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To overcome the limitations of the conventional vacuum 
thermo forming manufacturing process, the method of direct 
3D printing of aligners has been developed. This presents 
more advantages than simply avoiding a two-step process, 

aligners are thermoformed. The shape memory function of-
fers new and improved biomechanical options. This article 
presents the new direct 3D printed aligner material from 
 Graphy (Seoul, South Korea) and a patient example demon-
strating the course of treatment with the new material. 

Introduction

Aligner orthodontics has been an integral part of orthodon-
tics for over 20 years1-23. The initial biomechanical limita-

tions posed by the aligner technique have now largely been 
overcome24-41, and aligner orthodontics is becoming in-
creasingly important within orthodontic treatment tech-
niques worldwide20,42-47. It remains a component of aca-
demically based dentistry and cannot be delegated to 
laypeople, as is currently being suggested by companies 
with huge advertising budgets for economic reasons. Fur-
ther developments in software, printing technology and 

-

technol ogy, which is becoming increasingly import-
ant36-38,48-50. The direct printing process using shape mem-
ory plastic (TC-85, Graphy, Seoul, South Korea) and the 
properties of this material are described in the present 
study.

Digital light processing
As a 3D printing technology, digital light processing (DLP) 
has continuously proven itself to be a promising option with 
the capability to construct highly complex geometries rap-
idly and with microscale precision53.

Vat photopolymerisation (VPP) is an additive manufac-
turing technology that involves a liquid vat of photopolymer 
resin and an ultraviolet (UV) light source. When exposed to 
UV light, the photosensitive resin undergoes polymerisa-
tion and cures into a solid form. Based on this stereolitho-
graphic principle, the VPP printer projects UV light onto a 
resin surface in the desired shape of a mask such that only 
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-
form with the attached printed part moves in the z-direc-
tion and UV light is focused on the next layer, and printing 
continues in this way in a layer-by-layer fashion (Fig 1). DLP 

-

UV exposure intensity, exposure time, printing direction 
and post curing. Among these parameters, there are mul-
tiple correlations that must be considered to achieve opti-
mal part quality51.

Properties of the direct aligner printing material
After being bent at 80°C, the cooled TC-85 specimen re-
mained folded (Fig 2); however, the specimens recovered 
their original shape over time at 37°C. Rapid recovery of 

minute, but the shape recovery rate decreased gradually 

thereafter. Approximately 90% of the deformation was re-
covered in 10 minutes, and the shape recovery ratio was 
96% after 60 minutes. Under the same conditions, poly-
ethylene terephthalate glycol (PETG) maintained its de-
formed shape and showed no shape recovery.

In clinical practice, since aligners are manufactured 

characteristics such as tooth size, dental arch size, alveolar 
bone height and palatal vault depth, irregular thickness 
changes may occur. It has also been demonstrated that 
within one aligner, the thickness varies for each region, 
such as the incisors, molars and edentulous areas. Since 
the thickness of the aligners is the factor that has the great-

how the clear aligners will perform and what the treatment 
outcomes will be. If the aligners are manufactured by 3D 

DLP: the structure of the DLP 
printer and the overcuring mechanism of 
the photosensitive material during the 
lamination process. (a) A schematic 
representation of a bottom-up DLP 
process. (b) Printing state before UV 
irradiation for adhesion of a new layer. 
(c)
(Cd), the uncured fresh resin undergoes
curing, whereas the already cured resin
undergoes additional polymerisation, or
“overcuring”, where the overcured depth
(Od) is determined by the UV light energy,

thickness (St). (d) Successful adhesion of a
-

ing between the layers due to the overcur-
51 with

permission.)

recovery ratio over time of TC-85 (N = 6). 
(Reprinted from Lee et al52 with permis-
sion.)



Journal of Aligner Orthodontics 2023;7(2):113–127 115

SHAPE MEMORY ALIGNERS: A NEW DIMENSION IN ALIGNER ORTHODONTICS

printing, it is possible to decrease the variation in thickness 
and increase the predictability of treatment outcomes, and 

-
formed aligners (Fig 3). Moreover, if the technology is devel-

type of tooth movement and region, thus potentially in-

In a virtual articulator with controlled virtual treatment 
simu lation (VTS), it is even possible to simulate the occlu-
sion with both aligners in situ. Currently, 3D printed aligners 
made from TC-85 material are generally manufactured us-

In addition, the change in physical properties and accuracy 
based on the angle of the output of the aligner is not sig-

54.
Residual resin remaining on the surface of the printed 

aligners is removed using a soft scraper and alcohol. Finally, 
they are post-cured under N2 with UV light using a post-cur-
ing chamber. Post curing must take place in an oxygen-free 
environment in an N2 atmosphere to complete the reaction 
on the surface of the resin. This is because oxygen is a rad-
ical scavenger that inhibits radical reactions. If post curing 
is carried out in the presence of oxygen, the surface chem-
ical crosslink density of the resin will record a lower level 
compared to the inside of the sample. These conditions are 
closely related to the biological stability and maintenance 
of resin transparency in the oral environment55.

-
cantly higher in PETG than in TC-85, whereas the elastic 

(3.92%). With conventional aligners manufactured from 
thermoplastic materials, it is advisable to perform tooth 

movement of 0.25 to 0.33 mm per step and activate the 

movement. These results indicate that owing to the higher 
-

tured using TC-85, more tooth movement can be performed 
per step without causing permanent deformation. Studies 

Regarding the stress relaxation and creep behaviour, at 
37°C, when a load was applied for 60 minutes, TC-85 initially 
showed rapid stress relaxation; after 13 cyclic loads, a re-
sidual static force of 1.00 N was observed. Although stress 
relaxation occurred in PETG, the amount of relaxation was 
smaller than that of TC-85, with a residual static force of 
11.39 N after 13 cyclic loads. The stress relaxation and 

In addition, by constantly applying a light force to the teeth, 
it is possible to induce a physiological tooth movement and 
reduce the discomfort experienced by the patient. In clin-
ical practice, an orthodontic force of 0.098 to 1.180 N is 
recommended depending on the type of tooth movement. 

-
rounding tissues, including root resorption, and an ortho-
dontic force applied beyond the patient’s pain threshold 
will result in discomfort. The static force shown by TC-85 at 
37°C was appropriate to apply an orthodontic force; how-
ever, the large initial static force of TC-85 may cause dis-
comfort to the patient when inserting and removing the 
aligner. Also, since a large amount of stress relaxation oc-
curs, the predictability of the aligner may deteriorate. In 
TC-85, as the load cycle was repeated, the rate of strain re-
covery increased and the residual static force after relax-

Performance of direct printed 
aligners compared to that of conventional 
aligners. (Reproduced by permission of 
Graphy.) 
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-
ence in behaviour is due to the fact that thermoplastic and 

on a molecular level. For thermoplastic resins, the polymer 
chains maintain the linear structure at room temperature 
with van der Waals interactions. On the other hand, for 
photocurable resins like Graphy’s direct aligner resin, oligo-
mers and monomers within the resin form 3D network 
structures as the material undergoes radical poly merisation. 
Because the van der Waals interaction occurs simultan-
eously with the network structure, the structure can re-
member and return to its original shape even if the material 
is deformed above the glass transition temperature. Thus, 
the photocurable direct aligner material has shape memory 
properties.

As shown in Fig 4, the thermoplastic polymer material 
(PETG) becomes soft and permanently deformed at high 
temperatures and cannot return to its original shape. The 
interaction between polymer chains in photocurable resin 
crosslinked with a 3D network structure (TC-85) also de-
creases as the temperature rises, and the degree of free-
dom of movement of the chains increases, which causes 

unlike PETG, TC-85 can return to its original shape, which is 
memorised by the chemical network structure. Because of 
these characteristics, the TC-85 aligner can apply orthodon-

tic force continuously to teeth under normal body tempera-
ture conditions without a loss of force due to deform ation 
of the aligner that may be caused by external force during 
usage. Even if the aligner experiences deformation, the 
original printed shape and rigidity are restored at 37°C.

The crystallisation in the amorphous portion of the ma-
terial by tensile stress may induce this behaviour (Figs 5 

rate remain relatively constant even after repeated cyclic 
loads. In aligners, force decay occurs because of the viscoe-
lastic properties of the material and the permanent defor-
mation caused by repeated insertion of the aligners. It has 
been previously shown that a three-point bending test on 
aligner materials resulted in a 10% to 17% decrease in static 
force after repeated loads. The creep behaviour of TC-85, 
with the gradually increasing static force under cyclic loads, 
may be more advantageous in respect to clinical perfor-
mance as force decay is reduced, maintaining the ortho-
dontic force of the aligners.

TC-85 showed a slight stress relaxation, and after 13 
cyclic loads, the static force was 0.12 N, whereas PETG ex-
hibited rapid stress relaxation and showed low static force 
with 0.01 N. At 80°C, the interaction between the polymer 
chains of both materials is weakened so their storage 
modu lus and elasticity decrease; however, owing to the 
crosslinked structure of TC-85, it is highly stable. As such, it 

Shape memory property test 
procedure and mechanism; yellow and 
blue specimens indicate TC-85 and PETG, 
respectively. (Reprinted from Lee et al52 

with permission.)
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-
ing the static force and strain recovery patterns after re-
peated loads. PETG, a non-crosslinked polymer, showed a 
pattern of gradual increase in static force under cyclic loads 
and the strain recovered to a negative value. At 80°C, the 
interactions between the polymer chains of PETG were 
weakened, allowing the movement of chains; thus, thermal 
shrinkage was caused.

TC-85 has geometric stability at high temperatures with-
out thermal shrinkage as demonstrated, which can be ad-
vantageous in clinical practice. Manufacturing clear aligners 
from TC-85 makes hygiene management and disinfection 
of aligners feasible. Generally, microorganisms begin to col-
onise the clear aligner surface 6 hours after insertion, and 

-
tion with the clear aligners, thus resulting in unaccom-
plished tooth movement; however, clinicians advise pa-
tients not to clean or disinfect their aligners at high 
temperatures because thermoplastic materials, such as 
PETG, deform.

A thermorheological study indicated that Streptococcus 
mutans and related lactic acid bacteria, the major causative 
organisms of dental caries, are inactivated at temperatures 
above 60°C. Further studies are required to verify that 

 

 practice.
Owing to the shape memory property of TC-85, aligners 

can apply orthodontic forces to the teeth constantly at a 
normal body temperature without force decay caused by 
aligner deformation. This also presents an advantage when 
patients wear their aligners. Before applying them, patients 

which can reduce discomfort when wearing them and pro-

recovered at 37°C. Thus, the aligners can apply a constant 
orthodontic force to the teeth52.

Photocurable resin for 3D printing. 
52 with permission.)

Shape memory polymer: stress 
relaxation speed of TC-85 > PETG. The 
recovery pattern to deformation is 

recovery in viscoelastic properties. PETG 
has a strong tendency towards elastic 
recovery but shows weak viscoelastic 
behaviour at the end of recovery. Strong 
orthodontic force can lead to orthodontic 
trauma and cause the patient to feel 

52 
with permission.)
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Extra- and intraoral situation at 

The patient had spaces in the maxillary 
and mandibular regions with abrasions 
on several teeth and a missing mandibu-

aligner treatment alone would not have 
produced an aesthetically pleasing result. 
The panoramic radiograph revealed no 
pathologies and all wisdom teeth were 

d e

g

f

i j

h

a b c

Advantages of direct 3D printing of aligners and 

the following:
•

•

the mouth at 37°C each time;
• the aligner has equal extension/thickness at each point;
• the approach is sustainable due to avoidance of plastic;
• -

quired on each individual tooth;

• greater tooth movement is possible per step;
•

•

required, especially of the edges;
• hygiene is improved as TC-85 can be cleaned at 60°C to

80°C;
•

no gap;
• discomfort and pain are reduced.
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Case report 

with spaces in both anterior regions and a missing mandibu-

mandibular left canine distally and the mandibular left pos-
terior teeth mesially, resulting in asymmetrical spaces and 
a Class II relationship on the left side. The patient did not 
demonstrate any signs of craniomandibular dysfunction. 
Several teeth showed abrasions. The panoramic radio-
graph exhibited no pathologies with all wisdom teeth in 
situ. The treatment plan included orthodontic treatment 

the mandibular left canine and increase of space distally of 
the same tooth was planned in the VTS, followed by restora-
tive dentistry with closure of the remaining spaces and re-

shaping of the maxillary and mandibular incisors (Fig 7). 
Figure 8 presents the initial scan transferred into OnyxCeph 
software (Image Instruments, Chemnitz, Germany) showing 
the planned outcome after six steps with spaces remaining 
distal to the maxillary right lateral incisor and an increased 
gap mesial to the mandibular left second premolar (planned 
for later restorative treatment). In Fig 9, one step of the 
production procedure for the Graphy direct aligners is 
shown, and support pins were added in Rapid Shape Net-
fabb software (Heimsheim, Germany). Figure 10 shows the 
aligner immediately after the printing process and before 

in situ in Fig 11. The longer aligner margins made it possible 
to ensure major crown coverage. No use of attachments 
was planned in this treatment. After four steps and 8 weeks 
of treatment, the patient’s Graphy direct aligners still dis-

 Initial scan transferred into OnyxCeph software and (b) the planned outcome after six steps with spaces remaining distal 
to the maxillary right lateral incisor and a bigger gap mesial to the mandibular left second premolar, which was planned to receive 
restorative treatment after aligner treatment. 

Production procedure for Graphy direct aligners. Support pins were added in Rapid Shape Netfabb software (Heimsheim, 
Germany). The layer thickness was 0.5 mm.

a

a

b

b
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-
ment. The intraoral situation shows spaces remaining distal 
to the maxillary right lateral incisor and mesial to the man-
dibular left second premolar as planned. A residual gap 
remained mesial to the maxillary central incisors, even 

to these teeth was planned in the software (Fig 14). 

There are two possible reasons for the remaining gap 

that the material was not accurate. This would imply that 
none of the other movements would have taken place ei-
ther; however, this contradicts the success of the move-
ments that were achieved with the same material in the 
second phase. The second reason is that the proximal re-
gion was not precise in the scan. It is common knowledge 

 Graphy direct printed aligner with support pins 
immediately after printing. 

 Finished Graphy direct aligner in situ, showing 
longer margins to ensure increased crown coverage for optimal 
biomechanics. 

Situation during treatment 
with (a and b) aligner step four and  
(c and d)
aligners in situ.

a

c

b

d
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and 12 weeks of treatment. The intraoral 
situation shows spaces remaining as 
planned distal to the maxillary right 
lateral incisor and mesial to the mandibu-
lar left second premolar, but also mesial 
to the maxillary central incisors. 

with a gap remaining mesial to the maxillary central incisors 

planned for these teeth in the OnyxCeph VTS. *According to FDI 
notation.

a b

d

g

c

e

h

f

Maxilla

Tooth* 18–17 17–16 16–15 15–14 14–13 13–12 12–11 11–21 21–22 22–23 23–24 24–25 25–26 26–27 27–28 Total

Amount of 

interproximal 

reduction (mm)

0.00 + 

0.00 

0.00 + 

0.00 

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

0.00 + 

0.00

Total (mm) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Distance (mm) 0.00 0.00 0.00 0.00 0.46 0.00 0.00 0.00 0.00 0.00
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that the calculation of approximal area by means of algo-
rithms still has room for improvement. 

A new scan was taken and again transferred into Onyx-
Ceph (Fig 15). Figure 15 shows the start and planned out-

mandible, minimal residual space closure was planned to 
increase the space mesial to the mandibular second pre-
molar to 1.6 mm, which was due to be restored at a later 
stage. In the maxilla, residual gap closure for the maxillary 

-
tion of 0.14 mm was planned. Between the maxillary right 
and left canines and lateral incisors, remaining spaces were 
planned virtually for the subsequent planned restorative 
treatment and buildup with composite. Figure 15c shows a 
detailed view of the shape of the mandibular anterior tooth, 
which was triangular and thus did not permit complete 
closure of the black triangle. No further interproximal re-
duction was planned to reduce the black triangle between 
the mandibular left central and lateral incisors to prevent 
the already small tooth from becoming even smaller. Thus, 
closure of the black triangle mesial to the mandibular left 
lateral incisor with an additive composite technique was 
planned after aligner treatment. 

Figure 16 demonstrates the result after a total treat-
ment time of 14 weeks with Graphy direct aligner material. 
Figures 16i to m show the last Graphy aligner in situ, dis-

without the use of attachments. The patient was referred to 
dental practitioner Dr Wolfgang Boisserée, Cologne, who 
restored and reshaped the teeth using the addi tive com-
posite technique only to allow a minimally invasive pro-

are shown 1 week after gingivectomy was performed with 
a laser and scalpel on the maxillary anterior teeth and com-
posite restorations (Enamel Plus HFO, Micerium, Avegno, 
Italy) on the maxillary right and left canines and lateral and 

left and right canines and lateral and central incisors.
Retention was performed with a removable aligner in 

-
dontic and restorative outcome is shown in Fig 18. 

 Beginning and (b)
In the maxilla, residual gap closure for the maxillary central incisors (0.3 mm) with 
overcorrection/penetration of 0.14 mm was planned. In the mandible, minimal residual 
gap closure for the mandibular central incisors was planned. Between the maxillary right 
canine and lateral incisor, maxillary left canine and lateral incisor and mandibular left 
canine and second premolar, 1.6-mm gaps were set for the following planned restorative 
treatment and buildup with composite in a purely additive procedure. (c) Detailed view 
of the mandibular anterior tooth shape, which did not allow complete closure of black 
triangles due to the triangular tooth shape. Further interproximal reduction to reduce 
the black triangle between the mandibular left central and lateral incisors was not 
planned to avoid further reduction of the small tooth size. Thus, closure of the black 
triangle mesial to the mandibular left central incisor with an additive composite tech-
nique was planned after aligner treatment. 

a b

c



Journal of Aligner Orthodontics 2023;7(2):113–127 123

SHAPE MEMORY ALIGNERS: A NEW DIMENSION IN ALIGNER ORTHODONTICS

no pathologies. 

d

j

e

k

g
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f

l

h
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Extra- and intraoral situation after restoration of anterior teeth with composite (Enamel Plus HFO) and 1 week after gingivec-
tomy on the maxillary anterior teeth (Dr Wolfgang Boisserée, Cologne). Retention was performed with a removable aligner in the 

a

g

j

b

h

k

d

c

i

l

e f
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Discussion

Aligner treatment has been an integral part of orthodontics 
for over 20 years now. Improvements in technology and soft-
ware but also knowledge held by treating doctors due to 

treatment. Various developments have occurred, such as 

aligner orthodontics, which has made technology for the 

latter more user-friendly and treatment outcomes more pre-
dictable. On the other hand, some developments made by 
aligner companies have been more for promotional pur-

many practices, allowing doctors to implement aligner treat-

Biomechanical knowledge of aligner orthodontics and tech-
nical knowledge of the production and  mechanical proper-

procedure and continue to be a sine qua non.  

Comparison (a-c) before and (d-f) (g to i) After restoration 
with composite on the maxillary and mandibular anterior teeth and 1 week after gingivectomy (Dr Wolfgang Boisserée, Cologne).  
(j to l) Smile before and after interdisciplinary treatment. 

a

d

g

j

b

e

h

k

c

f

i

l
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can be used for many tooth movements and are superior 
to the former. The latest technical development is 3D 
printed shape memory technology. The recently released 

not needing to print a model, which helps to reduce plastic 
waste and make orthodontics more sustainable, but also 
makes tooth movements more predictable and precise due 
to the new material properties such as the shape memory 

Conclusion

Direct printed aligner technology has established itself and 

such as aligner thickness and shape memory, provide a new 
way of delivering orthodontic treatment with aligners. Fur-
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