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Clear aligner therapy has become increasingly popular owing to its aesthetic and functional benefits; however, the force
delivery characteristics of  various aligner materials are not well understood. The advent of  direct 3D-printed aligners has
necessitated their comparison with traditional thermoformed materials. This study aimed to evaluate the force delivery of
thermoformed (Zendura Viva) and direct 3D-printed (TA28) clear aligners during 1° and 2° rotational tooth movements,
both before and after artificial aging. A total of  24 aligners were produced and categorized into two primary groups based on
the material: thermoformed (Zendura Viva) and direct 3D-printed (TA28). Each group was further divided into subgroups
for 1° and 2° rotational activation (n= 6 per subgroup). Force measurements were obtained using an FSR402 sensor integrated
with an Arduino-based system under standardized conditions before (T0) and after artificial aging (T1), which involved
thermocycling and incubation in artificial saliva. The initial force values of  the thermoformed aligners were significantly
higher than those of  the direct 3D-printed aligners (p<0.001). Artificial aging led to a notable reduction in force for both
materials across all groups (P<0.001). The three-way ANOVA revealed significant effects of  material and aging, as well as a
significant interaction between material and aging (p<0.001), whereas the degree of  rotation did not have a significant
independent effect (p>0.05). After aging, no statistically significant differences were observed between the materials.
Thermoformed aligners provide higher initial forces; however, both thermoformed and direct 3D-printed aligners experience
significant force degradation after aging, resulting in similar residual force levels. The degree of  rotational activation has a
limited impact on the long-term force delivery. These findings underscore the importance of  material selection and force
sustainability in optimizing orthodontic treatment using clear aligners.
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Introduction

The rising demand for aesthetic solutions has contributed to the wide-
spread acceptance of  clear aligner therapy, as individuals increasingly
seek alternatives to traditional orthodontic appliances. Over the past
decade, clear aligners have gained popularity due to their aesthetic ap-
peal and comfort [1]. In 1999, Align Technology launched the first com-
mercial clear aligner system, known as Invisalign [2]. A significant de-
velopment in this field was the introduction of  the first aligner resin
suitable for direct printing. The aligner resin, TC-85DAC (Graphy, Seoul,
Korea), was introduced in 2019 and has become prominent in aligner
production [3]. The TA-28 resin was subsequently introduced for di-
rect 3D-printed clear aligners to address the clinical and manufacturing
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limitations identified in earlier materials, such as TC-85.
It is not feasible to directly apply the biomechanics of  traditional

fixed appliances to aligner therapy, nor is the force system generated by
aligners well understood. Unlike fixed appliances, which have distinct
force application points at the brackets and archwire, clear aligners en-
compass the entire tooth crown, complicating the identification of  pre-
cise force application points [4]. Compared with fixed braces, the force
system of  aligners is more complex, as there are no specific known
points for force application, and multiple parameters are used to deter-
mine the treatment outcome.

The biomechanical characteristics of  aligners are influenced by fac-
tors such as aligner thickness, extension, material properties, amount
of  activation, and attachments used [5-7]. As the orthodontic force of



232

M. Krishnakumaran, T. Roshini, T.M. Parameswaran et al. / Trends Biomater. Artif. Organs, 40(3), 231-236 (2026)

transparent aligners and their intricate biomechanical characteristics are
currently assessed solely through clinical experience, the predictive value
of  the outcomes of  invisible orthodontic treatment is limited. Precise
measurement of  the force exerted by clear aligners is essential for devel-
oping effective orthodontic treatment regimens.

Two primary orthodontic simulation force measurement techniques
have recently been developed for clear aligners: finite element analysis
and experimental methods. However, directly assessing orthodontic
forces within the intraoral environment remains unfeasible due to the
complex biomechanics involved [8]. The predictability of  clear aligner
therapy for certain dental movements, particularly rotations, is compara-
tively limited when contrasted with fixed appliances [9,10]. This study
investigates the comparative force delivery of  thermoformed and direct
3D-printed clear aligners during 1° and 2° rotational tooth corrections,
emphasizing the influence of  aligner material type and activation degree
on orthodontic force magnitude before and after artificial aging. The
methodology incorporates the FSR402 Sensor to provide precise force
measurements.

Materials and Methods

The study was approved by the institute’s ethical committee [TDCH
IEC NO: 03062502]. Based on a previous study by Zamani et al. [11],
the sample size was calculated as six per group for this pilot study.

A priori power analysis was conducted using G*Power (version 3.1)
to determine the required sample size for a one-way fixed-effects omni-
bus ANOVA across four independent groups. Assuming a large effect
size (f  = 1.0410998), a significance level (alpha) of  0.05, and a desired
statistical power (1 - beta) of  0.95, the analysis yielded a noncentrality
parameter (lambda) of  26.0133310. To achieve these parameters, a total
sample size of  24 participants (or 6 participants per group) is required,
yielding a critical F(3, 20) = 3.0983912 and an actual statistical power of
0.9599553.

Participants were selected based on Angle Class I molar relation-
ships and minor mesial rotation of  the maxillary right canine. Individu-
als with dental crowding greater than 5 mm, periodontal complications,
or transverse discrepancies were excluded. Eligible participants under-
went intraoral scanning using an Aoralscan 3 Intraoral Scanner (Shining
3D, China), and the scans were saved as STL files.

In Group 1 (n=12), the STL files were processed using the Direct
Aligner Designer software to organize, clean, and add a virtual base to
each scan. Group 1a (n=6) had aligners with a 1-degree rotation per tray
, whereas Group 1b (n=6) had a 2-degree rotation per tray. The aligner
shells were created and exported as 3D shells, which were then trans-
ferred to slicing software (Uniz). The sliced files were sent to the 3D
printer via USB or wireless connection. The aligners were printed using
Tera Harz TA28 resin in a Uniz Nbee 3D printer (110 V/60 Hz-6 A,
220 V/50 Hz 3 A, XY resolution -49.8 μm) at a thickness of  0.7 mm.
The uncured resin was removed by centrifugation for approximately 3–
4 min at 500 rpm and 50V in a Tera Harz Spinner (THSP Graphy, Seoul,
South Korea). Subsequently, the supports were removed, and post-pro-
duction curing was conducted using Cure M (Graphy, Seoul, Republic
of  Korea) with a UV irradiance of  1,000 mw/cm2 and a UV energy
density of  280,000 mj/cm2, for 24 min. A nitrogen production curing
unit was employed to create an inert environment to prevent the forma-
tion of  oxygen-inhibition layers. The aligners were then immersed in
boiling water (100°C) for 1 min and placed in an ultrasonic bath (24 W,
42 kHz) for 5 min.

In Group 2 (n=12), the STL files were imported into the Maestro
3D Dental Studio software (AGE Solutions Srl, Italy) for virtual treat-
ment planning. Tooth rotations of  1° (Group 2a, n=6) and 2° (Group
2b, n=6) were applied per model to derotate 13. Following the creation
of  a virtual model, Chitu Box v1.9.5 Workshop slicing software (All-in-
one SLA/DLP/LCD Slicer, Shenzhen CBD Technology, China) was
used to slice the model at equal intervals, and the dental models were
printed at a 100-micron resolution in the Z plane using a Phrozen Sonic
Mini–S printer. The printed models were soaked in 99% isopropyl alco-
hol for 15 min, air-dried, and post-cured for 15 min in an Anycubic

Cure Machine (wavelength: 385-405 nm; Anycubic Technology Co.,
Shenzhen, China). The thermoforming process was completed using a
Ministar S machine (Scheu Dental Ministar), and Zendura Viva sheets
(thickness: 0.8 mm; Bay Material LLC, Fremont, CA, USA) were
thermoformed. The aligners were allowed to cool and harden before
being trimmed (trim line -2 mm above the gingival margin) and polished
for a smooth fit.

To simulate 10 days of  intraoral use, the clear aligners were im-
mersed in artificial saliva within an incubator maintained at 37°C, thereby
replicating body temperature (T1). Subsequently, thermocycling was per-
formed to emulate the temperature variations characteristic of  the oral
cavity. This procedure involved 500 cycles between water baths set at 5
and 55°C, with a 30-s interval in each bath to simulate the thermal stress
associated with the consumption of  hot and cold foods and beverages.

Assessment of force

The FSR402 sensor (figure 1) (thin-film pressure sensor type pressure
transducer force-sensitive resistor long tail 0–10 kg for 1.27cm/0.5 in
diameter, Walfront) was incorporated into an electrical circuit using a
voltage divider configuration with a 10 ohm pull-down resistor. The
sensor was then connected to an Arduino Uno (UNO R3 Board
ATmega328P, BSROBOTIC) to enable continuous analog data collec-
tion using a C++ program. Calibration was conducted using precision
pharmacological weights classified as Class M1, which were applied in
0.1 N increments until a maximum value of  10 N. Polymer thick-film
force-sensitive resistors (FSRs) inherently exhibit a non-linear inverse
relationship between resistance and force across their entire operational
range. However, for the specific experimental window of  0–10 N, a
localized linear approximation was employed. Within this range, force
estimation was determined using a corrected linear calibration formula:
(F(N) = 0.009775* (1023 - ADC reading)).

This linear regression model demonstrated exceptionally high pre-
dictive validity, with a coefficient of  determination (R2 = 0.9999 ). The
linearized model was chosen to minimize processing demands on the
microcontroller during real-time data collection while maintaining ex-
perimental accuracy within the defined study parameters. To address the
cross-sensitivity of  thin-film sensors to surface curvature and boundary
edge-loading when applied to the canine crown, an in-situ calibration
protocol was implemented. The FSR sensor was pre-curved to conform
to the specific anatomical contours of  the target tooth surface before
initiating the weight-calibration sequence. The structural baseline strain
and parasitic resistance offsets resulting from this mechanical bending
were mathematically adjusted and nullified under zero-load conditions
(figure 2).

Data acquisition commenced after a 3-s pause to allow stress levels
to stabilize. Multiple readings were obtained and averaged for each sample
to ensure the precision. The aligners designed for this study induced
movements of  2°or 1° in 13 tooth region. Both thermoformed and
direct-printed aligners were assessed under the same conditions before
(T0) and after aging (T1). The direct printed aligners were placed in the

Figure 1: FSR402 sensor interfaced with an Arduino Uno
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water bath at 37–40°C for 1 to 2 minutes before insertion to soften the
material.  The conversion from analog data to voltage is expressed as V
= (ADC reading × 5 V) / 1023. The resistance was determined using
the formula R_FSR = 10 k ohm x (5/V - 1).

Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics (ver-
sion 20; IBM Corp., Armonk, NY, USA), with statistical significance set
at p < 0.05. Descriptive statistics, including the mean and standard de-
viation, were calculated for all groups. The normality of  the data distri-
bution was assessed using the Shapiro–Wilk test, and the homogeneity
of  variances was evaluated using Levene’s test. In a longitudinal assess-
ment of  the same 24 aligner specimens across different time intervals, a
three-way mixed-design ANOVA, also known as split-plot ANOVA, was
conducted. The aligner material type (Zendura Viva vs. TA28) and the
degree of  activation (1° vs. 2° rotation) were considered as between-
subject factors. Meanwhile, the artificial aging interval (before [T0] vs.
after [T1]) was treated as a dependent, repeated-measures within-sub-
ject factor.

Type III sums of  squares was conducted to determine the effects of
aligner material (Zendura Viva vs TA28), degree of  rotation (1° vs 2°),
and aging (before vs after), along with their interaction effects on force
delivery. When statistically significant differences were observed, Tukey’s
Honestly Significant Difference (HSD) post hoc test was applied for
pairwise comparisons. The intraclass correlation coefficient (ICC) was

calculated using a two-way mixed-effects model with a consistency defi-
nition to assess the reliability and reproducibility of  the measurements
performed.

Results

In table 1, the mean and standard deviation (SD) were calculated for
each combination of  material, rotation (1° and 2°), and time (before
and after the aging process). Prior to aging, the thermoformed aligners
(Zendura Viva) demonstrated significantly higher mean force values (3.85
± 0.22 N at 1° and 4.18 ± 0.29 N at 2°) than the direct 3D-printed
aligners (TA 28), which exhibited considerably lower forces (0.80 ± 0.14
N and 1.08 ± 0.13 N, respectively). Following aging, both materials ex-
perienced a notable reduction in force, with Zendura Viva decreasing to
0.41 ± 0.27 N (1°) and 0.35 ± 0.06 N (2°), and TA 28 decreasing to 0.16
± 0.07 N (1°) and 0.09 ± 0.01 N(2°). The relatively small SD values
indicate consistent measurements within the groups, whereas the evi-
dent decline in the mean values highlights significant force degradation
after aging.

The three-way mixed-design ANOVA (Split-Plot ANOVA) (table 2)
was conducted to partition the experimental variance into independent
between-subjects effects (aligner material and rotation degree) and lon-
gitudinal, within-subjects repeated measures (artificial aging). Regarding
the between-subjects effects, the selection of  aligner material (Zendura
Viva vs. TA 28) had a substantial and statistically significant influence
on global force delivery (F = 354.25, p<0.001), indicating that the
thermoformed material maintains significantly higher mechanical force
levels than the direct-printed resin when averaged across all time points.
In contrast, the baseline prescription of  rotation degree (F=1.71,
p=0.205) and its two-way interaction with material type (MAT × ROT:
F=0.03, p=0.874) were statistically non-significant, suggesting that in-
creasing the initial structural activation from 1° to 2° did not alter the
global baseline force profile as markedly as changing the core polymer
substrate. For the within-subjects tier, the longitudinal variable of  artifi-
cial aging exhibited a pronounced and highly significant main effect
(F=3689.52, p<0.001), demonstrating that thermocycling fatigue and

Figure 2: FSR placed between the aligner and target tooth

Source of variation Type III sum 
of squares 

(SS) 

Degrees of 
freedom 

(df) 

Mean 
square 

(MS) 

F-value P-value Significance 

Between-Subjects Tier 

Aligner material (MAT) 16.401 1 16.401 354.25 < 0.001 S (***) 

Rotation degree (ROT) 0.079 1 0.079 1.71 0.205 NS 

MAT × ROT 0.001 1 0.001 0.03 0.874 NS 

Error (between-subjects) 0.926 20 0.046    
Within-Subjects Tier (Repeated Measures) 

Artificial aging (time) 59.764 1 59.764 3689.52 < 0.001 S (***) 

MAT × time 11.704 1 11.704 722.55 < 0.001 S (***) 

ROT × time 0.205 1 0.205 12.68 0.002 S (**) 

MAT × ROT × time 0.001 1 0.001 0.03 0.858 NS 

Error (within-subjects) 0.324 20 0.016    

Total variance scale 118.476 47     

Table 2: Three-way mixed-design Anova (Type III sum of  squares) examining the effects
of  material type, rotation degree, and longitudinal artificial aging on force deliver

 1 Degree Rotation 
(Mean ± SD) 

2 Degree Rotation 
(Mean ± SD) 

Before Aging After Aging Before Aging After Aging 

Zendura Viva 3.85 ± 0.22 0.41 ± 0.27 4.18 ± 0.29 0.35 ± 0.06 

TA 28 0.80 ± 0.14 0.16 ± 0.07 1.08 ± 0.13 0.09 ± 0.01 

Table 1: Descriptive statistics showing mean and standard
deviation (M ± SD) for force measurements across all
experimental conditions
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moisture incubation in artificial saliva induce significant force decay across
all experimental units. Notably, the highly significant material × aging
interaction (MAT × TIME: F=722.55, p<0.001) constitutes the core
biomechanical finding of  this study: it quantitatively establishes that
Zendura Viva undergoes a significantly steeper and more severe abso-
lute force reduction over time compared to the more stable, lower-in-
tensity degradation curve observed in the direct-printed TA 28 resin.
Furthermore, a significant rotation x aging interaction (ROT × TIME:
F=12.68, p=0.002) indicates that the rate of  structural relaxation varies
with the initial degree of  rotational activation. Finally, the three-way
interaction (MAT × ROT × TIME: F=0.03, p=0.858) was non-signifi-
cant, suggesting that the combined variables did not exhibit chaotic deg-
radation behaviors beyond their established independent and two-way
interaction pathways.

A post hoc analysis (multiple comparisons with adjusted p-values)
(table 3) was conducted to identify specific group differences following
ANOVA. Before aging, Zendura Viva produced significantly higher forces
than TA 28 at both 1° and 2° rotations (p<0.001). However, after aging,
the difference between the materials was no longer statistically signifi-
cant (p>0.05), indicating that both materials converged to similarly low
force levels over time. When comparing activation levels (1° vs. 2°), no
significant differences were observed within either material before or
after aging, suggesting that increasing activation did not significantly
alter force delivery. In contrast, comparisons between time points showed
a highly significant reduction in force for both materials at both activa-
tion levels (p<0.001), confirming that aging is the most influential fac-
tor on the force reduction. Overall, the post hoc results reinforce that
while material differences are evident initially, aging leads to a universal
and significant decline in force, irrespective of  the material or activation
level

Discussion
Orthodontic tooth movement is a biologically mediated process that
occurs in response to the application of  controlled mechanical forces,
leading to the remodeling of  the periodontal ligament and surrounding
alveolar bone. The magnitude, direction, and duration of  the applied
force are critical determinants of  the rate and quality of  tooth move-
ment in orthodontics. Light, continuous forces are generally considered
optimal because they facilitate physiological bone remodeling while mini-
mizing adverse effects such as hyalinization or root resorption5. In clear
aligner therapy, the delivery of  force differs significantly from that of
conventional fixed appliances [12]. The selection of  materials plays a
pivotal role in determining the magnitude and distribution of  the force

exerted on the tooth during orthodontic treatment. Different materials
vary in their mechanical properties, such as elasticity, stiffness, and resil-
ience, which directly affect the transmission of  force through the aligner
to the tooth surface. For instance, materials with higher stiffness may
deliver more concentrated forces, whereas more flexible materials could
distribute force more evenly, potentially influencing treatment efficiency
and patient comfort [13,14]. Aging of  orthodontic aligners in an experi-
mental or in vitro setting is performed using standardized artificial aging
protocols and simulates the oral environment and its effects on me-
chanical and optical properties. It causes hydrolytic aging and mechani-
cal property reduction similar to what occurs over time in the oral cavity
[15]. Furthermore, thermocycling protocols that mimic the temperature
variations occurring in the oral cavity have been applied to accelerate
the aging of  aligners. For example, aligners subjected to thermocycling
ranging from approximately 50 to 700 cycles, simulating day-to-day tem-
perature fluctuations, showed measurable changes in tensile strength and
surface condition over time points, including 7 days [16,17]. When aligner
sheets are immersed in water, the absorption of  water molecules into
the plastic through diffusion between polymer chains, encouraged by
elevated temperatures, increases polymer mobility and has a plasticizing
effect, which eventually weakens the plastic. Thus, controlled laboratory
aging protocols aims to reproduce these effects in shorter periods under
accelerated conditions of  aging.

In our study, we opted for the TA 28, a photopolymer with a cross-
linked polymer structure direct printing aligner resin, owing to its estab-
lished biocompatibility, which complies with EN ISO 10993-5 standards
for non-cytotoxicity, even at print thicknesses reaching up to 6 mm, as
long as standardized post-curing protocols are observed. This selection
ensures patient safety and dependable intraoral applications. Addition-
ally, TA-28 permits the customization of  variable layer thicknesses within
a single aligner, allowing for precise modulation of  flexibility and force
distribution across various dental regions, which may improve treatment
effectiveness and patient comfort. From a mechanical perspective, TA-
28 possesses the necessary compressive strength and durability for ef-
fective orthodontic force application, and its shape memory and vis-
coelastic characteristics contribute to maintaining a consistent force over
time, despite repeated use. The ability to fabricate aligners with precise
geometry, controlled thickness, and reduced auxiliary attachments through
3D printing further enhances manufacturing reliability and clinical pre-
dictability with TA-28 6,18,19].

Zendura Viva is meticulously designed as a flexible, multi-layer ther-
moplastic polyurethane (TPU)-based material, specifically engineered to
facilitate resilient force transmission in dental aligners. This design pri-

 Comparison category Specific groups Mean 
Difference (n) 

P-value (adjusted) Significance 

Inter group comparison(cross sectional) 
 Material comparison TA (printed) vs. ZV (thermoformed)    

 (Effect of Material) Before aging (at 1° Rotation) 3.05 < 0.001 *** 

 Before aging (at 2° Rotation) 3.08 < 0.001 *** 
 After aging (at 1° Rotation) 0.25 0.354 NS 

 After aging (at 2° Rotation) 0.26 0.307 NS 

Intragroup  comparisons 
 Activation comparison 1 degree vs. 2 degree rotation    

 (Effect of activation) Zendura viva (before aging) 0.33 0.089 NS 

 Direct printed (before aging) 0.30 0.158 NS 

 Zendura viva (after aging) -0.06 0.999 NS 

 Direct printed (after aging) -0.07 0.998 NS 
 Aging Impact Before vs. After artificial aging    

 (Effect of Time) Zendura Viva (at 1° rotation) 3.44 < 0.001 *** 

 Zendura Viva (at 2° rotation) 3.83 < 0.001 *** 

 Direct printed (at 1° rotation) 0.64 < 0.001 *** 

 Direct printed (at 2° rotation) 1.01 < 0.001 *** 

Table 3: Tukey honestly significant difference (HSD) post-hoc test for pairwise comparisons

NS - Not significant. * significant
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oritizes both patient comfort and durability under repeated thermal and
mechanical stresses [20]. Compared with other commonly utilized ther-
moplastic polymers and materials, such as Duran or Essix, Zendura typi-
cally exhibits slightly lower forces in mechanical bending tests prior to
forming. This characteristic reflects a balance aimed at optimizing pa-
tient comfort and orthodontic effectiveness [21]. Additionally, the mul-
tilayer structure of  Zendura Viva enhances its performance in maintain-
ing force throughout the wear period, which is a critical factor for align-
ers that must apply consistent forces as the teeth gradually move.

Aligners are recognized for exerting an initial force upon insertion,
which gradually diminishes over time due to the stress relaxation prop-
erties inherent in the thermoplastic materials employed [22], aligning
with biomechanical recommendations for orthodontic forces in the range
of  0.2–2.5 N and deliver light and continuous forces within the physi-
ological range [23,24].

In our study, both thermoformed and direct-printed aligners exhib-
ited this characteristic force profile, with a distinct initial force peak
upon placement that progressively decreased. This observed pattern aligns
with the findings of Simon et al. [25] who documented that the aligners
generated an initial force that decreased exponentially over time. Simi-
larly, Cremonini et al. [26] observed that direct-printed aligners generally
exert lower forces compared with thermoformed aligners across vari-
ous activation levels. The relatively lower but sustained force levels ob-
served with direct-printed aligners may offer clinical advantages, as light
continuous forces are more conducive to effective orthodontic tooth
movement. These forces not only enhance biological efficiency but also
minimize patient discomfort, thereby optimizing overall treatment out-
comes.

Our findings are consistent with those of previous studies examin-
ing materials such as Zendura Viva, a multi-layered aligner material. Under
simulated clinical conditions involving a 0.2 mm facial malalignment of
the upper right central incisor, Zendura Viva exerted an initial force
ranging from approximately 0.1 to 0.5 N before aging, with force levels
decreasing to less than 50% after 48 hours [20]. The observed decrease
in force magnitude can be attributed to changes in the mechanical prop-
erties of  the material, specifically a decrease in yield stress following
thermoforming, which is further exacerbated by storage in artificial sa-
liva [27,28].  Zendura VIVA also displays resilience against the aging
process. These factors collectively support Zendura Viva’s function in
delivering gentle, controlled forces to efficient and comfortable orth-
odontic tooth alignment.

Conversely, materials such as TA 28 exhibit unique thermomechanical
properties that enhance their clinical performance. TA 28 retained its
viscoelastic properties at body temperature (37°C), exhibiting flexibility
and a shape memory effect that enabled the sustained application of
regulated orthodontic forces during repeated loading cycles. This adapt-
ability improves resistance to force decay, thereby maintaining effective
force delivery throughout the treatment [13,29]. These thermomechanical
characteristics support clinical efficacy by preserving the geometric sta-
bility of  the aligner and ensuring hygienic maintenance under oral con-
ditions. This combination of  flexibility, memory effect, and durability
ultimately promotes patient comfort and treatment efficiency by pro-
viding consistent, biologically favorable forces over an extended period.
Orthodontic aligner materials undergo changes in their mechanical prop-
erties when exposed to body temperature and saliva, which affect their
efficacy during treatment. At approximately 37°C (body temperature),
some materials become less stiff  but gain beneficial properties, such as
shape memory and viscoelasticity, aiding in maintaining the appropriate
force on teeth [30]. This is particularly true for advanced 3D-printed
materials, such as TA-28. Conversely, when thermoformed polymers
absorb saliva, their strength and ability to resist deformation (yield stress)
decrease, leading to a reduction in the force they apply over time. This
finding underscores the generally higher force transmission capability
of  thermoformed multi-layer sheets versus emerging 3D-printed op-
tions, although force control and adaptation differ between technolo-
gies [13,29].

The present findings corroborate that Zendura Viva exerts signifi-
cantly greater orthodontic forces than TA28 at both 1° and 2° rotations
prior to aging, which is consistent with both descriptive and inferential

analyses. However, artificial aging results in considerable force degrada-
tion in both materials, significantly diminishing the force levels and re-
ducing the initial inter-material differences. Notably, while increased ro-
tation angles initially corresponded with higher force output, this effect
diminished post-aging, indicating that activation magnitude has a lim-
ited impact on long-term force retention for both thermoformed and
direct-printed aligners. These results highlight the critical influence of
material composition and aging on force delivery, emphasizing the need
for clinicians to consider force decay when planning orthodontic treat-
ments with aligners. These insights contribute to optimizing aligner se-
lection and activation strategies to maintain effective force application
throughout the treatment duration. Understanding the interplay between
mechanical properties, environmental factors, and force delivery pro-
files is crucial for developing aligners that balance efficacy and patient
comfort. Future research focusing on the long-term behavior of  emerg-
ing aligner materials under intraoral conditions will further enhance the
predictability and success of  orthodontic treatment using clear aligner
therapy.

 Although this study offers valuable insights, certain limitations must
be acknowledged. The in vitro design does not accurately replicate the
complex intraoral environment, where biological factors such as the re-
sponse of  the periodontal ligament, occlusal forces, and patient compli-
ance significantly influence the treatment outcomes. FSR sensor films
only provide localized, one-dimensional force measurements on a single
tooth surface, resulting in higher force values. In-situ calibration not only
effectively eliminates persistent structural errors caused by the pre-bend-
ing of  the thin-film sensor across the canine crown but also addresses
these issues comprehensively. However, the rigid boundary conditions
imposed by an aligner encasing an anatomical tooth introduce complex
micro-domain edge stress concentrations. Although these localized stress
concentrations may slightly increase absolute force values, they are con-
sistently present in both thermoformed and direct-printed setups, thereby
maintaining the validity of  the relative comparative analysis. Further-
more, this study was confined to the rotational movement of  the max-
illary canines, and the results may not be directly applicable to other
types of  tooth movements. Additionally, factors such as attachment de-
sign and aligner fit were not considered, which may also impact the
force delivery [31,32].

Conclusion

This study demonstrated significant differences in force delivery between
thermoformed and direct 3D-printed clear aligners during low-degree
rotational tooth corrections, with the former initially generating higher
forces. Both materials exhibited substantial force degradation following
artificial aging, which diminished the initial differences in force magni-
tude. The degree of  rotational activation influenced the initial force output
but had a limited impact on force retention after aging. These findings
highlight the critical role of  material properties and aging effects in orth-
odontic force sustainability, underscoring the importance of  consider-
ing force decay in clinical treatment planning using clear aligners.

Clinically, these results emphasize that clinicians must carefully con-
sider the choice of  aligner material and the effects of  aging when plan-
ning orthodontic treatments involving rotational tooth movements. Since
thermoformed aligners initially deliver higher forces but experience sig-
nificant force decay similar to direct 3D-printed aligners after aging,
treatment protocols should account for this reduction in force over time
to maintain effective tooth movement. The limited impact of  rotational
activation magnitude on long-term force retention suggests increasing
activation angles may not compensate for force loss due to material ag-
ing. Therefore, clinicians should monitor force levels throughout treat-
ment and potentially adjust activation strategies or replacement inter-
vals to ensure sustained orthodontic efficacy. Understanding the dis-
tinct force delivery profiles of  different aligner materials can guide per-
sonalized treatment planning to optimize outcomes and patient com-
fort. The novel application of  the FSR402 Sensor provides a reliable
approach for quantifying aligner forces, contributing valuable insights
for optimizing aligner design and activation protocols for improved orth-
odontic outcomes.
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