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Abstract: The development of digital dentistry is now moving from a 3D static to a 4D dynamic
model. Although 3D modalities (e.g.,, CAD/CAM, CBCT) have overcome the issue of spatial accu-
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sramns 8 racy, they are constrained by an inability to interpolate temporal physiological dynamics occurring
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£(5), 35 (2025) in the oral environment. 4D dentistry adds the dimension of time, expressed in two fundamental

ways: smart materials that change shape according to programmed sequences (4D printing) and
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real-time functional motion integrated into digital workflows. Here, we discuss how responsive
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i these smart systems, would be associated with self-directed readiness, anagenic biocompatibility,
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Introduction

For years the gold standard for construction systems in dentistry was based
in 3D replicate anatomic structures. Intraoral scanning and 3D printing Discovery
of independent practice to be highly accurate prosthetics possible, but these are
still "passive" structures that fail to adapt dynamically pressure biological?? from
the mouth. The oral cavity is known to be a dynamic environment, which is sub-
jected to changes in pH and temperature and to variable masticatory loads over
time. Therefore, 3D-printed appliances frequently encounter "static failure" or
material fatigue in which the appliance is unable to fit when the biological base has
changed. This limitation has led to the need of 4D dentistry, which aims at transi-

tioning from synthetic to live tissue by reshaping morphology [1].

At the heart of the 4D shift is using shape-memory alloys (SMAs) and
shape-memory polymers (SMPs). That's the concept behind 4D printing: a
3D-printed object is designed to behave differently —from, say, solid to ul-
tra-squishy —when it’s hit with some particular trigger (like the heat energy in
human saliva or the acidity of bacterial biofilms). In orthodontics, for example, an

aligner that is 4D-printed could be designed to apply certain forces at temperatures
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in the mouth as it progresses around a sequence of specific positions and thereby
remove the requirement for multiple dozens of different plastic trays. Beyond ma-
terials, the 4D “New Normal” includes functional diagnostics. Contemporary
workflows also include 4D motion capture of the patient’s mandibular movements
during speech and swallowing, so as to not only spatially restore a final restoration

but for its neuromuscular pattern — functional [2].
Applications of 4D Dentistry

Current applications of 4D technology in dentistry The current application of
4D in dentistry is wide-ranging [3]:

Orthodontic: With 4D imaging it is possible for dentists to predict tooth movement
in time, simulate outcomes, and change orthodontic apparatuses while the patient

views what has been simulated.

Implantology: Dynamic imaging allows accurate guided implant placement by

taking into account bone density, healing and soft tissue adaptation over time.

Restorative and Prosthetic Dentistry: Time-related digital models are useful to
observe wear patterns, occlusal adjustments, and prosthesis adaptation at fol-

low-up observations over time; increasing the duration of restorations.

Periodontics and Oral Surgery: The real-time imaging helps in tracking tissue
healing/ regeneration after surgery, allowing for preemptive interventions if com-

plications develop.
Advantages

The 4D concept provides a range of advantages: improved diagnostics, in-
creased treatment predictability, patient-specific care planning and higher levels of
patient compliance thanks to visual representation of the progress during treat-
ment. Patients are allowed to visualize the expected results in a timeline fashion,
leading to higher compliance and satisfaction. Additionally, 4D systems can work
together with Al algorithms for predictive analytics and to better optimize treat-

ment [4].
Challenges and Limitations

Although the future is bright, 4D dentistry also confronts a series of chal-
lenges. Challenges: High expense of equipment and software, as well as data stor-
age demands, along with necessary training can be considered barriers to wider
adoption. Also, standardization of protocols for dynamic imaging and transmission
to electronic dental records is ongoing. Ethical concerns about patient data privacy

and surveillance also need to be carefully addressed [5].
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Future Perspectives

Integration of 4D dentistry with Al, machine learning and tele-dentistry has
the potential to revolutionize patient care to allow for remote surveillance and
predictive intervention. With technology becoming more affordable, 4D dentistry is
poised to shift from being a high-tech fad to the standard of care that focuses on

preventive, patient-centered oral health with evidence-based practice.
Conclusion

The advancement to 4D dentistry is a leap forward in dental health. Not-
withstanding the potential for this technology, entrance into 4D dentistry requires a
rethinking of established clinical procedures. Normalized fatigue life of smart
material and high computational load for 4D motion processing are still big con-
cerns. But as material science and digital processing moves closer to convergence,
the 4D paradigm is ready to transition from an experimental frontier to being
standard of care providing restorations that heal, adapt and move in concert with
the organism. The possible advantages for both clinicians and patients indicate that
4D dentistry is not simply a vision of the future but rather an upcoming reality in

dental practice.
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