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Abstract In situ mechanical tester was coupled with micro-CT to investigate the
effect of alveolar bone socket geometry and implant anchorage on bone–implant
contact interface and the resulting strain distributions in bone. Compressive axial load
was applied to occlusal surface of teeth to simulate chewing force. Then, the teeth
were extracted and dental implants were placed immediately. The same compressive
load was applied to bone–implant complexes. Using image processing and digital
volume correlation, the displacement and strain field in the mandible bone were
calculated and compared for the bone–tooth structures and bone–implant structures.
Under implant loading, high strain concentration was observed in some regions in
the mandible bone. In contrast, the strain distribution in bone under tooth loading
was relatively uniform. The variations in the strain distribution can be attributed to
the differences in the anatomies/geometries, mechanical properties and contact area
with bone for implants and teeth. The clinical implications of the results are discussed
for the designs of bioinspired dental implants.
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Introduction
Implant placement changes biomechanics in bone [1–3]. The biomechanics of the
bone–implant construct, including mechanical strain, is related to bone–implant contact (BIC). Conventionally, BIC was measured using histology sections of bone–implant construct [4–6] and can only measure the contact area on the 2D cut surfaces. The conventional methods for strain measurement in bone and other implantsupporting materials can only measure strain on certain spots or on the surfaces
of the specimens. These methods include strain gauges [7–10], photoelasticity [11],
[12], Moiré interferometry [13–15], electronic speckle pattern interferometry (ESPI)
[16–18], and digital image correlation (DIC) [19–22]. As a noninvasive 3D full-field
method, mechanical testing coupled with micro-CT and digital volume correlation
(DVC) has been applied to map strain in trabecular bone in the absence of implants
[23–26]. In our prior work, we have extended this method onto the biomechanics of
bone–implant constructs [27].
In this work, the contact and strain in bone–tooth and bone–implant constructs
are measured and compared to reveal the change of contact and strain in bone after
implant placement. In situ mechanical testing coupled with micro-CT and DVC
provides an approach to noninvasively characterize 3D full-field contact and strain
concurrently. The implications of results and the possible directions for future work
are discussed.

Experiments and Analysis
Specimen Preparation
A fresh cadaveric mandible was obtained from National Disease Research Interchange (NDRI), approved by Institutional Review Board at Pennsylvania State University. The mandible was scanned using clinical cone beam computed tomography
(CBCT) to plan the implant placement procedures. It was then cut to be a specimen
containing a lateral incisor, its two adjacent teeth, and surrounding bone. The top of
the lateral incisor was slightly polished to create a flat top surface for better contact
in the subsequent mechanical testing. The top one-third of the crowns for the two
adjacent teeth was cutoff to avoid contact in the following mechanical testing. The
sectioned specimen was then partly embedded in polymethyl methacrylate (PMMA,
Ortho-Jet BCA, Lang Dental, Wheeling, IL).
Following the mechanical testing on the lateral incisor, the tooth was pulled off
and a dental implant (SLActive® Roxolid® , Straumann, Basel, Switzerland) with
diameter of 4.1 mm and length of 10 mm was installed into the socket using a Straumann dental surgical drill kit. A conical healing abutment with diameter of 4.5 mm
and height of 6.0 mm (Regular CrossFit Connection Healing Abt., Straumann, Basel,
Switzerland) was installed onto the implant.
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Fig. 1 Transverse slices of micro-CT images before and after implant installation

In Situ Biomechanical Testing Coupled with Micro-CT
In situ mechanical testing was performed on the lateral incisor using a static loading
device (CT5000, Deben, Suffolk, UK) coupled with micro-CT (Phoenix v|tome|x
L300 multi-scale micro-CT system, GE, Boston, MA). The specimen was first
scanned under no-load condition, and then loaded at a constant displacement rate of
0.1 mm/min, until the load reached 100 N. After holding at 100 N for 1 h, the specimen was scanned at loaded condition. After implant placement, in situ mechanical
testing coupled with micro-CT was also performed on the implant using the same
loading protocol. Transverse cross sections of the micro-CT images with resolutions
of 15 µm for the specimen before and after implant placement are presented in Fig. 1.

Contact Area Analysis
The micro-CT images were downsized, cropped and segmented in ImageJ (National
Institute of Health, Maryland, USA) and Avizo 3D analysis software (FEI Visualization Sciences Group, Burlington, MA) to four parts: alveolar bone, teeth, implant
and background including embedding material. The bone–tooth and bone–implant
contact areas, respectively, were calculated and highlighted in red in Fig. 2. The alveolar bone was virtually sliced into distal and mesial halves to visualize the contact
area in the alveolar socket.

Strain Mapping Using Digital Volume Correlation (DVC)
Digital volume correlation (DVC) analysis was performed in DaVis software (LaVision, Goettingen, Germany) on the extracted images of alveolar bone. The image
stacks were divided into subvolume of pixels as correlation windows and the displacement of each correlation window was tracked by correlating the images at
no-load and loaded states after fast Fourier transforms (FFT). A step-wise approach
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Fig. 2 a Bone–tooth contact area and b bone–implant partial contact area are highlighted in red
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Fig. 3 Maximum principal strain on the buccal and lingual outer surfaces of the alveolar bone and
inside the alveolar

was taken with the correlation window size reduced from 512 pixels to 128 and 64
pixels in each step, respectively. The overlapping ratio between adjacent correlation
windows was chosen to be 50% and valid pixel threshold was set to be 50% for all
steps. In post-processing, displacement vectors with correlation value below 0.5 and
peak ratio below 1.5 were removed from the results and replaced by an interpolation
of neighboring vectors.
The strain field obtained from DVC was visualized by rendering the results in
each subvolume onto the 3D volume of alveolar bone. In Fig. 3, the distributions of
maximum principal strain in alveolar bone before and after implant placement are
compared. By comparing the strain mapping, a much more obvious strain concentration could be observed after implantation. Before implant placement, the strain
in bone was relatively more uniform when making full contact with teeth. After
the implant was placed, strain value increased and strain concentration appeared at
bone–implant contact areas.
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Summary
As a proof-of-concept study, in this work, we demonstrated a noninvasive method to
measure the 3D bone–tooth/implant contact and 3D full-field bone strain concurrently
using in situ mechanical testing coupled with micro-CT. The results show that the
bone–tooth contact area fully covered the root of the incisor through the periodontal
ligament (PDL), whereas the implant was only partly making contact with alveolar
bone. Moreover, the results show that strain concentration occurred in alveolar bone
after the incisor was replaced by the implant. The study paved way for future work
including systematic study with larger sample size on the correlation of contact area
and strain values, as well as the in vivo evolution of contact and strain over time. The
results could provide insights on implant design and surgical planning.
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