaire developed by Klepsch et al.
(2017) captures all three types of cognitive load as defined in
cognitive load theory: intrinsic cognitive load (ICL), extraneous
cognitive load (ECL), and germane cognitive load (GCL). The
instrument consists of eight items rated on a 7-point Likert scale,
distributed across three subscales. ICL refers to the complexity
inherent in the learning material, ECL to cognitive strain caused
by instructional design, and GCL to the effort invested in
understanding and schema construction. Example items include
“This task was very complex” (ICL), “The design of this task
was very inconvenient for learning” (ECL), and “My point while
dealing with the task was to understand everything correctly”
(GCL). In the original validation study, internal consistencies
with Cronbach’s alpha values were 0.86 (ICL), 0.80 (ECL), and
0.80 (GCL).

In our study, reliability analyses were conducted separately for
each learning material (heart vs. spine) and representation format
(haptic vs. visual), due to the within-subjects design. Internal
consistency values varied across conditions. For the heart material,
Cronbach’s alpha values were 0.810 (ICL), 0.755 (ECL), and 0.553
(GCL); for the spine material, values were 0.571 (ICL), 0.637 (ECL),
and 0.647 (GCL).

Intrinsic motivation

The Intrinsic Motivation Scale by Isen and Reeve (2005)
assesses the extent to which individuals engage in an activity for
its own sake, due to inherent enjoyment and interest, rather than
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FIGURE 3

Heart learning materials. Left: examples of the visual materials (two photos of the model). Right: the physical model used in the haptic condition
(labeled structures).

FIGURE 4

Spine learning material. Left: examples of the visual materials (two photos of the model). Right: one of the physical model used in the haptic
condition (labeled structures).

external incentives such as rewards or social pressure. The scale
comprises eight items, such as “It is enjoyable” and “It makes
me feel curious about it,” rated on a 7-point Likert scale. In the
original validation studies, the scale demonstrated excellent internal
consistency, with Cronbach’s alpha values of 0.92 (interesting
puzzle task) and 0.93 (uninteresting letter string task).

In our study, the scale was applied separately for two types
of learning materials (heart vs. spine) and two presentation
formats (haptic vs. visual). Internal consistency was excellent
in the heart condition (0.968) as well as in the spine
condition (0.963).

Learning tests

The prior knowledge and learning tests consisted of both
closed—and open-ended items, with varying scoring schemes, in
order to gather information about visual, verbal, spatial and haptic
knowledge. While learning test items had a fixed maximum score,
some prior knowledge items involved open responses with no
predefined maximum (e.g., “Name all components of the heart
you can think of,” with one point per correct element). To ensure
consistency across instruments, internal consistency was assessed
using Cronbach’s alpha for all four tests.
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Prior knowledge

To assess participants’ prior knowledge, two domain-specific
tests were self-developed, one on the spine (6 questions) and one
on the heart (5 questions). The tests differed slightly in length to
ensure adequate coverage of the key concepts for each topic.

The tests included both closed and open-ended items. The full
item set is provided in Supplementary material S2 and S3. Internal
consistency with Cronbach’s alpha values was measured with 0.472
for the heart condition and 0.356 for the spine condition.

Learning test

Two learning tests were developed to assess participants’
learning progress, one focused on the spine and one on the heart.
The questions targeted different levels of cognitive processing,
including retention and comprehension, and addressed both
textual and visual information. The spine test comprised 13
questions (8 retention, 5 comprehension; max. 35 points). An
example item for retention was: “How many movable and how
many rigid vertebrae does the spine have?”). while a comprehension
item was “Why do adults get smaller as they get older?”.

The heart test included 9 questions (5 retention, 4
comprehension; max. 21 points). Sample items were: “Through
which artery is the blood distributed from the heart throughout the
body?” (retention) and “How can it happen that the heart is not
sufficiently supplied with energy?” (comprehension). The full item
set is provided in Supplementary material S4 and S5.

Items were scored using predefined scoring rules; open-
ended responses received points based on the number of correct
elements mentioned.

Internal consistency with Cronbach’s alpha values was
measured with 0.435 for the heart condition and 0.653 for the
spine condition. The heart and spine learning tests differed slightly
in length and maximum score because they were developed to
match the topic-specific content breadth and complexity and
to ensure adequate coverage of the learning objectives for each
topic. Comprehension items were designed to require integration
of information from the learning text and the respective topic
materials; they were not intended to be attributable to a single
modality. Importantly, the heart and spine learning tests were not
intended to be compared directly across topics. Instead, our aim
was to identify motivational and cognitive load related patterns
of effects of different haptic learning materials. Therefore, our
primary analyses compare visual vs. haptic conditions within each
topic using the same topic-specific test, and results are therefore
reported separately for heart and spine.

IRT-based analysis of the test instruments

To check the psychometric quality of the knowledge and
learning tests used, analyses based on item response theory were
carried out for all four instruments (prior knowledge heart, prior
knowledge spine, learning test heart, learning test spine) using the
snowIRT module in jamovi. A partial credit model (PCM) was
used for each of the prior knowledge tests, as the items had graded

response categories (e.g., differentiated descriptive elements). The
learning tests were analyzed using the dichotomous Rasch model
due to their dichotomous response distributions. IRT analyses were
used to evaluate item functioning and test reliability.

The person separation reliability was 0.39 in the heart prior
knowledge test, 0.39 in the spine prior knowledge test, 0.75
in the heart learning test and 0.71 in the spine learning test.
The comparatively low reliability of the prior knowledge tests
is presumably due to the limited number of items and the
heterogeneous, open response format, combined by heterogenous
levels of prior knowledge. However, these instruments were
primarily designed to enable a rough classification of the learners’
prior conceptual knowledge. The learning tests, on the other
hand, showed satisfactory reliability and are therefore suitable for
differentiated assessment of performance levels after instruction.

The item fit statistics were predominantly within the accepted
range (infit/outfit between 0.7 and 1.3); individual items with slight
deviations were retained for reasons of content in order to ensure
the structural validity of the tests. In all four instruments, the
Wright maps showed an appropriate fit between the item difficulties
and the distribution of personal abilities.

Participants

In the study conducted at a German university of applied
science, the participants primarily comprised university students
specializing in psychology from the same degree programme,
semester and course. The total sample size was 87 students, with
a significant gender disparity (78 females and 9 males). Participants
ranged in age from 18 to 29 years, with an average age of 20.72 years
(SD = 2.276).

Results

We first tested for potential order effects (topic order and
modality order). After checks confirmed that no ordering effects
occurred, we combined the data for each condition, irrespective of
the order of presentation. Data were pooled accordingly to topic
and modality for later data analyses (SPINEvis and SPINEhapt as well
as HEARTvis and HEARThapt).

Next, we examined whether there are systematic differences
with regard to the learning requirements prior knowledge,
individual interest and NFT (Tables 2–5). The results are shown in
the following tables. In addition to t-values and p-values, effect sizes
as Cohen’s d were reported together with 95% confidence intervals.
This provides information on the magnitude and precision of
effects beyond statistical significance.

Prior knowledge, individual interest and
Need for Touch

As the NFT was only measured once per test subject and
each test subject completed both learning units, the following table
differentiates between the two conditions (irrespective of order:
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TABLE 2 Means, standard deviation (SD), t-values, p-values, effect sizes (Cohen’s d), and 95% confidence intervals (CI) for prior knowledge.

Learning content Visual Haptic t-test

Mean (SD) Mean (SD)

HEART 45.36 (18.16) 40.93 (20.19) t(85) =−1.07, p = 0.289, 95% CI (−0.66, 0.19), d =−0.24

SPINE 32.64 (11.38) 34.41 (11.96) t(85) = 0.71, p = 0.481, 95% CI (−0.28, 0.57), d = 0.15

TABLE 3 Means, standard deviation (SD), t-values, p-values, effect sizes (Cohen’s d), and 95% confidence intervals (CI) for NFT and individual interest between the two conditions.

Measure HEARTvis/SPINEhapt SPINEvis/HEARThapt t-test

Mean (SD) Mean (SD)

Need for Touch 2.82 (0.70) 2.69 (0.73) t(85) = 0.81, p = 0.421, 95% CI (−0.60, 0.25), d =−0.17

Individual interest 3.09 (0.71) 3.08 (0.63) t(85) = 0.08, p = 0.939, 95% CI (−0.44, 0.41), d =−0.02

HEARTvis/SPINEhapt vs. SPINEvis/HEARThapt) according to which
learning material was presented as a model or illustration.

Learning success, intrinsic motivation and
cognitive load

To investigate the main effects, t-tests were used. To examine
the influence of the Need for Touch, linear regressions were
conducted for each of the two groups using the NFT as a predictor.
The results for both learning materials and presentation formats are
presented in the following tables.

Statistical analysis revealed no effects of the presentation
format (visual vs. haptic) regarding learning success and intrinsic
motivation. For different types of cognitive load, we found the
following pattern: Test persons reported higher extraneous load
in the visual than in the haptic condition, whereas germane load
resulted higher in the haptic than in the visual condition. That
shows that the irrelevant extraneous load is reduced through the
haptic material while the important germane load conducive to
comprehension is increased.

In contrast to the heart material statistical analysis showed
no effects of the presentation format (visual vs. haptic) regarding
learning success and cognitive load. Moreover, contrastingly an
effect of the presentation format on intrinsic motivation with
higher values in the haptic condition was revealed. The results are
mixed and not completely consistent for both learning contents but
taken together results show the potential of haptic learning material
for promoting learning via favorable pattern of cognitive load and
raised intrinsic motivation.

Influence of the Need for Touch

To analyze the relation of the Need for Touch and cognitive
load (heart) as well as intrinsic motivation (spine) a regression
analysis was conducted. Both analysis showed a significant model
fit. Results are visualized in the following graphics.

As displayed in Figure 5 Need for Touch predicts the
extraneous load reported in the visual heart material (R2 = 0.083,
F(1,45) = 4.07, p = 0.050): The higher the Need for touch, the

more the extraneous load increases when learners are confronted
with visual heart material. In contrast when learners use the haptic
version of the material there is no relation between need for touch
and extraneous load (R2 = 0.001, F(1,8) = 0.02, p = 0.878).

As can be seen in Figure 6: For the spine material the following
relation was found. The higher the Need for Touch, the more
intrinsic motivation rises when learners are presented with the
haptic material (R2 = 0.158, F(1,38) = 7.13, p = 0.011). In opposite
when learners view the visual material this relation does not occur
(R2 = 0.005, F(1,45) = 0.29, p = 0.627).

Germane load

No systematic correlations between NFT and germane load
could be found for the learning material on the heart (haptic: R2

= 0.003, F(1,45) = 0.14, p = 0.711; visual: R2 < 0.001, F(1,38) = 0.02,
p = 0.898).

Summary and discussion

This study investigated the effects of haptic compared to
visual learning materials on learning success, intrinsic motivation,
and cognitive load, and further examined individual differences
in Need for Touch (NFT). Overall, no significant differences
between presentation formats were found for learning success
(H1). A reason for this null effect on learning success might be
that modality effects may not always translate into immediate
performance gains, particularly in short learning phases or when
assessments capture broad, topic-specific knowledge. From a
CLT/CTML perspective, haptic support may primarily influence
learning indirectly via processing efficiency and engagement rather
than producing uniform performance advantages across contents
(Sweller, 2020; Mayer, 2005; Moreno and Mayer, 2007). However,
the pattern of effects differed depending on the learning content:
for the spine topic, intrinsic motivation differed between conditions
(H2), whereas for the heart topic, differences emerged primarily
in cognitive load (H3). Regarding motivation, the content-specific
motivational effect aligns with CATLM’s emphasis on affective
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TABLE 4 Means, standard deviation (SD), t-values, p-values, effect sizes (Cohen’s d), and 95% confidence intervals (CI) for learning success, intrinsic motivation, and cognitive between visual and

haptic for the condition heart.

HEART Visual Haptic t-test

Mean (SD) Mean (SD)

Learning success

Total 11.57 (4.21) 12.38 (3.84) t(85) = 0.94, p = 0.176, 95% CI (−0.22, 0.62), d = 0.20

Comprehension 1.97 (1.16) 1.80 (1.07) t(85) =−0.69, p = 0.245, 95% CI (−0.57, 0.27), d = 0.15

Picture retention 7.12 (3.15) 8.19 (2.87) t(85) = 1.65, p = 0.051, 95% CI (−0.07, 0.78), d = 0.36

Text retention 2.47 (0.905) 2.38 (1.13) t(85) =−0.41, p = 0.340, 95% CI (−0.51, 0.33), d =−0.09

Intrinsic motivation

Intrinsic motivation 4.51 (1.45) 4.56 (1.59) t(85) = 0.15, p = 0.880, 95% CI (−0.39, 0.45), d = 0.03

Cognitive load

Intrinsic 4.83 (1.30) 4.76 (1.47) t(85) = 0.23, p = 0.817, 95% CI (−0.47, 0.37), d =−0.05

Extraneous 3.44 (1.39) 2.52 (1.05) t(85) = 3.54, p < 0.001, 95% CI (−1.12, −0.32), d =−0.76

Germane 6.02 (0.74) 6.40 (0.61) t(85) = 2.70, p = 0.008, 95% CI (0.15, 1.01), d = 0.58

TABLE 5 Means, standard deviation (SD), t-values, p-values, effect sizes (Cohen’s d), and 95% confidence intervals (CI) for learning success, intrinsic motivation, and cognitive between visual and

haptic for the condition spine.

SPINE Visual Haptic t-test

Mean (SD) Mean (SD)

Learning success

Total 23.39 (4.13) 23.30 (4.50) t(85) =−0.09, p = 0.465, 95% CI (−0.47, 0.41), d =−0.02

Comprehension 5.41 (1.37) 5.58 (1.46) t(85) = 0.57, p = 0.284, 95% CI (−0.30, 0.55), d = 0.13

Picture retention 11.44 (2.58) 11.50 (2.73) t(85) = 0.09, p = 0.463, 95% CI (−0.40, 0.44), d = 0.02

Text retention 6.59 (1.49) 6.30 (1.38) t(85) =−0.95, p = 0.172, 95% CI (−0.63, 0.22), d =−0.21

Intrinsic motivation

Intrinsic motivation 4.40 (1.42) 5.40 (1.38) t(85) = 3.30, p = 0.001, 95% CI (0.27, 1.14), d = 0.71

Cognitive load

Intrinsic 3.82 (1.32) 3.55 (1.29) t(85) = 0.96, p = 0.341, 95% CI (−0.63, 0.22), d =−0.21

Extraneous 2.37 (0.98) 2.15 (1.08) t(85) = 0.99, p = 0.325, 95% CI (−0.64, 0.21), d =−0.21

Germane 6.08 (0.77) 6.27 (0.74) t(85) = 1.16, p = 0.250, 95% CI (−0.18, 0.67), d = 0.25

pathways in learning and suggests that embodied interaction may
enhance situational engagement depending on topic characteristics
and perceived relevance (Moreno and Mayer, 2007; Fiorella, 2021).

In terms of cognitive load, participants reported higher
extraneous load in the visual heart condition compared to the
haptic condition, suggesting that handling a physical model may
reduce irrelevant processing demands. According to CLT, this
pattern is compatible with the interpretation that haptic exploration
can reduce extraneous processing by providing information in
a more directly perceivable format, thereby freeing resources
for learning-relevant processing (Paas and Sweller, 2012; Sweller,
2020). In addition, germane load tended to be higher (on a
descriptive level) in the haptic heart condition, indicating that
haptic materials while reducing extraneous load at the same time
may foster learning-relevant processing.

We focused on cognitive load and intrinsic motivation
because prior work on haptic and embodied learning often
prioritizes performance outcomes, while the underlying cognitive
and affective mechanisms are less frequently assessed. In line with
CATLM and cognitive load theory, motivation and cognitive load
were therefore selected as key process variables that may explain
why and under which conditions haptic materials support learning,
even when immediate performance differences are not observed.

Differences between learning contents
(heart vs. spine)

Across outcomes, the pattern of effects differed between the
two learning contents. Specifically, for the heart condition, the
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FIGURE 5

Linear regression between extraneous cognitive load and NFT for the condition visual and haptic (heart material).

FIGURE 6

Linear regression between intrinsic motivation and NFT for the condition visual and haptic (spine material).

comparison of visual vs. haptic learning materials yielded a
significant effect on cognitive load, most notably on extraneous
cognitive load. In contrast, for the spine condition, the most
pronounced difference between conditions emerged for intrinsic
motivation. Importantly, because the heart and spine learning tests
were topic-specific and differed in length and maximum score,
we primarily interpret effects within each topic (visual vs. haptic)
rather than as direct cross-topic comparisons of raw test scores.
One plausible explanation relates to differences in content and
model characteristics and cognitive demands. The spine topic is
strongly structure—and relation-based (segmental organization,
spatial relationships), whereas the heart topic additionally involves
more functional and process-related aspects. Moreover, the spine
model might be more impressive and unusual as it is above
one meter high on a typical table (skeleton), while the heart
model can be opened and can be examined trough more
complex exploration procedures. Such differences may influence

which modality provides the most useful support and whether
benefits emerge primarily in motivational engagement or in
reduced processing demands (e.g., lower extraneous load). This
interpretation is consistent with prior work suggesting that the
effectiveness of embodied or object-based supports depends on
task demands and how well the representation affords the required
spatial or functional inferences (Skulmowski and Xu, 2021; Castro-
Alonso et al., 2024).

A second explanation concerns the affordances of the learning
materials. The heart model could be opened, potentially facilitating
access to internal structures and supporting integration with less
extraneous processing. In contrast, the spine topic was represented
by two separate models (spine and an individual vertebra),
which may have shaped how learners explored and integrated
information across representations. Together, these topic—and
material-specific characteristics may help explain why the heart
and spine results diverged, even though the overall instructional
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approach was comparable. Moreover, the comparatively low
internal consistencies observed for some knowledge tests should
be interpreted cautiously, as such tests often cover heterogeneous
content facets and may function as formative measures rather than
reflecting a single homogeneous construct, which can naturally
result in lower Cronbach’s alpha values (Zitzmann and Orona, 2025;
Stadler et al., 2020).

Regarding individual differences, regression analyses indicated
that NFT was related to extraneous load in the visual heart
condition: higher NFT was associated with higher extraneous
load when learning from pictures, whereas this association was
not observed in the haptic condition. In addition, for the
spine topic, higher NFT was associated with higher intrinsic
motivation in the haptic condition only. Taken together, these
findings suggest that learners with a high NFT may particularly
benefit from haptic materials, as physical models may reduce
extraneous cognitive load and increase motivational engagement
depending on the learning content and outcome considered. This
moderation pattern is in line with the conceptualization of NFT
as a preference for tactile information acquisition, implying that
haptic materials may be particularly beneficial when they match
learners’ sensory preferences (Peck and Childers, 2003; Büscher
et al., 2023).

Theoretical implications

The findings contribute to the theoretical understanding of
learning with multiple representations by extending established
models such as Cognitive Load Theory (CLT; Sweller, 1988, 2020),
the Cognitive Theory of Multimedia Learning (CTML; Mayer,
2005), and the Cognitive-Affective Theory of Learning with Media
(CATLM; Moreno and Mayer, 2007). They suggest that haptic
interaction may represent an additional modality that complements
these frameworks by adding an embodied, sensorimotor dimension
to multimodal learning (Fiorella, 2021; Zou et al., 2025).

Rather than indicating uniform performance gains, our
results point to content—and outcome-specific influences of
haptic learning: in our data, haptic materials were primarily
associated with lower extraneous cognitive load for the heart
topic and higher intrinsic motivation for the spine topic. This
pattern is consistent with the view that tactile experiences may
support learning indirectly by shaping processing efficiency and
motivational engagement, depending on the content and task
characteristics (Castro-Alonso et al., 2024; Kalyuga, 2023; Lespiau
and Tricot, 2024). In line with embodied cognition accounts,
sensory experiences may externalize aspects of cognitive processing
and thereby reduce working-memory demands under certain
conditions (Skulmowski and Xu, 2021; Fehrmann, 2025).

Methodological implications

While the sample size of this study is solid, future research
would benefit from larger and more heterogeneous samples
(e.g., broader variation in study background, gender, age,

and educational attainment) to increase statistical power and
generalizability. In addition, further work should examine relevant
learner characteristics and cognitive prerequisites (e.g., spatial
ability) that may shape how learners benefit from haptic models
(Stull et al., 2016; Manrique et al., 2024).

A deeper understanding of haptic learning processes may
require complementing quantitative outcomes with process-
oriented methods. Mixed-method approaches could clarify how
learners explore and integrate haptic information (e.g., handling
strategies and perceived object properties such as weight or
material features) and how these processes relate to cognitive load,
motivation, and learning success (Ratcliffe and Tokarchuk, 2020;
Fehrmann, 2025; Zou et al., 2025). Moreover, because NFT is still
a relatively novel construct in this context, future studies should
further evaluate its reliability and applicability across diverse target
groups beyond predominantly female student samples (Büscher
et al., 2023).

Practical implications

The present findings suggest that incorporating haptic models
may support learning processes in domains that involve complex
spatial and structural content (e.g., STEM and health-related
education). In our study, haptic materials were associated with
lower extraneous cognitive load for the heart topic and higher
intrinsic motivation for the spine topic, indicating that physical
interaction with models can facilitate processing efficiency and
engagement under certain conditions (Paas and Sweller, 2012;
Sweller, 2020; Fehrmann, 2025). Rather than implying uniform
performance gains, these results highlight that the benefits of haptic
materials may be content—and outcome-specific.

To make haptic learning more accessible, low-cost physical
models, including, where feasible, 3D-printed models, may
represent a practical option for educational settings (Chen et al.,
2017; Tanner et al., 2020). However, the effectiveness of such
implementations likely depends on the instructional context and
on how well the models are aligned with the learning objectives and
accompanying materials (Mayer and Moreno, 2003; Moreno and
Mayer, 2007). In addition, individual differences such as Need for
Touch (NFT) may be relevant when selecting or designing learning
materials, as learners with a high NFT may particularly benefit from
opportunities for hands-on exploration (Peck and Childers, 2003;
Büscher et al., 2023).

Limitations

A limitation concerns the comparatively low internal
consistency observed for some measures (e.g., α ≈ 0.42). This may
reflect the content diversity and more formative character of the
tasks rather than a lack of psychometric quality; nevertheless, it
should be considered when interpreting the results. In addition,
the heart and spine tests were topic-specific and not fully parallel
in length and scoring, which limits direct cross-topic comparisons.
Future studies could address this by using more tightly parallelized
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item sets and psychometric equating (e.g., parallel forms or
IRT-based linking) to improve measurement precision and
comparability across topics (Sweller, 2020).

Finally, one outcome approached conventional significance
(Retention Picture task; p = 0.051). This finding should be
interpreted cautiously and warrants replication with larger samples
and/or more sensitive analytical approaches.

Future research

Future work should further clarify under which conditions
haptic materials are most beneficial by systematically varying
learning content and task demands. Given the content-specific
pattern observed here (heart: extraneous cognitive load; spine:
intrinsic motivation), future studies should use more tightly
parallelized assessment instruments and transparent scoring rules
and, where appropriate, psychometric equating to facilitate
comparisons across topics and outcomes (Sweller, 2020;
Skulmowski and Xu, 2021). Future studies could extend this
approach by examining additional evaluative and contextual
variables, such as perceived usefulness, social/contextual factors,
or other potential mediators and moderators, to better understand
when and for whom haptic materials are most beneficial.

In addition, process-oriented approaches are needed to better
understand how learners explore and integrate haptic information.
Mixed-method and process measures (e.g., observation/video-
based coding, think-aloud protocols, or eye-tracking) could help
identify exploration strategies and attention allocation patterns
that may explain differences in cognitive load and motivation
(Mayer and Moreno, 2003; Moreno and Mayer, 2007). Individual
differences such as Need for Touch (NFT) should be examined
in larger and more diverse samples to test whether the observed
moderation effects generalize (Peck and Childers, 2003; Büscher
et al., 2023).

Finally, an important next step is to test haptic learning in more
ecologically valid settings, such as longer instructional units and
delayed post-tests. Building on frameworks that integrate cognitive
and affective processes in immersive environments (e.g., CATLM
and related extensions), future research may also explore whether
and how haptic interaction in digital or virtual learning settings
contributes to cognitive load, motivation, and learning outcomes
(Moreno and Mayer, 2007; Makransky and Lilleholt, 2018).
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