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Background
The pathogenesis of temporomandibular disorder 
(TMD), predominantly manifesting as orofacial pain 
and limited mandibular function, is still inconclusive, 
although potential causes include occlusal factors, psy-
chiatric factors, and immune factors [1, 2]. Despite con-
troversy regarding the relationship between occlusion 
pattern and TMD, studies have shown that if all teeth are 
occlusal at the maximum intercuspation position (MIP), 
the force is distributed to the center of the condylar head, 
and the direction of force distribution changes when the 
posterior teeth bite unilaterally or only the anterior teeth 
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Abstract
Objective  To use a T-scan (Tekscan, Boston, USA) to evaluate the grinding effect of a three-dimensional (3D) printed 
occlusal splint and provide reference guidelines for adjusting occlusion and alleviating temporomandibular joint 
symptoms before orthodontic treatment.

Methods  Eighteen patients with temporomandibular disorder (TMD) were treated with 3D-printed stable occlusal 
plates for three months. The occlusal time (OT) of the dentition and the difference percentage of occlusal force 
between the left and right sides (Asymmetry index of occlusal force, AOF) were observed one week, one, two, and 
three months after T-scan-guided occlusal splint treatment. Before and after treatment, we investigated joint space, 
electromyography (EMG), the maxillofacial pain visual analog scale (VAS), and the Chinese version of the jaw function 
limitation scale (JFLS).

Results  Significant reductions in OT and AOF were observed across four time points in TMD patients wearing 
T-scan-guided occlusal splints (P < 0.05). Furthermore, the bilateral masseter muscle (MM) and temporalis anterior 
(TA) asymmetry index were reduced at the mandibular postural and intercuspal positions. Cone beam computed 
tomography (CBCT) showed that the anterior space of the articular had decreased, the posterior space had increased, 
and the VAS and JFLS scores had decreased significantly (P < 0.05).

Conclusion  T-scan accurately located the abnormal occlusal contact point, guidance enhances occlusal equilibration 
and may improve TMJ function and symptoms in TMD patients.

Keywords  Tekscan T-scan digital occlusal analysis, Temporomandibular disorders, 3D printing stability occlusal splint, 
BioEMG-III-Electromyography
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[3]. It is common to aim for the condyle to be in the ante-
rior position of the joint fossa to carry out pre-orthodon-
tic diagnosis, pre-orthodontic adjuvant treatment, and to 
adjust the occlusal relationship [4]. Previous studies have 
shown that stable occlusal splints alleviate clinical symp-
toms by altering the occlusion’s contact state and jaw 
position relationship, thus relieving interference, reduc-
ing abnormal muscle activity, and reducing intra-articu-
lar pressure [5, 6]. Over recent years, digital technology 
has been introduced into the design and production of 
occlusal splints, which can improve the manufacturing 
quality and long-term stability of occlusal splints [7, 8]. 
The application of intraoral scanning and digital occlu-
sal splint design saves time when making stable occlusal 
splints and increases patient comfort during treatment 
[9].

In a previous study, Kerstein found that the T-Scan is 
a reliable tool for detecting early contacts and can effec-
tively check occlusal balances [10]. T-Scan is a digital 
occlusion analysis device that uses a small, flexible, pres-
sure-sensitive bite transducer inserted in a dental arch-
shaped recording sensor to record and evaluate tooth 
contact, force, and timing in real time [11]. Articulating 
paper markings can be contaminated by the saliva and 
hence can cause misinterpretation of readings whereas 
in T-Scan the sensors are synthetic and resistant to sali-
vary wetting of the sensors thus maintaining the accu-
racy of the recordings [12]. In the present research, we 
analyzed patients with TMD who were treated with 
3D-printed occlusal splints. The T-scan was used to ana-
lyze the occlusal of the 3D-printed occlusal splint and to 
observe whether there were any statistical differences in 
the occlusal time and the percentage difference between 
the left and right occlusal forces before and after T-scan-
guided occlusion. Changes in the VAS score, JFLS scale, 
masticatory muscle electromyography, and temporoman-
dibular joint space, were analyzed during follow-up and 
clinical evaluation.

Methods
Inclusion and exclusion criteria
The inclusion criteria were as follows: (1) patients with 
clinical symptoms such as unilateral or bilateral maxillo-
facial pain, joint snapping, and abnormal jaw movement; 
(2) the patient’s periodontal tissue was healthy, the tooth 
body and dentition were relatively intact, and there was 
an absence of poor restoration; (3) there were no appar-
ent organic lesions in the temporomandibular joint area 
upon imaging examination; (4) the patient met the TMD 
classification and diagnostic criteria issued by the Inter-
national Association for Dental Research in 2014 [9]; (5) 
the patient had not received any treatment for a TMD 
over the past three months.

The exclusion criteria were as follows: (1) patients 
aged < 18 or > 45 years; (2) severe restriction of mouth 
opening; (3) a history of immune disease, rheumatoid 
arthritis, or trauma to the TMJ; (4) mental illness or the 
patient was unable to express their subjective opinions in 
a normal manner.

General information
Between April 2023 and March 2024, we enrolled 18 
patients with TMD in the Department of Orthodontics, 
Hospital of Stomatology, Air Force Medical University 
Hospital, including 6 males and 12 females, aged 18 to 
45 years (mean: 29.0 ± 1.5 years). The study was reviewed 
and approved by the Biomedical Ethics Committee of the 
Stomatological Hospital of the Air Force Military Medi-
cal University (Reference: IRBREV-2022189). All study 
subjects were confirmed by the TMD clinical and imag-
ing examinations, and each subject provided informed 
and signed consent.

Experimental methods
Acquisition and digital transfer of centric relation
Firstly, a certain number of Leaf Gauge measuring pieces 
of 0.1 mm were placed in the anterior tooth area of the 
patient. Then, instructed the patient to bite tightly. 
The posterior teeth were just disengaged after increas-
ing or decreasing the number of measuring pieces, and 
the maxillo-mandibular relationship at this time was 
recorded with occlusal recording materials and the intra-
oral scanner (TRIOS 3; 3Shape A/S) to obtain a digital 
model of the patient’s dentition with centric relation.

Design and production of a 3D-printed stability occlusal 
plate
After importing the digital model of the maxillary and 
mandibular dentition with centric relation (STL format) 
into the 3shape dental system we accessed the occlusal 
splint design module (3shape Splint Studio) and config-
ured the virtual occlusion parameters by the established 
jaw position relationship and specific design require-
ments for the occlusal splint. (Fig. 1A) The inclination of 
the condylar guide was set to 30°, with a Bennett angle 
of 10°. The incision inclination was determined based on 
the first molar, which could be adjusted by 1 to 2  mm. 
The contact gap between the occlusal splint and the 
lower dentition was set to measure zero. The edge was 
kept 0.5 to 1.0  mm below the highest point of the con-
tour, and the undercut value was controlled between 
0.14 and 0.15  mm. The thickness of the tissue surface 
was 2.0 to 3.0  mm, and the thickness of the buccal and 
palatal sides was 1.5  mm. In addition, the splint cov-
ered one-third of the 13 mesial to 23 mesial to ensure 
that the upper lip was able to close naturally and allow 
the tongue to move freely during retention. A virtual 
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articulator simulated the centric, forward extension, and 
lateral movements and the occlusal splint was adjusted 
based on dynamic mandibular motion data. Early con-
tact points and interference points are indicated in red 
within the software(Fig.  1B), were eliminated to ensure 
that the buccal cusps and anterior incisal margins of all 
posterior mandibular teeth were in uniform contact with 
the occlusal splint during median movement. The ante-
rior bevel area was uniformly induced during anterior 
extension movement, and the canine area was induced 
during lateral movement. Finally, the digital occlusal 
plate was processed (Formlabs Form3 MA, USA), illumi-
nated, removed from the printed contact support sites, 
and cleaned with an ultrasonic cleaner (Unimedic, Mat-
fors, Sweden). The dental clear resin (Dental LT Clear 
V2) used in this study passed the requirements for bio-
compatibility risk (ISO 7405:2018) according to the ISO 
10993-1:2018 biological assessment of medical devices, 
and is a resin material that meets the requirements for 
clinical use is used in light-curing 3D printers.

Wearing of the 3D printing stability occlusal splint
We ensured that met the following requirements when 
wearing the stable occlusal: (1) the patient needed to 
take off the occlusal splint in the correct manner, and 
all patients needed to wear their splint for 8 h a day; (2) 
wear the stable occlusal splint on the maxillary denti-
tion, and tissue surface (the medial surface) fitted entirely 

with good retention; (3) the occlusal surface was flat, 
and the edge was smooth to avoid irritating the soft tis-
sues; (4) during central occlusion, the occlusal surface 
was in point contact with all the functional cusps of the 
mandibular teeth; (5) when the mandibular protrusion 
movement, the incisors touched evenly; (6) during lat-
eral movement, only the canines were in contact with the 
occlusal splint. (Fig. 2) 

Grinding method for a 3D-printed stability occlusal splint
When the patient wears the occlusal splint for the first 
time, use red and blue articulating paper to adjust it. 
When the occlusion was centric, the occlusal imprint was 
evenly distributed and consistent in color. When forward 
extension was moved to the incision, there needed to 
be no occlusal mark on the posterior teeth. During lat-
eral movement, the working canines or bicuspids were 
in contact, and there was no occlusal mark on the non-
working side (Fig. 3). Occlusal recordings were obtained 
using the T-scan system, before recording, the digital 
model datas were entered into the T-Scan dental chart 
to customize the graphical dental arches for improved 
occlusal arch mapping during recordings, and a 100-µm 
thick sensor foil (large / small) was selected to be placed 
intraoral to measure occlusal parameters according to the 
patient’s arch size. Instructed the subject to occlude into 
the recording sensor 2–3 times consecutively at maxi-
mum bite force if it is a new sensor. This will adjust the 

Fig. 2  Intraoral image wearing a 3D-printed occlusal splint. A. Right bite image. B. Frontal bite image. C. Left bite image

 

Fig. 1  3shape splint studio. A. Digitized model of the virtual average articulator.B. Early contact points and interference points in red
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sensor and acclimate the patient to the occlusal sensor by 
clicking one of the fourteen available sensitivity sliders. 
Adjust the sensitivity from lowest to highest until 1–3 red 
contacts are visible. Select to perform 2–3 times maxi-
mal intercuspal position (MIP) recordings, these were 
recorded without removing the sensor from the patient’s 
mouth, and the recordings were repeated to obtain 2–4 
occlusal video recordings per participant (Fig. 4A). In this 
mandibular position, the right and left percentages were 
averaged for each participant and recorded as %R and 
%L, respectively. (Fig. 4B)

The OT indicates the time from the first tooth con-
tact (point”A”in the T-Scan III force vs. time graph) to 
when all teeth are in complete intercuspation (point 
”B”) (Fig. 4C). The OTs were averaged for each occlusal 
video recording and then averaged for each participant. 
A shorter OT indicates less time required to contact all 

teeth. T-scan combined with articulating paper to adjust 
the occlusal splint until there were no apparent early con-
tact and occlusion interference points (Fig. 5).

Observation indicators
The dentition and occlusion time of the 3D printed 
occlusal splint in the centric occlusion and the difference 
in the percentage of occlusal force between the left and 
right dental arches were observed at four observation 
points (one week, and then one, two, and three months) 
after treatment. We used a BioEMG-III system to record 
the myoelectric amplitude and masticatory muscle asym-
metry index of the temporalis and masseter muscles in 
the mandibular postural position (MPP) and intercuspal 
position (ICP) (Fig.  6). Changes in myoelectricity, joint 
space (Fig. 7), VAS, and JFLS scales of the temporalis and 
masseter muscles were observed three months later.

Statistical methods
SPSS 24.0 software was used to analyze the data. Mea-
surement data were expressed as mean ± standard devia-
tion and checked for normality and homogeneity. Paired 
sample t-tests were used for data that were normally 
distributed and had a homogeneous variance, and the 
Wilcoxon rank sum test was used for data that were not 
normally distributed and were heterogeneous. Data for 
the same index at different time points were compared 
by repeated measures analysis of variance (ANOVA), and 
P < 0.05 was considered statistically significant.

Results
The OT values were performed using the Shapiro-Wilk 
normality test, which did not conform to the normal 
distribution and were expressed as median and quartile 
points range (25th − 75th). The Wilcoxon rank-sum test 

Fig. 4  A. Screenshot showing2-3 times maximal intercuspal position (MIP) recordings B. The percentage of occlusal force. C. The timing table with the 
occlusal time (OT) values for multi-bite closures to MIP

 

Fig. 3  The red and blue articulating paper grinding stabilization splint
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used the OT values before and after T-scan guidance. 
When the T-scan was used to detect the grinding effect 
of the 3D printed stable occlusal plate, the difference in 
occlusal time at the four observation points of 18 patients 

were significantly reduced compared with that before 
T-scan guidance (P < 0.05). Natural dentition occlusal 
time was not statistically significant, as data for the same 
indicator at different time points were compared using 

Fig. 6  Temporalis and masseter muscle EMG values were selected from 3 EMG groups and averaged

 

Fig. 5  T-scan combined with articulating paper to adjust the occlusal splint. A. Before grinding B. After grinding
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repeated measures analysis of variance (ANOVA). (Table 
1).

The AOF values were tested using the Shapiro-Wilk 
normality test. The AOF values in one week, February 
and March, conformed to the normal distribution and 
were expressed by mean ± standard deviation, which 
guided the AOF values before and after grinding to use 
the paired samples t-test. The difference in the per-
centage of bite force between the left and right sides of 
natural dentition decreased, and the difference was statis-
tically significant (P < 0.05). Repeated measures ANOVA 
showed that the AOF values of natural dentition at the 
four observation points and before and after wearing 

the occlusal splint were statistically significant, P < 0.05. 
(Table 2)

After three months of treatment with the stabilization 
splint, the anterior joint space was smaller, the posterior 
joint space was wider, although the upper joint space did 
not change significantly. Because the VAS values did not 
follow a normal distribution (Shapiro - Wilks test), data 
are expressed as medians and percentiles. Data distri-
butions are expressed as medians, range (25th − 75th). 
Other measurements are expressed as mean ± standard 
deviations. The VAS and JFLS scores both decreased sig-
nificantly following treatment (P < 0.05). The asymmetry 
index of the temporalis and masseter muscles decreased 

Table 1  The Occlusion time (OT) values of 18 T-scan-guided natural dental arches and occlusal splints before and after grinding.
[M(p25,P75), s]
Time Natural Dentition Pre-T-scan Guided Post-T-scan Guided z-value p-value
1 week 0.51 (0.31, 0.64) 0.35 (0.22, 0.88) 0.25 (0.15, 0.71) -3.061 0.002
1 month 0.25 (0.19, 0.55) 0.31 (0.19, 0.58) 0.22 (0.15, 0.40) -3.059 0.002
2 month 0.21 (0.14, 0.33) 0.23 (0.19, 0.35) 0.18 (0.13, 0.29) -3.062 0.002
3 month 0.20 (0.13, 0.24) 0.20 (0.15, 0.24) 0.16 (0.14, 0.20) -2.913 0.004
F-value 2.975 3.573 4.357
P-value 0.089 0.060 0.037
Note: Z value and P value are the statistical values of OT before and after t-scan guidance

Table 2  The AOF values of 18 T-scan-guided natural dental arches and occlusal splints before and after grinding.(x̄ ± s,%)
Time Natural Dentition Pre-T-scan Guided Post-T-scan Guided t-value p-value
1 week 30.97 ± 18.54 24.03 ± 14.87 11.92 ± 6.47 3.961 0.002
1 month 14.72 ± 10.17 19.85 ± 11.08 9.80 ± 4.59 4.501 0.001
2 month 10.00 ± 6.23 15.17 ± 7.07 8.28 ± 4.83 3.823 0.003
3 month 5.30 ± 2.44 13.38 ± 7.14 6.18 ± 3.05 4.472 0.001
F-value 10.872 5.051 6.503
P-value 0.002 0.013 0.012
Note: t value and p value are the statistical values of AOF before and after t-scan guidance. AOF: The difference percentage of occlusal force between the left and 
right sides

Fig. 7  Mapping of anterior, upper and posterior interspace of TMJ measured by Kamelchuk. Note: A. Anterior articular space. B. Posterior articular space. 
C. Upper articular space. The horizontal L line and L1 line are parallel to the orbitoauricular plane, and the L line is tangent to the upper edge of the glenoid 
fossa. L1 was tangential to the superior margin of the condyle. The vertical lines of L3, L4, and L1 passing through the leading and trailing edges of the 
L-tangent point are marked as L2; The vertical line A of L3 passes through the anterior condyle tangent point
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when the mandibularpostural position and intercuspal 
positions were interleaving. (Table 3).

Discussion
The relationship between temporomandibular disor-
der (TMD) and malocclusion is intricate, with evidence 
indicating that occlusal asymmetry is closely associated 
with condylar asymmetry [13]. Consequently, TMD have 
become a primary concern for patients seeking orth-
odontic treatment. Orthodontic intervention may not 
be the optimal approach to address TMD, and cannot 
prevent the onset of TMD [14]. By analyzing the clini-
cal manifestations of different types of malocclusions at 
the CR and CO positions (the most significant intersec-
tion of tooth tips in the past was called central occlusion), 
the relationship between CR-CO and TMD can provide 
a reference for further improving and optimizing orth-
odontic correction strategies for different types of maloc-
clusions. When joint clicking occurs alongside symptoms 
such as pain, restricted mouth opening, and discomfort, 
prioritizing TMD management becomes essential.

Changes in occlusal parameters in central occlusion are 
characteristic of temporomandibular joint disorders [15]. 
OT is a reflection of occlusal health to a certain extent 
[16]. When the jaw is closed, the early contact point can 
easily guide the jaw to deviate from the muscle force clo-
sure path, thus resulting in a prolonged OT due to adap-
tive jaw position [17]. Furthermore, prolonged exercise 
leads to prolonged muscle activity, thereby promoting 
the occurrence of TMD [18]. In our current research, we 
adjusted the early contact point and occlusal interfer-
ence point of the occlusal plate with the T-scan occlu-
sal dynamometer combined with the occlusal paper; 
then, we found that the OT of wearing the occlusal plate 
decreased when compared with that beforehand under 
the guidance of T-scan. This difference was statistically 
significant, indicating that the T-scan occlusal dynamom-
eter was able to accurately locate and adjust the abnormal 
occlusal contact point.

In the temporomandibular joint system, the mastica-
tory muscles regulate mandibular movement and deter-
mine the position of the mandibular condyle in the joint. 
In patients with TMD, the uneven distribution of bite 
force on both sides of the dental arch determines the 
symmetry of bilateral masticatory muscle activity, possi-
bly leading to temporomandibular joint disorder [15]. In 
electromyography studies, the masticatory muscles were 
more balanced after occlusal balance [19]. In our present 
research, After occlusal equilibrium, the corresponding 
asymmetry index of the bilateral TA and MM myogram 
in the mandibular postural position and the intercuspal 
position decreased.

After adjusting and sharpening the occlusal splint 
with the T-scan occlusal analysis system, the bite was 
improved, and the pain in the temporomandibular joint 
was reduced. After three months of treatment, the VAS 
score and JFLS scale values of TMD patients decreased, 
and the condyle position tended to move forwards and 
upwards, indicating that 3D-printed stable occlusal 
splints are an effective means of treating TMD. In this 
experiment, it can be observed that there is no statistical 
difference in the OT value of natural dentition at the four 
observation points, and there is a statistical difference in 
the AOF value, which is considered to be related to the 
change of muscle and joint position. In addition, a man-
dibular motion analysis system will be used to reproduce 
the dynamic jaw position relationship and mandibular 
motion trajectory from multiple angles to obtain an accu-
rate and stable occlusal relationship and achieve person-
alized and comprehensive reconstruction of the patient’s 
mandibular relationship [20, 21] to observe the changes 
in the occlusal of the natural dentition after wearing the 
occlusal splint.

Dedem et al. described the digital production of occlu-
sal splints, in which the average-value articulator is often 
used in the design process [7, 22]. Studies have shown 
that no statistically significant difference was found in 
the volume of occlusal adjustment of digital occlusal 
devices between those designed using an average digital 

Table 3  Aggregated measurements of pre- and post-treatment indicators in 18 cases
Class Pre-treatment Post-treatment Statistic p-value
VAS [M(p25, P75), score] 2.50 (1.25, 3.00) 0.50 (0.00, 1.75) Z=-2.842 0.004
JFLS (x̄ ± s, score) 28.92 ± 21.19 15.83 ± 11.94 t = 3.410 0.006
Anterior Articular Space n = 36 (x̄ ± s, mm) 2.54 ± 0.59 2.31 ± 0.56 t = 2.781 0.011
Upper Articular Space n = 36 (x̄ ± s, mm) 2.95 ± 0.90 2.95 ± 0.58 t=-0.043 0.966
Posterior Articular Space n = 36 (x̄ ± s, mm) 2.11 ± 0.67 2.36 ± 0.56 t=-3.671 0.001
Temporal Muscle Asymmetry Index at MPP (x̄ ± s, %) 14.81 ± 9.55 6.99 ± 3.28 t = 3.175 0.011
Masseter Muscle Asymmetry Index at MPP (x̄ ± s, %) 11.26 ± 10.13 8.86 ± 6.96 t=-0.669 0.520
Anterior Temporalis Asymmetry Index at ICP (x̄ ± s, %) 8.17 ± 5.95 4.89 ± 3.83 t = 1.347 0.211
Masseter Asymmetry Index at ICP (x̄ ± s, %) 15.99 ± 5.87 8.87 ± 3.16 t = 1.063 0.315
Note: Temporal muscle (TA) asymmetry index:| Mean EMG amplitude of right temporal muscle - EMG amplitude of left temporal muscle| / (right temporal muscle 
mean EMG amplitude + left temporal muscle EMG amplitude) ×100%. Masseter muscle (MM) asymmetry index:| mean EMG amplitude of right masseter muscle - 
EMG amplitude of left masseter muscle| / (mean EMG amplitude of right masseter muscle + EMG amplitude of left masseter muscle) × 100%
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articulator and the JMA (JMAnalyser, Zebris Medical 
GmbH) [23]. Because the JMA is expensive and may not 
be widely available, the use of an average articulator rep-
resents an appropriate option [24]. The use of a virtual 
average articulator saves time and allows 3D-printed 
occlusal splints to be used more commonly in the pre-
orthodontic treatment of TMD. In orthodontic deci-
sion-making, particularly when diagnosing and treating 
patients with TMD, it is necessary to carefully analyze 
the symptoms and severity of TMD. TMD-related scales 
are recommended to assist in diagnosis [25]. Through 
the correct pre-treatment diagnosis, aiming at the CR 
position, the occlusal relationship is improved based on 
establishing the correct maxillary position to achieve the 
coordination of bone, muscle, and synthus and avoid the 
occurrence of TMD after orthodontics.

The digital occlusal splint treatment system has the fol-
lowing advantages: (1) The oral scanning technology can 
reduce the discomfort of patients in preparing the den-
tition model and effectively reduce the artificial errors 
caused during the molding process.(2) Digital files are 
convenient for long-term storage in computer systems, 
making it easier to obtain subsequent data and case dis-
cussions. (3) During the design stage of the 3D printing 
stable occlusal splint, the jaw edge movement can be sim-
ulated on the virtual mount for precise grinding, reduc-
ing the time of occlusal adjustment next to the chair and 
improving work efficiency. (4) If the patient’s bite plate is 
lost or damaged, the data can be retrieved directly and 
then remade, reducing the number of follow-up vis-
its of the patient and realizing a repeatable production 
mechanism.

Conclusion
Significant reductions in OT and AOF were observed in 
TMD patients wearing T-scan-guided occlusal splints 
(P < 0.05). Furthermore, after treatment, the bilateral 
masseter muscle (MM) and temporalis anterior (TA) 
asymmetry index were reduced at the mandibular pos-
tural and intercuspal positions. The 3D-printed stabilized 
occlusal splint of T-scan guided grinding enhances occlu-
sal balance relieves joint pain, and reduces jaw movement 
restriction.
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