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Abstract: The traditional teaching on printing and packaging cannot demonstrate the
three-dimensional forming process through static samples or two-dimensional drawings without
enough integration of visual and tactile information which causes a cognitive delay for learners about
multi-layer materials and spatial assembly. Using augmented reality (AR) technology as a pedagogy
for interactive experience in printing and packaging based on real-time rendering and 3D registration
technologies analyze the mechanism of surface recognition and information overlay, build up a
teaching module including virtual disassembly, color and lighting feedback and multimodal interaction.
How does AR transforms the static printed matter into dynamic information interface, achieves
non-destructive structural disassembly and multisensory integration provides an operable interactive
teaching path?
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Introduction

Printing and packaging product experiences not only visual reading but also tactile perception;
traditional teaching relies on physical samples and 2D drawings which takes learners some time to
cognitively transform them with spatial relations like folding of cartons, multi-layer lamination or
die-cutting and creasing. The dynamic effects of finishing processes such as foil stamping, embossing
and optically variable inks can't be shown in real-time inside classroom. Lack of proper mapping
between visual information and material tactile sensation leads to disconnectivity among multisensory
channels. Great pedagogical need to explore a technological means transforming static printed matters
into dynamic interactive interface. By using augmented reality (AR) technology overlaying virtual
graphics, animations and parameter labels onto the surface of real packaging enables learner to do
structural disassembly, process observation and information retrieval at their own pace. We expect that
bidirectional interaction mechanism will overcome one-way output limitation of traditional teaching.
Based on the technical features of AR and its pedagogical adaptability, we construct a modular teaching
framework for printing and packaging by sorting out the application pathways from three aspects:
hardware configuration, interaction node design and evaluation indicators, provide technical reference
and methodology support for the pedagogical transformation in this field.

1. Pedagogical Transformation Needs for Interactive Experience in Printing and Packaging
1.1 Limitations of Interactive Presentation in Traditional Printing and Packaging Teaching

Traditional printing and packaging teaching scenario: Students learn about the structure and printing
processes by studying the static sample or 2D drawing or physical disassembly. One way presentation
can't restore the folding, forming and opening/closing process for three dimensional packaging which
leads to a delay in learners' cognition on the space relationship among multi-layer structure, laminating
processes, and die-cutting and creasing. Fixed information output from paper-based media doesn't
satisfy the need of learners' self-directed exploration; it's just an observation and simple touch without
dynamic feedback and multi-perspective switching mechanism!!l,
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On the transmission efficiency for teaching resources: Expressiveness about material reflectivity,
ink thickness and surface finishing processes (foil stamping or UV varnishing), is low with static
printed matter. Students can't get the correlation between internal structural information and process
parameters through observation of physical samples. Absence of a real-time link between the
demonstration equipment and printed samples causes shifting of visual attention from one object to
another, decreasing the ability to focus on core process logic. Shortcomings of interactive presentation
affects understanding depth of causal relationship between packaging structural functions and printing
performance.

1.2 The Integration Gap between Visual Communication and Tactile Feedback

Two channels are involved with the printing and packaging experience: reading visual information
and perceiving tactile materials simultaneously. Tactile features such as the stiffness of paper cartons or
slipperiness of lamination and texture variation of embossing are generally demonstrated one by one
through physical samples due to the small amount of samples and significant loss under current
teaching conditions. Students get tactile stimulation at a low frequency which make it hard for them to
systemically judge the difference in materials. No relation exists between what we see visually on the
printed images and what we perceive tactually so there is no tool available for learners to answer how
the same packaging produce different tactile evaluation questions.

Lack of tactile feedback: Missing dynamic interactive behaviors such as packaging opening action
and removing content. Describing dynamic tactile parameters through textual descriptions or
demonstrating operations (damping sensation, resilience), leaving students imagining this information
gap. Transmission of visual information and tactile information are separated in teaching, hindering the
development of multisensory integrated cognition. Due to the integration gap between learning,
learners lack sufficient understanding on important details about packaging user experience design;
leading them difficultly connecting visual design knowledge and material engineering knowledge.

1.3 Potential for Expansion of Teaching Content through the Introduction of AR Technology

The augmented reality (AR) technology superimposes virtual graphics/animations/parameter labels
onto the real printing and packaging surface - convert previous static printed matters into triggerable
dynamic information interface by scanning the packaging box samples through mobile device, allowing
students to see this information as internal structural layers, direction of gluing lines, position of
windows and relation with inner liners which was previously obtainable only via disassembly;
Non-destructive display mode allows the repeated use of the same teaching sample from various angles
for structural analysis without loss of physical materials and increase observation frequency.

Furthermore, AR technology will add a dimension to the teaching contents of printing and
packaging through showing some process characteristics which is not able to present in real-time
within classrooms(e.g.simulation of ink drying processes with different light sources;angle-dependent
color changing effect of optically variable inks;trigger response of thermochromic inks),interactive
commands such as virtual buttons or drag-to-rotate to let students freely exploring all functional areas
on the packaging at their own pace and get relevant printing process parameters and material
description anytime. Bidirectional interaction mechanism surpasses the one-way information output
mode of traditional teaching and provides an approach to integrate sensory channels in printing and
packaging teaching!?!.

2. Technical Characteristics of Augmented Reality (AR) and Pedagogical Adaptation
2.1 Technical Principles of Real-Time Rendering and 3D Registration

Real-time rendering means performing all material shading, lighting calculation and shadow
projection in 3D models each frame which can be perceived as smooth by a human visual perception of
an AR system without less than this frame rate. In printing and packaging teaching, our objects are
usually virtual packaging structural layers, folding animation or surface finishing effect; it's dependent
on the number of polygons and texture maps' resolution for computational complexity. The parallel
computing ability of the Graphics Processing Unit (GPU) on the mobile device keep the rendering
latency within an acceptable range avoiding any tearing or flickering when we integrate virtual contents
into real printed matter visually.



By supporting with 3D registration technology, the AR is able to calculate the locations of virtual
objects in a real world spatial coordinate system: Marker-based tracking algorithms or natural feature
point tracking algorithm extracts corner points, edge distribution, and texture distribution on the
printing and packaging surface, it calculates the relative position and rotation angle between the camera
and the packaging plane; when the learner moves the printed sample or change his view angle, the
registration module constantly update the coordinate matrix so that the overlapped virtual information
look like being fixed on the packaging surface. Stability of spatial mapping will decide the credibility
of interactive actions (structural disassembly and process magnification) for teaching demonstration.

2.2 Surface Recognition of Printed Matter and Virtual Information Overlay Mechanism

Recognition of surfaces on printed matter needs an image feature extraction and matching algorithm:
pre-determine the pattern/text block/specific color patch of packaging samples as recognition templates
and store its Scale-Invariant Feature Transform(SIFT),Speeded-Up Robust Features(SURF); during the
actual scanning process, comparing real-time images captured by the camera against the template
library for feature point match which will trigger the virtual content if matched successfully; the
glossiness of the printing material,surface lamination or embossed textures affect feature detection, so
preprocessing like illumination normalization and local contrast enhancement is required inside the
algorithm®,

Virtual information overlay mechanism is composed by layer blending and spatial anchoring. Once
identified the printed area, we render accurate 3D models, annotation arrows or process description
texts based on the registration matrix under the image coordinate system. Blend the transparency of
virtual objects with the real printed background's color so it does not occlude any important pattern
while simulating the effect of semi-transparent materials. To demonstrate the internal structure of
packaging, our system could do a virtual "peeling" action for the surface layer of the printed matter
which present the previously occluded parts in wireframe or semi-transparent form. The overlaid
information will not change the physical sample forever allowing learners to repeat triggering the same
area to get different process parameter descriptions.

2.3 Application of Dynamic Interaction Design in Packaging Structure Display

The dynamic interaction design refers to the logic of learner operating against packaging models.
Typical interactions are like: one-finger rotation, two-finger scaling, tap highlighted area to trigger
animations etc. Learners touch the virtual fold lines on the screen in order to show the structure of a
folding carton and play an animation from the flat development drawing to the three-dimensional
forming which can be adjustable by the sliding speed of the finger. For nested or locked-bottom
structures, it enables step-by-step disassembly where at every step the engagement relationships
between current components with the force indication on contact surfaces will be displayed.

Dynamic Interaction on Packaging Structure Display Consider the occlusion relation between
virtual content and real printed matter: when learners put their finger in the camera's field of view
touching virtual buttons, it detects the region of hands and superimpose interactive prompts at fingertip
position; if there are windows/cutout in the packaging, we can simulate the line-of-sight penetration
effect via dynamic interaction (learners slide a virtual slider to change the degree of transparency), so
that they gradually see the relative positions between the contents and the cushioning structure.
Through this kind of interaction, we can present assembly logic which needs multiple physical models
for clear explanation by one printed sample parametrically, reducing the kinds of teaching materials
needed.

3. Construction of a Teaching Module for Printing and Packaging Based on AR
3.1 Virtual Disassembly Process for Packaging Materials and Printing Processes

Different packages use different substrates such as paperboard, corrugated board, plastic film or
metal foil with various thickness/stiffness/surface energy which affect their printability and forming
results. Virtual disassembly using AR technology peels off the composite structure layer by layer.
Learners could slide the screen to show the stacking order of face paper/core layer/backing paper
successively showing the adhesives' distribution/bonding boundaries in a semi-transparent way: There
is a parameter panel popping out at the top of each layer showing the indication for



grammage/whitenes/surface roughness/inink absorbency etc. so that learners can compare the effect of
different materials on dot gain!*!,

Virtual disassembly of printing processes: Target at the workflow from pre-press, press, and
post-press. Learners tap a certain pattern area on the packaging surface; then we animate screen angle,
screen ruling and overprint sequence one by one via AR. For finishing processes (foil
stamping/embossing) we simulate reflective gloss and embossing depth with virtual height maps. The
process will not damage the physical sample for learners to pause, go back or zoom in local details
anytime without losing information due to repeatedly disassembling the sample.

3.2 Real-time Feedback Method for Color Management and Lighting Simulation

For color management we need device characterization and gamut mapping. We pre-calibrate the
color response curve of the camera sensor and get a conversion relation from reflecting spectrum of the
real printed surface to the RGB value of the display device. Learners can scan the same packaging in
different ambient lights: Our AR system collects real-time color temperature and illuminance data and
dynamically adjust the lightness and saturation for virtual color patches so as to make the visual
difference between virtual information and actual color sample be within an acceptable range, helping
explaining metamerism and under color removal.

Lighting Simulation guarantees consistency between virtual objects and real printed surfaces by
determining the position of highlights and direction of shadows from the camera image; computing the
main direction and scattering intensity of the ambient light and apply it into calculating the diffuse and
specular reflections of a three-dimensional model. When learners rotate the packaging or move the light
source around, the brightness change on the virtual structural layers matches the surface gloss of the
actual printed matter. For cases of packages using metallic inks or pearlescent pigments we calculate
the angle dependent color shift effect separately which helps understanding the visual performance of
special inks at different viewing angles.

3.3 Integration Strategy of User Gaze Tracking and Multimodal Interaction

Gaze tracking user fixation position and dwell time on printing and packaging surface by using
front-facing camera or external eye tracker; classify gaze region of hot spots (main display surface,
opening structure, graphic and text labels, barcodes) ; track gaze transition path while doing tasks like
virtual disassembly and parameter viewing. Use these information to optimize placement and
popping-up of virtual icons based on what structural details are often fixated upon but never interacted
with. We leverage gaze data to dynamically focus: if a learner gazes at a certain fold line over a set
threshold, it will automatically magnify the assembly animation therel!.

We have three input modes including gesture recognition, voice commands and touch operations.
Gestures are spatial actions (grasping, turning pages, rotating). Voice commands let us directly ask
questions ("What adhesive is used for this folded corner?" triggering a process description), whereas
touch operations provide fine adjustments such as control sliders of peeling progress. The state machine
scheduling ensures that there will be no logical conflict among these modalities. Complex packaging
teaching scenarios enable learners to start functional modules with voice, adjust viewing angle by
gestures and select certain parameters by touch in an uninterrupted way from frequent exiting/resetting
of the AR scene.

4. Pedagogical Application Pathways and Dimensions of Effectiveness Evaluation
4.1 Selection and Configuration of Hardware Devices and Software Tools

Hardware choice: Accuracy of image acquisition vs Computational processing ability. The tablet
device with a rear depth camera ensures better stability for 3D registration compared to an ordinary
smartphone; large screen allows multi-people simultaneously observe the overlaid virtual structural
layers at once. To solve the problem of lamination reflection on printing and packaging surface
commonly encountered, we recommend to equip camera with automatic exposure adjustment function
and local highlight suppression so as not to cause failure for feature point matching. Chips with Neural
Processing Units (NPUs) could accelerate the calculation of material simulation in real-time rendering
which makes visual effect of finishing process like foil stamping or embossing closer to physical
samplel®,



Software tool selection includes two steps: content creation and runtime deployment. For content
creation step, we adopt Unity or Unreal Engine as rendering engine together with Vuforia or EasyAR as
image recognition middleware (former does feature library training for packaging patterns while latter
does dynamic tracking at runtime); Input material parameters can import scanned reflectance and
Bidirectional Reflectance Distribution Function (BRDF) which enables us to quickly build up optical
response models for different paper and ink combination; Runtime tools need offline caching ability
such that learners could call downloaded process demonstration package without any network
connection.

4.2 Design Guidelines for Interaction Nodes in the Teaching Process

Positioning of Interaction nodes We employ functional zones in the packaging structure: Main
display surface puts global disassembly trigger points showing an overall unfolding animation when
scanning from the front side of the packaging while folding crease lines and adhesive areas put local
magnification nodes with schematic diagrams for gluing width and creasing depth upon tapping. No
dense nodes - we don't want more than 3 - 5 triggerable areas per square decimeter of packaging
surface (too many nodes will crowd visually and hide the recognition of the real printed patterns) Every
interaction node has a clear visual cue such as a pulsating halo or a semi-transparent dot accompanying
them so that learners won't make frequent attempts since they find it difficult to locate the trigger
positions.

Trigger and feedback duration: A single tap gets the parameter panel or plays a short animation;
whereas a long press or slide is for continuous actions such as layer by layer peeling and rotation and
scaling. The latency from trigger action to the system response needs to be less than 200 milliseconds
otherwise it will lead to an uncertain operation. We recommend having a progress indicator bar on top
of the interface for multiple steps (step-by-step disassembly of a five-layer corrugated board), so that
learners could easily know which layer they are currently on and how many layers remain, avoiding
repetitive operations because of unclear process flow.

4.3 Balancing Indicators of Learners' Cognitive Load and Sense of Immersion

Two quantitative measures are used for measuring cognitive load: Task completion time and
frequency of erroneous triggers. If the time it takes learners to complete a packaging structure analysis
task (e.g., locate the fixing method of the inner lining slot) is close to the designed baseline duration,
then we know there won't have much extra comprehension burden from our interaction design.
Erroneous triggers mean accidentally trigger virtual content or closing animations in non-target areas;
over two erroneous triggers within one task indicates too many nodes placed together or ambiguous
cues. Frequent jump-back viewing behavior on gaze-scanning heatmaps indicate that the information
hierarchy doesn't match with the natural order of inspecting the packaging.

Indicators balancing immersion include sustaining attention duration and depth of self-directed
exploration: An AR module maintaining learners' active operations above 15 minutes with completion
of at least 8 effective interactions (i.e., actively rotate models or query process parameters) indicates
that the immersion level has reached a pedagogical usability threshold; when a learner frequently
leaves the scanning interface or asks for help in less than 3 minutes, we should decrease information
density or simplify trigger gestures. Two interaction modes ("Simplified Mode", "Complete Mode")
have been provided such that the former mode is adopted during rapid building up structural cognition
whereas the latter one is used for viewing process details and material parameters helping maintain
continuous attention on AR content without causing cognitive overload.

Conclusion

To meet the demand of interactive experience in printing and packaging by systematicallyal
technical features of Augmented Reality (AR) elaborating the pedagogical adaptation of key
technologies: real-time rendering and 3D registration, surface recognition and information overlay of
printed matter, dynamic interaction design; build up a teaching module that includes virtual
disassembly of materials and processes, real-time feedback on color and lighting, gaze tracking with
multimodal interaction, proposed hardware selection, design guidelines for interaction nodes, balancing
indicators for cognitive load and immersion, emphasize the non-destructive structural display and
integrations of multisensory channels, propose an operable interactive solution for printing and



packaging teaching. For future research direction, we could extend to explore the applications of
lightweight wearable devices like AR glasses in real-time observation of packaging structures so as to
further free the hands-on operations of learners, or introduce more refined haptic feedback devices to
simulate tactile parameters such as surface roughness and stiffness of virtual materials so as to enhance
the haptic authenticity when conducting virtual disassembly process.
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