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A B S T R A C T   

On the basis of resonance frequency analysis, a noncontact handheld assessment device that employs the vibro- 
acoustic technique with acoustic excitation and displacement response sensing was developed to quantify the 
stability of dental implants. The assessment technique employed in the developed device is superior to the 
magnetic sensing technique that uses an accessory for assessment. The calculated response spectra that char-
acterized dental-structure resonance indicated the trend of osseointegration. In vitro and in vivo tests were 
performed to verify the performance of the developed device. For in vitro bone block testing, in addition to two 
cancellous bones and two thicknesses of cortical shells, interface tissues produced using different mixing ratios of 
resin to hardener epoxy adhesive were used to mimic the osseointegration progress. Furthermore, preliminary 
animal testing was conducted on rabbits to observe implant osseointegration in live bodies. Statistical analyses 
for varied designed bone models on measured resonance frequency, and the regression analysis between VA and 
Osstell™ ISQ for in vivo testing were performed. The necessary statistical analyses on various issues were 
considered as well as their descriptions. The developed noncontact vibro-acoustic assessment device can be used 
to monitor the implant stability status without having to use a mounted accessory.   

1. Introduction 

Since the past few decades, dental implantation has become a pop-
ular treatment procedure for patients with complete or partial edentu-
lous area. According to the specific treatment used in the one- or two- 
stage surgical technique, the commonly used dental implants can be 
categorized as one- and two-piece implants. In the surgical phase, an 
implant body is placed into the alveolus socket. Osseointegration, which 
generates sufficient bony support between the implant body and alve-
olar bone, reflects the dental implant stability and is required for 
restoration in the following phases [1,2]. 

The assessment of dental implant stability is crucial for dentists to 
complete the operation successfully and reduce the probability of 
treatment failure and potential medical disputes. Different approaches 
have been suggested to evaluate implant stability [3]. According to the 
published academic and clinical studies and released commercial 
products, the techniques for detecting the variation in implant 
osseointegration can be classified into invasive and noninvasive ap-
proaches. Invasive measurements such as histological technique [4] and 

removal torque [5,6], frequently damage the tissues of interfacial 
osseointegration and are unsuitable for long-term clinical assessment. 
Therefore, noninvasive methods are widely used to evaluate implant 
stability and monitor osseointegration variation. An in vivo study was 
performed to examine the variation in the echographic ultrasonic 
response (10 MHz) of a dental implant to bone healing around the 
implant interface [7]. The results indicated that the ultrasonic response 
of a dental implant varies considerably as a function of the healing time. 
Osstell™ developed a dental osseointegration evaluation device that 
applies resonance frequency (ResF) analysis (RFA) to measure implant 
stability as a function of the stiffness of the bone-implant interface 
[8–10]. The measured ResF relates to an implant stability quotient (ISQ) 
ranging from 0 to 100. Osstell™ ISQ/Mentor and Penguin™ RFA based 
on a magnetic sensing technique have been applied clinically since 
2010s [11–14]; however, restrictions exist on this type of measurement. 
The device must employ a magnetic accessory (SmartPeg® developed by 
Osstell™) that attaches to the implant structure so that the implant 
stability can be assessed at the beginning of both the primary and sec-
ondary stages of a two-stage procedure. The stability status during the 
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osseointegration stage cannot be followed up without the attached 
accessory. Moreover, the assessment of the stability status is an un-
comfortable and traumatic procedure for patients because gum incision 
is required for each assessment performed with Osstell™ ISQ. Zhuang 
et al. [15,16] proposed a noncontact vibro-acoustic (VA) detection 
technique for estimating the defect quantity and determining the weak- 
stability orientation surrounding a bone-implant interface. Acoustic 
excitation through a miniature loud speaker and vibration response 
measurement through a capacity-type displacement sensor were 
employed to accomplish the aforementioned tasks without the occur-
rence of the mass loading effect on the structure to be examined. 

As known the dental implant surgery includes the one-stage and the 
two-stage procedures. For the one-stage implantation, an abutment is 
exposed out of the gum over alveolus bone in the case of one-piece or 
two-piece implants. As to the two-stage one, a tooth abutment is 
mounted on the implant after the healing cap was removed. Further, a 
new surgery called all-in-one packaging in accelerated orthodontics 
[17,18] has been practiced to allow a permanent crown mounted over 
the implant. In all these procedures the VA assessing technique can be 
applied to measure the trending of resonance frequency variation, and to 
monitor the implant stability status. The handheld device developed 
here uses the VA technique to generate acoustic waves for exciting the 
abutment mounted on the implant; thus, no gum incision is required. 
The handheld device developed and validated aims to overcome the 
existing drawbacks of devices measuring the implant stability, namely 
the added magnetic rod (1) imposing a load effect on the structure and 
(2) requiring gum incision for assessment. The benefits brought by the 
developed device were verified using 14 sets of artificial bone blocks 
with various cancellous bones, cortical shell thicknesses, and interface 
tissues (different mixing ratios of epoxy). Furthermore, animal testing 
was performed using five female New Zealand rabbits. 

2. Materials and methods 

2.1. Assessment of implant stability 

The ResF relates to the stiffness, damping, and density of the 
vibrating object as well as its boundary conditions. The RFA proposed by 
Meredith et al. [9] has a wide range of applications in the postoperative 
assessment of dental implantation and has become a principal method to 
evaluate dental stability in the last two decades. The dental implant 
fixed at one end and free at the other end can be simplified and modeled 
as a cantilever structure. Furthermore, the first ResF is given as follows: 

fEi =
1

2π

̅̅̅̅̅̅̅̅̅
3EiI
l3m

√

, (1)  

where the squared ResF (fEi) is directly proportional to the Young’s 
modulus (Ei) and moment of inertia (I) but inversely proportional to the 
cube of the effective length of the beam (l) and the mass of the beam (m). 
In a failed implantation condition, the fibrous tissue (E1) causes the 
height of the marginal bone to decrease. Consequently, the length of the 
exposed fixture, that is, the effective length (l1) of the cantilever struc-
ture, increases. Thus, the implant stability of E1 and the ResF (fE1) 
decrease. However, for sound osseointegration, the implant stability of 
E2 and the ResF (fE2) increase. Eq. (1) characterizes the first global-mode 
ResF. The simulation and experiments conducted by Hsieh et al. [19] 
proved that the high-frequency local mode can be employed to evaluate 
the defect severity of dental implant osseointegration. 

2.2. Design of the assessment device 

The assessment device comprises a handheld assessment probe; a 
data conditioning, acquisition, and processing unit; and display modules 
for the evaluation of implant stability (Fig. 1). To enable easy handling 
of the device during operation, the design of the measurement probe was 

improved to make it suitable for use in a clinical situation. In contrast to 
the study by Zhuang et al. [16], this study achieved the integration of 
excitation and detection in a prototype probe (Fig. 2) to manipulate with 
ease. In the design, the outlet of acoustic excitation is located above the 
displacement sensor because a cantilever structure may deform if the 
external force excites the free end. Fig. 3 illustrates a set of measure-
ments, including excitation and response signals, for structure assess-
ment. A power-amplified swept sinusoid ranging from 200 to 10,000 Hz 
[Fig. 3(a)] drives the buzzer (AD-5003-PQ1, Advanced Acoustic Tech-
nology Corp, Taiwan) of the probe as an actuator to emit acoustic waves 
[Fig. 3(b)] that excite the dental implant structure. Then, the resulting 
vibration [Fig. 3(c) and (d)] is captured by the capacity-type displace-
ment sensor (CPL190, probe: C5-D, LION PERCISION, USA) of the probe. 
The enclosure of the probe to package the detecting components was 
made by 3D printing. An embedded processing scheme associated with 
the user interface can characterize the implant-structure resonances 
used to evaluate the osseointegration stability. 

Being a gold standard, the Osstell™ instrument was used for veri-
fying the developed VA assessment device. The results depicted in Fig. 4 
(a) and (b) indicate the structural resonance of a SmartPeg® mounted 
above a cylindrical TestPeg®. When the Osstell™ probe approaches the 
top of a SmartPeg®, it beeps to excite the SmartPeg® and the 
displacement sensor (CPL190, probe: C5-D, LION PERCISION, USA) 
captures the vibration response with a peak of 5310 Hz [Fig. 4(a)]. The 
developed probe then emits sound energy to the SmartPeg® and ac-
quires the corresponding vibration response to characterize the struc-
tural resonance at 5307 Hz [Fig. 4(b)]. The SmartPeg® and TestPeg® 
were always employed to confirm the assessment device being in a 
sound condition before measurement. 

2.3. In vitro experimentation 

To verify the effectiveness of the developed device, 14 sets of bone 
blocks comprising combinations of two different cancellous bones, two 
cortical shell thicknesses, and three mixing ratios of resin to hardener 
epoxy adhesives for various interface tissues were designed and fabri-
cated to mimic varied bone structures and implant osseointegration 
statuses during the healing process. An implant inserted in a bone block 
without surrounding epoxy adhesive was considered as the stage of 
primary stability. Accordingly, the thickness of the cortical shell and 
stiffness of the cancellous bone dominated the stability of the bone 
blocks without epoxy and represented different individuals with 
different bone states. Thus, the ResF increased as the stiffness of the 
cancellous bone and the thickness of the cortical shell increased. 
Moreover, the varied mixing ratios of epoxy adhesives between the 

Fig. 1. System block diagram of the assessment device composed of the VA 
excitation, measurement, and analysis modules. 
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implant and the bone block mimicked interface tissues during the 
healing progress. Thus, regenerative bone cells could gradually form in 
the layer surrounding the implant. The stiffness of the regenerative bone 
increased with time. Thus, an increased Young’s modulus was associated 

with increasing mixing ratios. 
Several studies have investigated jaw bone properties [20,21]. 

Artificial bone blocks, solid rigid polyurethane blocks, with the size 36 
× 16 × 40 mm and Young’s moduli of 23 and 137 MPa (#1522-10 and 

Fig. 2. Developed assessment device: (a) design layout, (b) prototype handheld probe, and (c) a close view of the measurement.  

Fig. 3. Excitation generated and response collected by the assessment device: (a) swept sinusoid (200–10,000 Hz) brought to the buzzer, (b) buzzer-generated sound 
wave, (c) captured vibration response, and (d) spectrum of the vibration response. 
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#1522-12, SAWBONES®, Pacific Research Laboratories, Vashon Island, 
WA) were used to mimic two cancellous bone properties [21]. Research 
has also indicated that cortical bone thicknesses are not identical in 
different regions of the jawbone [22]. The 3401-07 and 3401-01 fiber- 
filled epoxy sheets with a 1- and 2-mm-thick cortical shell 
(SAWBONES®), respectively, were selected and used. Bone blocks with 

a cortical shell attached to their top, bottom and sides in the buccal- 
lingual (BL) direction but not in the mesial-distal (MD) direction 
(Fig. 5) are more practical than bone blocks without cortical shells for 
mimicking the human jawbone [23,24]. The gripped sides of a bone 
block were clamped using a metal vise (100 N⋅cm torque); actually, no 
differences on the measured structure resonances of a bone block using 

Fig. 4. Measurement comparison on the set of TestPeg® which a SmartPeg® mounted on with the measurement using Osstell™ ISQ as a gold standard; the combined 
setup of TestPeg® and SmartPeg® (a) measured by Osstell™ ISQ (left), and the spectrum of the captured displacement response (right); and (b) measured by the VA 
device (left), and the spectrum of the measured displacement response. 

Fig. 5. Sectioning the mandible to be a test bone block: (a) side mandible showing the BL and MD directions, (b) in vitro bone block test showing the free and 
fastening surfaces in the BL and MD directions, respectively. 
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clamping torques of 80, 90, 100 or 110 N⋅cm [25]. Epoxy adhesives with 
three mixing ratios, 0.8, 0.9, and 1.0, of resin to harder (Chung Yuan 
Chemicals Inc., Taiwan) were used here to imitate the regenerative bone 
with different mechanical properties in the healing period. The thick-
ness of the interface tissue layer is approximately 0.1–0.15 mm [26]. 
The epoxy adhesives were made from resin and a hardener. Their ma-
terial properties vary with a variation in the mixing ratio of the resin to 
hardener. Thus, the epoxy adhesive samples were fabricated according 
to ASTM-D638, and their Young’s moduli were determined through 
tensile tests, as shown in Fig. 6. The test samples were cast together with 
the interface tissue of the bone blocks. Table 1 presents the material 
properties of the cancellous bone, cortical bone, employed implants (H 
8101 0430, diameter: 4.5 mm, length: 11 mm, TISS®, Huang Liang 
Biomedical, Taiwan), abutments (H 3102 1128, diameter: 4.5 mm, head 
height: 12 mm, TISS®, Huang Liang Biomedical, Taiwan), and the epoxy 
adhesives. Table 2 presents all combinations of the designed bone 
blocks, including two cortical shell thicknesses, two different cancellous 
bones, and four types of interface tissues. It is noted the bone blocks with 
the cancellous bone 1522–10 and the epoxy adhesive with a mixing ratio 
of 1.0 were excluded because the interface tissue should not be stiffer 
than the cancellous bone (Fig. 6(b)). Fig. 5 illustrates how a bone block 
for in vitro test was sectioned from the mandible. In Fig. 5(b), the 
clamped and free surfaces of the bone block represent the MD and BL 
directions of the mandible, respectively. Instead of the Osstell™ 
SmartPeg® used by other techniques, the abutment was screwed using a 
torque 20 N⋅cm onto the implant for test. The advantage of the devel-
oped VA technique lies in the fact that it can be used to monitor the 
stability of implantation without using an accessory during the healing 
process; furthermore, no gum incision is required. Thus, when the in 
vitro test was performed, excitation force exerted on the top of the 
structure and vibration response were captured, as shown in Fig. 2(c). 
Each bone block was measured to obtain 5 effective data in the BL and 
MD direction, respectively, and thus 15 data were obtained in each di-
rection from three bone blocks for a designated model. Due to the 
combination of a dental implant together with the cancellous bone, 
cortical shell and interface tissue, the first bending resonance frequency 
that most corresponds to the osseointegration condition was chosen as 
an index of assessment. It is noted the amplitude (or power) level on the 
chosen ResF had no significance and was not considered. The mean and 
standard deviation of the ResFs were calculated for comparison. Single- 
factor analysis of variance (ANOVA) with two or four levels of the factor 
was applied to test the relevance between each model regarding various 
factors (cancellous bone, cortical shell and interface tissue) and their 
corresponding ResFs. 

2.4. In vivo experimentation 

Animal testing was conducted by performing implantation in rabbits’ 
tibias to observe osseointegration in live bodies. Five 2–3-kg healthy 
female New Zealand rabbits were recruited. A rabbit tibia has a diameter 
smaller than that of the human alveolus bone. Therefore, a relatively 
short implant was used in the experiment. The titanium dental implants 
(H 8101 0424, diameter: 4.5 mm, length: 7 mm; TISS®) were placed in 
the tibia according to the standard procedure suggested by the manu-
facturer. Abutments (H 3102 1128, diameter: 4.5 mm, head height: 6 
mm, GH: 6 mm; TISS®) were screwed to the implants as a measurement 
target. Depending on the swelling level of the tissue, two dimensions of 
the healing abutment (H 3102 1041, diameter: 4.5 mm, head heights: 2 
mm, GH: 3 mm; H 3102 1048, diameter: 4.5 mm, head height: 2 mm, 
GH: 6 mm; TISS®) were mounted onto the implants for replacing the 
measurement abutment after the test was completed. For the in vivo test 
(animal trial certificate IACUC-16-265 approved by the National De-
fense Medical Center Institutional Animal Care and Use Committee, 
Taipei, Taiwan), implantations were first performed on rabbits 1, 2, and 
3 and then on rabbits 4 and 5 a few weeks later. The observation of 
osseointegration through stability examination was performed every 2 
weeks during the healing stage. The ResF values were measured and 
recorded along both the axial (0◦) and lateral (90◦) directions for com-
parison, and the animal testing proceeded until the ResF remained sta-
ble. To justify the proposed and implemented VA device, the regression 
model and correlation analysis between the ResFs measured by the de-
vice and the quotients assessed by Osstell™ ISQ was investigated for 
each rabbit. 

Fig. 6. (a) Epoxy samples according to ASTM-D638 for the tensile test, and (b) comparison of Young’s moduli for various epoxy adhesives (mixing ratios of resin to 
hardener: 0.8, 0.9, 1, 1.3, and 1.5) and artificial cancellous bones (types 1522-09, -10, -11, and -12; SAWBONES®), where red bars indicate the applied epoxy 
adhesives (mixing ratios 0.8, 0.9 and 1) in the in vitro experimentation. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 1 
Material properties of the implant kit and artificial bone blocks with various 
types of interface tissues and side cortical shells.   

Young’s modulus (MPa) Density (kg/m3) 

Ti (Implant, Abutment) 113,800 4480 
Cortical bone 16,000 1640 
Cancellous bone 1522-10 23 160 
Cancellous bone 1522-12 137 320 
Interface-tissue 2.2, 4.9, 37.8 1500  
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3. Results and discussion 

3.1. In vitro experimentation 

Fig. 7 illustrates the ResF comparison in the BL and MD directions 
associated with indicated mean and standard deviation for the various 
models with 2 cancellous bones, 2 cortical shells and 4 interface con-
ditions. The phenomena exhibited in the varied mimicking situations are 
statistically analyzed and summarized below.  

(1) MD direction vs. the BL direction: As displayed in Fig. 7, for a 
fastened bone block, the cortical shell along the MD direction 
(longer) provides higher stiffness than the cortical shell along the 
BL direction (shorter). The mean values of ResFs of bone blocks in 

the MD direction are always larger than those in the BL direction. 
According to the one-tailed test (the significant level α = 0.05), 
the ResFs in the MD direction are significantly larger (p < 0.05) 
than those in the BL direction except the three models, 10-1 mm- 
w/o, 10-2 mm-w/o and 12-2 mm-w/o, from the fourteen ones. 
The design of bone block model without inserting epoxy between 
implant and artificial bone is to mimic primary stability; thus, the 
insignificant differences can be expected for the ResFs in the MD 
and BL directions as the implant keeps a loose connection with 
artificial bone. It should be noted that the drilled holes, tight or 
loose to fit implants, for bone blocks with -w/o models may affect 
measured frequencies.  

(2) Stiffer cancellous bone vs. less rigid one: Fig. 7 indicates that the 
ResFs of bone blocks using the stiffer cancellous bone 1522–12 

Table 2 
Design of artificial bone blocks for device validation.  

Fig. 7. Comparison of measured ResFs in the MD and BL directions for the in vitro test on the bone blocks of 1522-10 and 1522-12 cancellous bone, 1- and 2-mm 
thick cortical shells and four types of interface tissue (w/o, 0.8, 0.9 and 1.0), where 10-1 mm-w/o and 12-2 mm-0.9 denote the 1522-10 cancellous bone with 1-mm 
thick cortical shell without epoxy, and 1522-12 cancellous bone with 2-mm thick cortical shell and with a mixing ratio of 0.8 epoxy adhesive, respectively. 
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are consistently larger (the mean values) than those using the less 
rigid cancellous bone 1522-10. According to the one-tailed test 
(α = 0.05), the ResFs of the bone block models using cancellous 
bone 1522-12 are significantly larger (p < 0.05) than those using 
cancellous bone 1522-0 except the only pair w-2 mm-0.8 (w de-
notes 10 or 12) in the BL direction showing insignificant 
difference.  

(3) Thicker cortical shell vs. thinner one: Thicker cortical shell (2 
mm) provides higher stiffness than the thinner one (1 mm). The 
mean values of ResFs of bone blocks using thicker cortical shell 
are consistently larger than those using thinner one (Fig. 7). Ac-
cording to the one-tailed test (α = 0.05), the ResFs of the bone 
block models using 2-mm cortical shell are significantly larger (p 
< 0.05) than those using 1-mm one except the two pairs including 
12-x-w/o in the MD direction and 12-x-0.8 in the BL direction (y 
denotes 1 mm or 2 mm) show insignificant differences.  

(4) Varied interface tissue situations: As shown in Fig. 6, the higher 
mixing ratios of epoxy are stiffer with larger Young’s moduli. In 
the study the bone blocks without epoxy were used to mimic the 
implant primary stability, and the various mixing ratios of epoxy 
to mimic the progress of osseointegration in the healing process. 
Thus, single-factor ANOVA with four levels of the interface con-
ditions was applied to test the experimental data. According to 
the one-tailed test (α = 0.05), the ResFs of the bone block models 
with four interface conditions, i.e. w/o, mixing-ratios 0.8, 0.9 and 
1.0, respectively, become significantly larger (p < 0.05) except 
the three pairs such as 12-1 mm-y and 12-2 mm-y both in the MD 
direction (y denotes w/o, 0.8, 0.9 or 1.0), and 12-2 mm-z in the 
BL direction (z denotes w/o, 0.8, 0.9 and 1.0) show insignificant 
differences. The larger variation and inconsistency in the exper-
imental data here may result from the uncertainty of bone block 
fabrication such as inexact mixing ratios of epoxy and too tight 
drilled hole to fit an implant. 

To interpret the structural dynamic behavior of bone block models 
due to the screwing faces of implant to bone (connection 1, C1) and 
abutment to implant (connection 2, C2), as shown in Fig. 8(a), two 
screwing torques fastening the abutment to the implant were investi-
gated. The implant begins to rotate against the bone structure (i.e., 
failure occurs between the interface of the implant and bone block) 
when the abutment screwing torque reaches over 15–20 N⋅cm. A one- 
body abutment-and-implant illustrated in Fig. 8(b) exhibits a strong 
connection between the implant and abutment; the situation occurs 
when the implant is embedded in a cellular cancellous bone and thin 
cortical shell or when the abutment is acted upon by a strong torque 
such that the abutment and implant are almost inseparable. In the case 
C2 is considerably stronger than C1, and vibration response almost 
directly reflects the bone quality. This situation corresponds to the case 

of “without epoxy.” Conversely, a weak connection (Fig. 8(c)) is 
considered if a smaller screwing torque is applied to make the abutment- 
implant connection not sufficiently strong, the implant is embedded in a 
stiffer cancellous bone and thick cortical shell, and the bone blocks with 
epoxy adhesive encounter sufficient resistance to prevent screwing of 
the implant. To determine the influence of varied abutment screwing 
torques, 5 and 15–20 N⋅cm, which represent weak and strong fastening 
of the abutment to the implant, respectively, experiments were per-
formed on bone blocks made of two cancellous bones and two cortical 
shells without interface tissues in both the MD and BL directions. As 
before each bone block was measured using a abutment-to-implant 
screwing torque 5 or 15–20 N⋅cm to obtain 5 effective data; thus, 15 
data were obtained in each of the BL and MD direction from three bone 
blocks for a designated model. Fig. 9 shows the experimental results. The 
one-tailed test (α = 0.05) illustrates the ResFs of the bone block models 
using the torque 15–20 N⋅cm are significantly larger (p < 0.05) than 
those using 5 N⋅cm. It exhibits an increase in the abutment screwing 
torque results in an increased ResFs for a designed bone block. 

The results clearly indicate that a consistent and sufficiently large 
torque to fasten abutments is influential to obtain reliable experimental 
data. Although variations in the applied torque may affect the measured 
frequencies, the structures were screwed only until the connection was 
tight to avoid destroying the implants placed in the animal testing. 

3.2. In vivo experimentation 

Implant stability during the osseointegration stage was assessed 
using both Osstell™ ISQ and the developed VA device. A SmartPeg® was 
mounted above the implant without abutment for the testing of the first 
three rabbits to confirm the feasibility of using the VA device. Fig. 10 
displays the experimental results in the axial and lateral directions, 
where the left and right vertical scales represent the measured ResF and 
ISQ quotient, respectively. In the first three-rabbit tests, the assessment 
of implant stability was achieved for only rabbit 3 (R#3), as seen in 
Fig. 10(a) and (b). For rabbit 1, because the drilling hole was too large, 
the regeneration of the surrounding bone could not stabilize the implant 
in each orientation. This result indicates that primary stability is crucial 
and has a major influence on the early healing process. The measure-
ment for rabbit 2 was extremely difficult because the implant was placed 
in a deep location. Furthermore, an extensive portion of the implant was 
located in the medullary cavity. Inflammation occurred when the crust 
was poked, and the tissue surrounding the structure was swollen (Fig. 10 
(b)). Granulation tissue grew in the following healing process. Conse-
quently, the implant stability could not be examined to obtain further 
data. As to R#3, Fig. 10(a) and (b) exhibits that the drop of implant 
stability occurred in two weeks after being placed in the rabbit, and then 
the measured ResFs and ISQs consistently increased during the period 
from the 6th to 13th week. The subsequent stability trend indicates the 

Fig. 8. Section views of the abutment–implant–bone structure: (a) connection definition, (b) one-body abutment and implant, and (c) weak connection between the 
abutment and implant. 
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Fig. 9. Comparison of measured ResFs in the MD and BL directions on the bone blocks without epoxy adhesive to investigate the effects of various screwing torques, 
5 and 15–20 N⋅cm, on abutments. 
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Fig. 10. Animal testing results for five rabbits: (a) and (b) display the results for the first three rabbits (R#1, R#2, and R#3) in the axial (0◦) and lateral (90◦) 
directions, respectively, where VA and ISQ denote the results obtained using the VA and Osstell™ detection devices, the effective data for measurements on rabbits 
R#1 and R#2 are available only in the first two weeks, and red ‘x’ denotes the measured data unavailable; (c) and (d) depict the results for rabbit 4 (R#4) and rabbit 
5 (R#5), respectively, in the axial (0◦) and lateral (90◦) directions when using the VA device and Osstell™ ISQ, where Sp and Ab denote the excitation exerted on the 
SmartPeg® and abutment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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growth of new bone and completion of osseointegration. 
In the second round of animal testing with two rabbits, both a 

SmartPeg® and an abutment were individually screwed onto the 
implant to demonstrate that the VA detection probe can be applied 
without using an accessory, such as the SmartPeg® employed by 
Osstell™ ISQ. The surgical technique drilling was improved due to the 
previous practice. Thus, the immediate loading was sufficiently high so 
that the measured postoperative frequencies (above 5000 Hz) of rabbits 
4 (R#4) and 5 (R#5) were higher than those of the first three rabbits, as 
depicted in Fig. 10(c) and (d). Rabbits 4 and 5 had primary stability 
superior to those of the first three rabbits, and the frequencies in the 
healing process increased by approximately 1000 Hz. Previous research 
[27] has indicated that if the primary stability is suitable, the implant 
can osseointegrate rapidly with the bone structure. 

The linear regression analysis was used to examine the relationship 
between the measured ResFs (in kHz) using the VA device and the 
quotients using Osstell™ ISQ for rabbits 3, 4 and 5 (R#3–R#5). As listed 
in Table 3, the ResFs and ISQs show a close relationship that was 
determined through the simple Pearson correlation coefficients (R), 
which range from 0.544 to 0.987. Besides, the results show that (1) the 
measured frequencies and ISQ quotients in the axial direction (0◦) were 
consistently larger than or equal to those in the lateral direction (90◦) 
during the healing process, which resembles to the measured ResFs in 
the MD direction larger than those in the BL direction in the bone lock 
testing (see Figs. 6 and 7); (2) the measured frequencies obtained with 
using an abutment were steadily smaller than those obtained with the 
SmartPeg® (Fig. 10(c) and (d)) due to the mass-loading effect, here the 
abutment and SmartPeg® had masses of 0.57 and 0.278 g, respectively. 

The variation of screwing torque on the abutment may cause 
inconsistent structural resonance due to a weak or strong connection to 
the implant in the clinical follow-up observation. When using the VA 
probe, the most recognizable peak was selected as a measure of implant 
stability; however, sometimes Osstell™ ISQ may indicate two quotients 
that confuse users. The in vivo trial on five rabbits, however, can be 
considered a partially successful pilot test to deliver a proof of concept 
for the feasibility of using the VA prototyped device on rabbit tibia 
testing. 

4. Conclusion 

It is known an abutment is exposed out of the gum for the one-stage 
procedure and the latter phase of two-stage one during the dental 
implant surgery; besides, for the surgery of all-in-one packaging a per-
manent crown is mounted over the implant in the accelerated ortho-
dontics. In contrast to the existing device like Osstell™ ISQ, the VA 
device developed here to assess dental implant osseointegration requires 
no designated accessory, whose use may cause a mass-loading effect on 
the test result and result in the requirement of uncomfortable gum 
incision during the osseointegration stage. First, a TestPeg® was 
employed to justify the measurement of the VA assessment device by 
comparing with the result of a commercialized displacement sensor and 
Osstell™ ISQ used as a gold standard. Then, the proposed device was 
validated through performing both in vitro and in vivo testing. Fourteen 
bone-block models were designed for in vitro testing with using two 
cancellous bones, two cortical-shell thickness and four various interface 
tissues. In brief, the dental implant inserted in a bone block using stiffer 
cancellous bone, thicker cortical shell and higher mixing ratios of epoxy 
adhesive may yield a larger ResF value (Fig. 7 and the discussion of four 
factors in Section 3.1). It is confirmed by employing the one-tailed sin-
gle-factor ANOVA. The influence of the torque screwing an abutment to 
the implant on the measured ResF was explored. It is observed in Fig. 9 
the weak connection (5 N⋅cm) results in consistent lower measured 
ResFs than the strong connection (15–20 N⋅cm). Though the correlation 
analysis on the built regression models for the three rabbits, it shows a 
close relationship between the measured ResFs and ISQ quotients, 
whose correlation coefficients range from 0.544 to 0.987 (Fig. 10 and 

Table 3). 
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