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Load Transfer by an Implant in a 
Sinus-Grafted Maxillary Model 

Mete I. Fanuscu, DDS1/Keisuke Iida, DDS, PhD2/Angelo A. Caputo, PhD3/Russell D. Nishimura, DDS4

Purpose: This in vitro study determined the stress distribution around an implant placed in a posterior
edentulous maxillary model with simulated sinus grafts that had different degrees of stiffness. Materi-
als and Methods: The composite photoelastic model with a standard threaded implant consisted of
simulated crestal cortical, cancellous, sinus cortical, and grafted bone. The graft maturation process
and inherent graft quality were represented in the model by varying the stiffness of the graft. Prior to
placement of the simulated graft, axial and inclined loads were applied to the implant. The stresses
that developed in the supporting structures were analyzed photoelastically. The graft was then placed
and the testing procedure was repeated over 4 consecutive days, during which time the simulated
graft stiffened. Results: The stress analysis indicated that before placement of the simulated graft,
loading on the implant transferred the highest stresses to cortical bone. The presence of the simulated
graft transferred stress from the native bone simulants to the simulated grafted bone. Discussion: As
the stiffness of the graft increased, a more equitable stress distribution was observed in the multilayer
bone surrounding the implant. Conclusion: Loading of an implant in a less stiff grafted sinus could
lead to overloading of the native bone as well as the maturing grafted bone. INT J ORAL MAXILLOFAC

IMPLANTS 2003;18:667–674
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Maxillary sinus bone graft augmentation has
become one of the most common surgical

procedures for increasing bone volume for implant
placement in the posterior atrophic edentulous

maxilla. Since introduction of the sinus graft tech-
nique by Boyne and James,1 various graft materials,
implants, and procedural modifications have been
proposed to improve the efficacy of the therapy.
Autogenous bone,2–5 allogenic materials,5,6 alloplas-
tic materials,5,7 xenogenic materials,5,6 and combi-
nations of these materials4–6,8 have been utilized.
Sinus grafting is usually considered for an atrophic
maxilla, such as Class V and VI according to the
classification of Cawood and Howell.9 Average
ridge heights of Classes V and VI jaws were
reported to be 7.4 and 3.2 mm, respectively.10

The edentulous posterior maxilla is anatomically
characterized by thin cortical bone at both the ridge
crest and sinus floor and low-density cancellous
bone in the remainder (Fig 1).11 Depending on the
preoperative bone level, simultaneous or delayed
implant placement techniques have been employed
in sinus graft procedures. In a consensus report,
Jensen and coworkers stated a 90% success rate for
implants in sinus grafts with at least 3 years of func-
tion.5 The report included patients with simultane-
ous and delayed implant placement in various
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grafts. There was no indication of the superiority of
a particular protocol or material. However, there
was a statistically significant difference in implant
loss when available residual or native bone was 4
mm or less as opposed to 5 mm or greater.

A complex structure consisting of bone with
varying stiffness can be found around implants
placed in the posterior maxilla with grafted
sinus(es). A crucial process that leads to the stability
of osseointegrated implants is mineralization of the
bone adjacent to the implant surface. Native bone,
which is a critical factor in establishing and main-
taining osseointegration, consists of crestal cortical
bone, cancellous bone, and sinus floor cortical bone.
The contribution of the grafted bone to the estab-
lishment and maintenance of implant stability is not
yet understood. Load-bearing characteristics of
grafted bone depend on the graft material and its
maturation process. Several studies have investi-
gated the total volume of hard tissue within various
grafted sinuses to predict long-term implant stabil-
ity. According to histologic analysis, the vital miner-
alized tissue volume of the grafted sinus ranged
from 26% to 69% when only autogenous bone was
used.12–15 The range of vital mineralized tissue vol-
ume was 5% to 45% when any other graft material
or combinations of materials were used.8,12,16–18 It
also should be noted that the mineralized tissue vol-
ume of grafted sinuses has been reported as rela-
tively greater than that of native cancellous bone in

the edentulous posterior maxilla, with mineralized
tissue volume of the latter ranging from 17.1% to
26.7%.19

Premature loading and/or overloading might be
significant concerns in sinus graft cases, since differ-
ent graft materials and their maturation patterns
can have variable load-bearing capacities. Biome-
chanically, control of the load transfer to bone sur-
rounding the implants plays an important role in
the long-term success of implant therapy.20 Several
studies have reported that appropriately controlled
loads can stimulate bone remodeling around
implants,21,22 whereas excessive stresses cause mar-
ginal bone resorption.23–25

The purpose of this study was to investigate the
stress distribution in bone around an implant placed
in a posterior atrophic maxilla with a simulated
sinus graft by use of a composite photoelastic
model. 

MATERIALS AND METHODS

A composite photoelastic model simulating a unilat-
eral atrophic edentulous posterior maxilla was fabri-
cated for quasi–3-dimensional testing and analysis
(Fig 2a). Individual photoelastic simulants with dif-
ferent stiffnesses were used for cortical bone (PLM-
1, Measurements Group, Raleigh, NC) and cancel-
lous bone (PL-2, Measurements Group). Simulated
crestal cortical bone, cancellous bone, and sinus
floor cortical bone were fabricated in 1-mm, 3.5-
mm, and 0.5-mm heights, respectively (Fig 2b).
Therefore, the total height of simulated native bone
was 5.0 mm.

A standard threaded implant, 3.75 mm in diame-
ter and 13 mm in length (Implant Innovations,
Palm Beach Gardens, FL), was incorporated into
the model. Photoelastic resins representing the
native bone components were poured directly
around the implant and allowed to cure completely.
An experimental photoelastic resin (modified PLM-
1, Measurement Group) representing the graft was
then placed into the simulated maxillary sinus cavity
(Fig 2b). Several resin hardener ratios of PLM-1
were tested previously to establish a range of stiff-
ness values. Beams of modified PLM-1, 4.5 � 2.8 �
30 mm, were tested in flexure on an Instron test
machine (Instron, Canton, MA). Three beams of
each formulation were tested at 3, 4, 5, 6, 7, and 10
days. From the results of these tests, a formulation
with a change in stiffness over time was selected to
simulate the mechanical response of either a bone
graft maturing over time or of different qualities of
graft materials (Fig 3). 

Fig 1 Cross-section of alveolar bone with sinus cavity and walls
in the posterior maxilla from human cadaver.  SW = sinus walls;
SB = sinus bone; AB = alveolar bone.
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Axial loads were applied to the implant center
through an implant mount (Implant Innovations) in
a loading frame by means of a calibrated load cell
mounted on the movable head of the frame. Loads
were monitored and controlled by a digital readout
(models 2130 and 2120A, Measurement Group)
(Fig 4). Loads of 13.6 kg (30 lb) were applied
because they are realistic functional levels and pro-
vide a satisfactory optical response within the
model. To represent cantilevering forces, inclined
loads of 13.6 kg were also applied while the model
was tilted 15 degrees to the implant axis. The
stresses that developed in the supporting structures
were observed and recorded photographically in the

field of a circular polariscope. To minimize surface
refraction and facilitate photoelastic observation,
the model was submerged in a tank of mineral oil
during the analysis. The loading and recording
sequences were performed before placement of the
grafted bone simulant. After the graft was placed,
the loading procedure was repeated at the predeter-
mined days (3, 4, 5, and 6, which corresponded to
the change in flexural modulus and represented the
maturity and quality of grafted bone), to determine
the effects of increasing stiffness on load transfer.
Testing and recording procedures were repeated at
least 2 times so that reproducibility of the technique
could be verified. Photoelastic stress fringes that

Fig 2a (Left) Photoelastic model of the grafted posterior max-
illa with an implant.

Fig 2b (Below) Schematic cross-section of the model showing
the height of each simulant.
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Fig 3 (Left) Stiffness values of the bone simulants. The grafted
bone simulant became stiffer with aging.

Fig 4 (Below) Model under load in straining frame.
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developed in the supporting structure were analyzed
on the scanned data photographs, which were sub-
sequently viewed with a computer graphic program
(Photoshop 4.0; Adobe Systems, San Jose, CA) The
stress intensity (number of fringes) and their loca-
tions were subjectively compared. In the interpreta-
tion of stress data, the following terminology was
adopted (Fig 5): Low stress = 1 fringe or less; mod-
erate stress = between 1 and 3 fringes; high stress =
more than 3 fringes.

RESULTS

Photoelastic examination of the model before and
after placement of the graft simulant revealed no
significant initial stresses. This observation estab-
lished that the isochromatic fringes produced upon
loading were direct results of the applied loads. Fur-
ther, no significant residual stresses were evident
after any of the loading sequences.

Loading Before Graft Placement 
Under axial loading, high-level stresses were
observed in the crestal cortical bone simulant. Mod-
erate stress was noted in cancellous and sinus floor
cortical bone simulants (Figs 6a and 6b). With
inclined loading, higher stresses occurred in all layers
of the native bone simulants along the implant. The
stress concentration in the cancellous bone was on
the side away from the applied load (Figs 7a and 7b).
In both loading conditions, low stress was observed
in the cortical bone simulant at the sinus walls.

Loading After Graft Placement
With the presence of the graft and its increasing
stiffness over time, stress distribution patterns
changed in bone simulants surrounding the implant.
With the implant subjected to axial loading when

the simulated graft was at its most flexible stage, the
distribution of stress within the native bone simu-
lants was similar to that observed before placement
of the graft, but of a lower intensity (Figs 8a and
8b). Further, mild stress developed around the api-
cal portion of the implant in the graft. Under
inclined loads, the intensity of stress in the native
bone simulants was notably higher than that in the
graft simulant (Figs 9a and 9b). As the stiffness of
the simulated graft gradually increased, the graft
assumed a greater proportion of the load, with con-
comitant stress reduction in the native bone simu-
lants. When the graft achieved its highest stiffness,
and when it was loaded axially, moderate level
stresses were observed in all bone simulants (Figs
10a and 10b). When the graft was at its stiffest stage
and inclined load was applied, moderate stresses
were concentrated around the crestal and sinus cor-
tical bone, as well as the apical portion of the
implant (Figs 11a and 11b).

DISCUSSION

Short-term clinical data suggest promising out-
comes in sinus-grafted implant cases. However, a
better understanding of implant biomechanics in
this anatomy would perhaps result in better treat-
ment planning and outcomes. A multilayer bone
structure surrounds implants in the posterior max-
illa with an augmented sinus. In an attempt to
mimic this complex structure, a dimensionally simi-
lar model was fabricated with photoelastic resins
with different stiffnesses. The elastic modulus of
oral bone and grafts is not well known; however,
substantial differences in stiffness values have been
indicated among them (Table 1).26,27

Two photoelastic resins, with an over tenfold dif-
ference in elastic modulus, and a modified resin
whose elastic modulus ranged within that difference
were employed in this study. It should be noted that
stiffness of the grafted sinus could be lower or
higher than that of the cancellous bone, depending
on the graft material and maturation process. The
present study assumed the stiffness of the graft to be
greater in light of the available literature. Simion
and coworkers demonstrated a direct correlation
between the density of pre-existing bone and the
density of regenerated bone.28 A graft in the sinus
might assume the mechanical characteristics of
sinus cortical bone. In addition, the volume of vital
mineralized tissue in the grafted sinus has been
shown to be consistently greater than that of can-
cellous bone, especially when autogenous bone is
used.19 This larger volume of mineralized tissue in

Fig 5 Relationship between stress level and fringe order used
to describe results.
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Figs 8a and 8b Stresses produced in
model under 13.6-kg axial load with simu-
lated graft in its least stiff stage. (Left)
Isochromatic fringe patterns; (right) dia-
grammatic representations of stress inten-
sities. 

Figs 9a and 9b Stresses produced in
model under 13.6-kg inclined load with sim-
ulated graft in its least stiff stage. (Left)
Isochromatic fringe patterns; (right) dia-
grammatic representations of stress inten-
sities.

Fig 6a and 6b Stresses produced in the
model under 13.6-kg axial load without sim-
ulated graft. (Left) Isochromatic fringe pat-
terns; (right) diagrammatic representations
of stress intensities. Stress distribution
areas use blue for low-level stress, yellow
for moderate stress, and cross hatching for
high-level stresses.

Figs 7a and 7b Stresses produced in
model under 13.6-kg inclined load without
simulated graft. (Left) Isochromatic fringe
patterns; (right) diagrammatic representa-
tions of stress intensities.



grafted material is potentially indicative of higher
stiffness. Even though conclusive evidence concern-
ing the relative mechanical characteristics of graft
and cancellous bone is lacking, this study provides
an initial attempt at demonstrating the interactions
of different quality bones with the loaded implant.
Further studies utilizing a more flexible graft simu-
lant are currently in progress.

Photoelastic modeling, like all in vitro studies
that use model systems, has advantages and limita-
tions. The most advantageous point of this tech-
nique in comparison with other methods, such as
finite element analysis, is the use of actual materials

such as implants. On the other hand, as a disadvan-
tage of this technique, it is currently difficult to
adjust the degree of osseointegration. A few studies
have been carried out on bone-implant contact using
retrieved titanium microimplants from the human
posterior maxilla with grafted sinuses.19,29 They
revealed less bone-implant contact area in the
grafted bone portion, particularly for implants
placed simultaneously with a bone graft, than in the
native bone portion. Although there is no evidence
of a relationship between the degree of bone-
implant contact and stress distribution, it can be
hypothesized that potentially much higher magni-
tudes of stress might concentrate in the native
bone/implant interface when the interface of the
implant with grafted bone is diminished. In the pho-
toelastic model, the implant was completely osseoin-
tegrated in both native and grafted bone simulants;
the magnitude of stresses might be different in the
clinical situation. However, the trends of stress dis-
tribution would not be substantially changed. These
trends were effectively demonstrated in the complex
model under axial and inclined loads. 

The results of this study indicated that higher
stresses occurred in the stiffer bone simulants
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Figs 10a and 10b Stresses produced in
model under 13.6-kg axial load when the
stiffness of the simulated graft increased to
its highest level. (Left) Isochromatic fringe
patterns; (right) diagrammatic representa-
tions of stress intensities.

Figs 11a and 11b Stresses produced in
model under 13.6-kg inclined load when
the stif fness of the simulated graf t
increased to its highest level. (Left) Isochro-
matic fringe patterns; (right) diagrammatic
representations of stress intensities.

Table 1 Elastic Modulus of Tissues26,27 and
Simulants

Elastic Elastic
modulus modulus

Bone (GPa) Simulant (GPa)

Cortical 14 PLM-1 2.93
Cancellous 1.4 PL-2 0.21
Grafted up to 11 Modified PLM-1 Variable*

*Value varies with age.
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around the implant, and the direction of the
inclined load affected the localization of stresses.
The stress was concentrated at the cortical bone
when the grafted bone had a low stiffness value.
However, some portions of the high-level stresses
were transferred to the graft material around the
apical portion of the implant when the stiffness
value of the grafted bone approximated that of cor-
tical bone. Several in vivo studies have demon-
strated that excessive marginal bone loss in the cor-
tical bone around implants was associated with
occlusal overloads.20–22 These studies indicated that
the crestal cortical bone around implants was most
likely subjected to an excessive concentration of
stress. Therefore, safe loading of an implant is a
critical matter, especially when the implant is par-
tially supported by a graft. The graft simulant in
this study had stiffened over time, and the implant
was loaded on 4 consecutive days to demonstrate
changes taking place in the supporting structure.
According to the findings of the present study, it is
suggested that loading an implant in poor quality
bone and/or a premature graft in the sinus might
cause increased stress concentration in the native
bone, especially around the coronal portion of the
implant. Subsequently, marginal bone resorption
might be provoked, if the load-bearing capacity of
bone is surpassed. This may explain the decreased
success rates that result when implants are placed in
posterior sites with less than 5 mm of bone in com-
bination with sinus grafts.5

Mineralized tissue quality of the grafted sinus is
dependent on the type and maturity of the graft
material.8,10–13,19 Rangert and associates reported
that the loading capacity of grafted bone in the
maxillary sinus was lower than that of native bone in
the posterior edentulous maxilla during the healing
period.30 Ellegaard and colleagues placed implants
into a minimum 3 mm of alveolar bone and pro-
truded the implants more than 5 mm into the max-
illary sinus, without bone grafts.31 The results of
that study showed that the success rate of sinus-
penetrating implants was reduced by half when
grafts were not used, and marginal bone loss was
greater than 1.5 mm. However, according to the
findings of the current study, with better quality
and/or mature grafted bone, some of the high-level
stresses might be transferred to the graft, and, as a
result, concomitant stress reduction in the native
bone could take place. This process could lead to a
more equitable stress distribution in the multilayer
bone surrounding the implant.

CONCLUSIONS

This in vitro study determined the stress distribu-
tion around an implant placed in a composite pho-
toelastic model of a posterior edentulous maxilla
with a simulated sinus graft.

1. In general, higher stresses were concentrated in
the stiffer portions of the bone simulants under
both axial and inclined loads before and after
placement of the graft simulant.

2. Axial and inclined loads transferred low-level
stresses to the cancellous bone and graft bone
simulants when the grafted bone simulant was in
its least stiff stage, representing a poor quality
and/or premature graft. 

3. As the stiffness of the graft increased, the graft
assumed a greater proportion of the load, with a
concomitant stress reduction in the native bone
simulants.

These results suggest that the quality of a sinus
graft can be critical to avoid overloading of native
bone during function.
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