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rthodontic bracket debonding often pre-
Osents clinical challenges. For example,

fracture location is an important factor
when considering chair time and potential dam-
age to the pulp and enamel surface. If cement
residue remains on the enamel, finishing proce-
dures are required. This engenders risks to the
tooth. However, debonding techniques that tend
to produce “clean” separation at the enamel in-
terface are more likely to cause enamel fracture.'?
Since it is the mechanical environment that gov-
erns debonding and many of the related iatro-
genic complications, the purpose of this project
was to examine the stresses generated during

five different debonding procedures.
Numerous articles have been devoted to experi-
mental studies of debonding methods'*” and
there are many more that deal with the labora-
tory determination of direct bonded orthodon-
tic bracket strength.8%2 In the latter, frequently
addressed variables include cement type, bracket
design, placement technique, and test loading
mode. In other investigations,’®™ finite element
modeling (FEM) has been used to calculate the
stress field distributions developed during the
strength testing protocols. For this project, that
FEM approach has been adapted to investigate
the peak stresses produced during debonding,

Original Article

Abstract

The purpose of this project was to use finite element modeling to calculate and compare the peak stresses generated
during clinical debonding of resin bonded brackets. Five debonding techniques were considered: tension, shear-peel,
torsion loads on the bracket, wedging of the cement margin, and bracket temperature increase. The data is presented in
terms of the relative potentials of the methods for causing enamel fracture. That s, in this idealized model, it was assumed
that enamel failures were governed by maximum principal or shear stress. Therefore, all debonding loads and calculated
stresses were scaled to correspond to unit peak principal stress or unit peak shear stress in enamel. Furthermore, it was
assumed that cement cohesive failure was also governed by maximum principal or maximum shear stress and that
adhesive failures were caused by interface normal or shear stress. Thus, for example, it was found that for 1.0 MPa of peak
shear stress in enamel, tension and shear-peel debonding generate, respectively, 1.34 and 0.96 MPa of peak normal
(tensile) stress in the cement at the enamel-cement interface. The interpretation of this information is that tension
debonding is less likely to cause enamel damage than shear-peel loading if it is assumed that (1) the enamel would fail
due to the high shear stress, and (2) the joint would fait at the enamel-cement interface because its normal stress limit has
been exceeded.

Key Words
Orthodontic brackets * Debonding * Dental stress analysis

Submitted: May 1995 Accepted for publication: November 1995 Angle Orthod 1997;67(1):39-46.

The Angle Orthodontist Vol. 67 No. 1 1997



Katona

Assumed failure associated mechanical components

Table 1

Enamel Enamel-cement Cement-bracket
interface interface Cement’
MAX 2Z z2Z MAX
SHR XY XY SHR
Table 2
Material property approximations'
Enamel Cement SS bracket
Young’s Modulus (MPa) 5.0x 10* 5.0x 103 2.0x10%
Poisson’s Ratio 0.30 0.38 0.27
Coefficient of thermal
expansion (°C") 18.0 x 108
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with an emphasis on enamel fracture.

In general, the goal of experimental strength
testing is to determine the ultimate strength of
the joint. The modeling of that process requires
examination of the enamel-cement and bracket-
cement interface stresses and the stresses within
the cement. For the study of debonding, empha-
sis must also be placed on the stresses within
enamel, i.e., the causes of enamel fracture. Thus,
the stresses in cement and enamel produced by
five debonding techniques used with stainless

“steel brackets were calculated.

Materials and methods

Relatively little is known about the failure of
enamel and cements. For example, it is not clear
what stress component causes enamel damage
or what stress may be responsible for interface
separation. Therefore, for the purposes of this
analysis, several failure criteria were considered
(Table 1). For simplicity, it was assumed that
enamel fracture and cement (cohesive) failure
may be initiated by high principal tensile (MAX)
or maximum shear (SHR) stress when their re-
spective strengths are exceeded. It was also as-
sumed that interface bonding was complete and
that enamel-cement (EC) and cement-bracket
(CB) interface (adhesive) failures were governed
by interface normal (ZZ) or in plane shear (XY)
stress. Failure of the stainless steel brackets was
not examined. (A study of ceramic bracket
debonding would also require bracket failure
considerations.)
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The converged three-dimensional FE model
(Figure 1) used to calculate the stresses consisted
of 21,217 nodes and 18,496 elements. Model gen-
eration and postprocessing were done with
Patran (PDA Engineering, Costa Mesa, Calif),
while analysis was performed with Abaqus
(Hibbit, Karlsson, and Sorensen, Inc, Providence,
R.L). Bracket base dimensions approximated the
size of a flattened standard clinical bracket. The
enamel, whose top surface was also flattened,
was fixed on its bottom surface. Loads were ap-
plied to simulate the debonding methods. The
“active set” feature of the software was imple-
mented to accommodate material property
discontinuities (Table 2) across interfaces. All
materials were assumed to be homogeneous, iso-
tropic, and linearly elastic.

All debonding force magnitudes, temperature
change, and all corresponding calculated stress
components were scaled to yield a maximum
value of MAX in enamel (MAXe) equal to 1.0
MPa. Similar scaling computations were per-
formed to obtain 1.0 MPa for the maximum mag-
nitude of SHR in enamel (SHRe). (For simplicity,
thermal debonding was modeled by a uniform
increase in the temperature of the bracket super-
structure).

The normalization of stresses relative to unit
stresses within enamel made it possible to com-
pare the debonding techniques. In effect, there-
fore, the comparisons are based on the potential
of each debonding method to cause enamel frac-
ture.

Results

For purposes of presentation, the MAXe = 1.0
MPa condition is used as the standard. Thus, the
results shown in Table 3A are expressed in terms
of MAXe = 1.0 MPa. For example, to generate 1.0
MPa of SHRe, a 5.62 N tensile force must be ap-
plied to the bracket. In turn, that load produces
maximum ZZ = 1.06 x 1.26 = 1.34 MPa, maxi-
mum XY = 0.15 x 1.26 = 0.19 MPa at EC, maxi-
mum MAX = 1.11 x 1.26 = 1.40 MPa within the
cement, and so on.

Compared with the 5.62 N tension loading (see
above), a 6.62 N debonding shear force must be
applied to produce the same SHRe = 1.0 MPa
(Table 3B). But, the corresponding stresses at EC
are maximum ZZ = 1.03 x 0.93 = 0.96 MPa (vs.
1.34 MPa in tension) and XY = 0.59 x 0.93 = 0.55
MPa (vs. 0.19 MPa in tension). Similarly, Tables
3C and D present the results for the torsion and
wedging debonding methods. And to produce
MAXe = 1.0 MPa, the bracket superstructure
temperature must be increased by 2.5°C, Table
3E.
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The tabulated results are shown graphically in
Figure 2. The information in the top rows of
Tables 3A-E (i.e., the MAXe = 1.0 data) is de-
picted in Figure 2A. All the SHRe = 1.0 results
are in Figure 2B. Note that the loading units dif-
fer. Traction in tension, shear, and wedging is
stated in N. The unit of torsion loading is N-mm,
while thermal debonding is expressed by an in-
crease in temperature. Clearly, these variables
cannot be compared directly. But, as will be seen
in the Discussion, for the purposes of this analy-
sis, the debonding loads themselves are unim-
portant; what matters are the relative stresses
that they produce.

Discussion

Due to the paucity of knowledge about the fail-
ure of enamel, cements, and interfaces, calcula-
tions were performed for several possible failure
modes (Table 1). For all debonding techniques,
the maximum values of the stress components
listed in Table 1 were determined and normal-

ized relative to the stress components in enamel
(Table 3).

The tension, shear-peel, and torque debonding
loads were applied directly to the superstructure
of the bracket. These are more realistic approxi-
mations to clinical procedures than the fourth
mechanical method, wedging. In the latter, forces
were applied to the center of the cement line
thickness. One description of a similar clinical
procedure is given as the application of a force
with debonding pliers or ligature cutter at the
enamel or bracket interface. That clinical tech-
nique cannot apply the force uniformly across
the width of the cement line, and in terms of
stress generation, it makes a difference if the
force is applied at the enamel or bracket inter-
face. Furthermore, in an earlier study,’® it was
found that the actual force location was difficult
to determine.

The FE model of thermal debonding is simpli-
fied because it is assumed that the bracket su-
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Figure 1A-D

A: The FEM of the en-
tire structure. The de-
bonding forces act on
nodes indicated by the
locations of the force
vector arrow tips. Ten-
sile debonding load is
represented by two
thin arrows. Shear-
peel debondingis mod-
eled with the five solid
arrows at the junction
ofthe base and bracket
superstructure. Thick
gray vectors provide
torsion load, and 10
open arrows, acting at
midthickness ofthe ce-
ment, make up the
wedging technique.
Since there are two
planes of structural
symmetry, for detail
clarity, only a quarter
of the assembly is il-
lustrated in the front
(B), top (C), and side
(D) views. For orienta-
tion, black dots locate
the origin. Note, since
the loading is not sym-
metric in all methods,
the full model, A, was
actually solved.
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Table 3
The tensile loads on stainless steel brackets required to produce unit maximum values of
MAX and SHR in enamel, and the concomitant maximum stress components at the inter-
faces and within the cement (A). Similarly for shear-peel, torsion, wedge, and thermal
debonding, (B), (C), (D), and (E), respectively.
Table 3A
Enamel Required load: Enamel- Cement-
(MPa) Tension (N) cement (MPa) bracket (MPa) Cement (MPa)
MAXe=1.0 4.46 Z2Z =1.06 Z2Z =111 MAX = 1.11
XY =0.15 XY =0.11 SHR = 0.56
SHRe=1.0 5.62 Muitiply MAXe = 1.0 results by 5.62/4.46 = 1.26
Table 3B
Enamel Required load: Enamel- Cement-
(MPa) Shear (N) cement (MPa) bracket (MPa) Cement (MPa)
MAXe=1.0 7.14 ZZ=1.03 ZZ =0.67 MAX =1.39
XY =0.59 XY = 0.62 SHR = 1.26
SHRe=1.0 6.62 Muitiply MAXe = 1.0 results by 6.62/7.14 = 0.93
Table 3C
Enamel Required load: Enamel- Cement-
(MPa) Torgque (N-mm) cement (MPa) bracket (MPa) Cement (MPa)
MAXe=1.0 11.29 Z2Z =0.93 ZZ =1.01 MAX = 1.21
XY =0.50 XY =0.47 SHR = 1.01
SHRe =1.0 9.43 Multiply MAXe = 1.0 results by 9.43/11.29 = 0.84
Table 3D
Enamel Required load: Enamel- Cement-
(MPa) Wedge (N) cement (MPa) bracket (MPa) Cement (MPa)
MAXe=1.0 1.04 7272 =0.40 Z2Z =042 MAX =2.63
XY =4.44 XY =4.28 SHR = 15.1
SHRe =1.0 0.54 Muitiply MAXe = 1.0 results by 0.54/1.04 = 0.52
Table 3E
Enamel Required: Enamel- Cement-
(MPa) Temp. (+°C) cement (MPa) bracket (MPa) Cement (MPa)
MAXe=1.0 2.51 Z2Z =0.71 ZZ =0.68 MAX = 0.91
XY =0.87 XY =0.62 SHR =1.83
SHRe=1.0 2.11 Multiply MAXe = 1.0 results by 2.11/2.51 = 0.84

perstructure is uniformly heated and that the
cement is not affected by heat. A more realistic
model would also include thermal conduction,
but such complex analysis was deemed unnec-
essary for the purposes of this early project. It
should also be noted that there are other
debonding techniques that are not considered
herein. These include the squeezing together of
wings** and the simultaneous application of
torque to the bracket base and cement.”
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For an explanation of the results, consider
debonding in tension (Table 3A). As the load is
applied, the various stress components (ZZ, XY,
MAX, and SHR) at the different locations
(enamel, EC, CB, and cement) within the struc-
ture increase according to the proportions listed
in the table. When any of these components ex-
ceeds its limit, joint failure occurs. Because most
of these limits are not known for the various
enamel surface preparations, cement types,
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Figure 2A-B
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bracket base designs and materials, the results (XY) strength divided by enamel tensile (MAXe)
must be considered with a “what if” approach.  strength is less than 0.11/1.0 (Table 3A). Note
Assume, for example, that enamel fracture that this condition would be sufficient to protect
would take place when MAXe surpasses the ten-  enamel from failing due to high MAXe (because
sile strength of enamel. But, that could only hap- the CB interface would break first), but it does
pen if no other enamel, interface, or cement stress not necessarily mean that failure would take
component reached its respective limit first. If, place at the CB interface. For example, if EC fail-
for example, debonding at CB were governed by ure is governed by a limit on ZZ, then that in-
the XY component, then enamel fracture could terface would fail prior to the CB interface if the
not happen if the ratio of the CB interface shear ratio of the ZZ limit at EC divided by the CB
The Angle Orthodontist Vol. 67 No. 1 1997 43
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shear (XY) strength is less than 1.06/0.11 . Fur-
thermore, it is also theoretically possible that the
enamel could fracture due to high SHR if that
limit is reached first. However, since the enamel
shear strength/tensile strength ratio is approxi-
mately 8/1,% this is not likely with the
debonding methods considered herein. That is
because the maximum calculated ratio of SHRe/
MAXe (obtained with the wedge debonding
method, Table 3D) is only 1.04/0.54 U 2/1 .

Another important observation is that if sepa-
ration occurs primarily at the bracket, ' it does
not necessarily imply that adhesion to enamel is
stronger (and conversely). The bracket bond
may, in fact, be stronger, but it may have been
exposed to higher stresses. And, as shown in this
project, the relative stresses at the interfaces de-
pend on the loading mode. For example, in ten-
sion, the ZZ component ratio at EC over CB is
1.06/1.11 = 0.95 (Table 3A). In shear-peel, that
ratio is 1.03/0.67 = 1.54 (Table 3B). This means
that it may be possible for the identical joint to
fail at the bracket in tension loading but at the
enamel in shear-peel loading. (In this hypotheti-
cal situation, it is assumed that the ZZ compo-
nent at the interfaces governs failure.)

A different perspective of the results is as fol-
lows. For an equal likelihood of EC and BC in-
terface shear stress (XY) causing failure in tensile
loading, the ratio of their shear bond strengths
would have to be 0.15/0.11, Table 3A. If the ra-
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tio is higher than that, then failure could not oc-
cur at the former (EC) location. With a lower ra-
tio, failure could not occur at the latter (BC).
Similarly, for equal normal (ZZ) and shear (XY)
stress failure probability at EC, the normal/shear
stress bond strength proportionality must be
1.06/0.15 = 7.07, Table 3A. The same reasoning
applies to all combinations of stresses shown in
Table 3.

Of particular importance for the analysis of
enamel fracture is the ratios of the various inter-
face and cement stress components divided by
the stress components in enamel. It must be em-
phasized, again, that the stress ratios depend on
the loading mode. For example, in shear load-
ing (Table 3B), the ZZ /XY ratio at EC would be
1.03/0.59 = 1.75 (vs. 7.07 in tension, as shown
above).

Since actual stress component failure limits are
generally unknown, it is impossible to calculate
the necessary levels of loading to cause
debonding or to predict the location of failure.
To do so would require complete information on
the strength limits of the stress components listed
in Table 3. With currently available data, such
tables would be very sparse. For example, the
bulk tensile (MAX) and shear (SHR) strengths of
the particular cement, as well as enamel, would
be needed. Such information is probably avail-
able for some cements, but in addition, its bond
strengths (in terms of ZZ and XY) with enamel
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and bracket must also be known. These values,
in turn, would depend on such factors as enamel
surface preparation? and bracket base design.
Until such information becomes available, these
results have limited, but important, implications.

As noted previously, the tables and figures
must be interpreted on a “what if” basis. For ex-
ample, it can be seen in the first sets of five bars
in Figures 2A and B that the chance of EC fail-
ure due to high ZZ decreases, in order, with ten-
sion, shear, torsion, thermal, and wedge
debonding. Therefore, the concomitant risk of
enamel damage due to MAXe or SHRe increases.
In contrast, if MAX in cement was the limiting
factor, then the sequence would be wedge, shear,
torsion, tension, and thermal loading for MAXe
= 1.0 (Fig. 2A), and tension, wedge, shear, tor-
sion, and thermal loading for SHRe = 1.0 (Fig.
2B).

Clearly, it is impractical to discuss the numer-
ous combinations of failure criteria presented
herein. The few specific examples serve to illus-
trate the concepts and the analysis approach.
Other important confounding issues that must
be considered include material effects. For ex-
ample, because ceramic brackets have a differ-
ent Young's modulus and coefficient of thermal
expansion than stainless steel, the generated
stresses would be different. Furthermore, since
the adhesion mechanism is different, not only
will the interface strengths be different, but they

Stress analysis of debonding

may be governed by different stress components.
Changing the cement would have similar effects.

Conclusions

This basic analysis of an idealized model has
shown that orthodontic debonding is a very com-
plex mechanical process. But, as illustrated, FEM
based stress analysis could be an exceedingly
powerful tool for the prediction of failure and for
the development of less iatrogenic debonding
techniques. However, to enable this approach to
be effective, more experimental strength data
must be obtained.
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