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A B S T R A C T   

Osseointegration is the key to the success of surgery of dental implantation. In this study, we proposed, 
implemented and explored a handheld and noncontact electromagnetic-type stability assessment device for the 
use after surgery. The device with two pairs of dual inductors incorporating with a driving signal of swept 
wavelets was first proposed. This detection device feeds 200–10 kHz of alternating current into an inductor to 
produce swept broadband magnetic flux and excite the implant structure with a magnetic pole. The implant 
vibration causes magnetic-flux changes and generates an induced electromotive force. The implant structure 
resonance frequency (RF) can be characterized to exhibit osseointegration status by evaluating the frequency 
response function. In vitro bone block experiment and in vivo animal testing were performed to validate the 
developed device. For bone block experiment on fourteen designs, besides two cancellous bones and two cortical- 
shell thicknesses, four interface tissues produced using varied mixing ratios of epoxy adhesive were to imitate 
osseointegration progress. Further, a pilot animal test was conducted on five female New Zealand rabbits to 
assess implant osseointegration in live bodies. Statistical analyses for varied bone models on measured RF, and 
the regression analysis between the measured RF and OsstellTM ISQ for in vivo testing were performed. The 
correlation analysis on the built regression models shows a close relationship between the measured RFs and ISQ 
quotients with the determination coefficients up to over 0.9.   

1. Introduction 

Recently more toothless or partial tooth loss patients have chosen 
dental implantation to replace traditional dentures. The success rate of 
implant surgery was low before due to the poor biocompatibility of 
implants to surrounding bone tissue. Today, titanium implants used for 
oral prosthesis reconstruction have been proven remarkably biocom-
patible, and increase the success rate of the surgery; however, the failure 
examples were still reported on occasion [1]. Brånemark et al. defined 
osseointegration as bone cells completely attaching to the surface of the 
titanium implant, and that the structure and function are directly bound 
[2]. The osseointegration level between the implant and the alveolar 
bone has been perceived as a key to the success of dental implantation 
[2]. Poor osseointegration between the implant and alveolar bone cau-
ses post-implant instability, and consequently leads to surgery failure. 
Post-implant stability can be divided into primary stability and sec-
ondary stability. The exterior design of an implant including geometric 

shape, length, diameter, and surface treatment, patient’s bone condi-
tions, and physician’s surgery practice directly relate to the primary 
stability. If bone cell regenerates and remodels well between the implant 
and the alveolar bone, this can increase the secondary stability as well as 
improve the surgery success rate [3]. Clinical cases and fundamental 
studies reported that the exhibited implant primary stability has a sig-
nificant impact on the dental implantation [4,5]; further, the secondary 
stability is determined by the bone regeneration and remodeling level 
around the implant [6]. In order to provide dentists with implant sta-
bility monitoring information for needed treatment at the appropriate 
time, and reduce surgery failure, effective detection devices associated 
with their measuring techniques are demanding. For clinical use the 
detection method should be as large as being noninvasive and 
noncontact. 

Dental implant stability detection can be divided into invasive and 
noninvasive methods. The two commonly seen invasive detection 
methods are tissue sectioning method [7] and removal torque method 
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[8,9]. These methods both hurt bone tissue and can cause permanent 
damage, and appear not suitable for long-term monitoring of the pa-
tient’s osseointegration. To prevent damage caused by detection during 
the long-term monitoring of osseointegration, couples of noninvasive 
methods have been developed, such as force exerting method that ap-
plies force on implant structure to determine its mobility [10,11], 
impact method [12], ultrasonic evaluation [13], and resonance fre-
quency analysis (RFA) [3,14] and its related [15–17]. 

In the recent two decades the RFA method has been explored and 
become a main-stream detection method. Meredith et al. first proposed 
and connected an L-shape transducer to implants, and provided a broad- 
band signal to excite implant-alveolar bone structure; thereby, the vi-
bration response exhibiting structural resonance was captured [3,14]. 
The actuation and sensing to perform RFA can be divided into vibro- 
acoustic (VA) [3,16,20–22] and electromagnetic (EM) [18,19,23–26] 
devices. The noncontact techniques [20–26] without direct contact 
interference with the structure should be superior to the contact [3] and 
semi-noncontact ones [16,18,19] in terms of the actuation and sensing 
means. It is noted that EM devices still need a magnetic accessory 
attached on the structure to be assessed. For using the VA techniques, 
Feng et al. [16] implemented a semi-noncontact device employing an 
impact rod to strike implant structure and a microphone to collect 
acoustic energy. Zhuang et al. [20] proposed and developed a fully 
noncontact VA osseointegration detection technique, using a miniature 
loud speaker to generate excitation sound wave and a capacitive 
displacement sensor to measure vibration response and characterize 
structural resonance. Both in-vivo and in-vitro experiments show that 
this technique is feasible and reliable, but requires a limited detection 
distance. Pan et al. [21] applied the VA technique to detect two types of 
in vitro defect models, buccal-lingual and mesial-distal, with four 
various boundary conditions. To realize a detection device accommo-
dated in oral measurement, an integrated excitation-and-sensing trans-
ducer was further proposed and implemented [22]. As to the EM 
techniques, semi-noncontact detection techniques [18,19] were pro-
posed. Yamane et al. [18] developed an EM excitation actuator to excite 
a magnetic pole, but employed an accelerometer attached to the pole to 
capture the vibration response of implant structure. The attached 
accelerometer may apply a loading effect to the structure and make the 
device semi-noncontact eventually. In contrast, Kim et al. [19] applied 
the tapping rod of the Periotest® to shock implant structure and assessed 
the dental implant stability using an inductive sensor. Chia et al. [23] 
employed an electromagnet to excite implant-bone structure attached 
by a permanent magnet, and two Hall-effect sensors to capture the 
varying magnetic flux, one for reference and one for detection; then, the 

structure resonance relating to the implant-bone stability can be char-
acterized. Mou et al. [24] drove an inductor as an actuator and sensed 
the response using a Hall sensor to design a prototyped detection device 
for in vitro bone test; however, it cannot be clinically used due to its 
dimension. A commercialized dental osseointegration detection device 
OsstellTM ISQ (OsstellTM AB, Gothenburg, Sweden) was developed 
[25,26]. The device converts measured resonance frequency into a scale 
of 1 to 100 called Implant Stability Quotient (ISQ) to determine implant 
stability. 

Based on the RFA and EM scheme, we developed a noncontact 
handheld dental implantation stability assessment device. To the best of 
our knowledge the inspection probe composed of two pairs of dual in-
ductors and incorporated with a driving signal of swept wavelets was 
first proposed. The implemented device was verified by a commercial 
capacitive vibration sensor and OsstellTM ISQ through measuring four 
sets of TestPeg®-and-SmartPeg® structure. Afterwards, an in vitro test 
on fourteen designs of artificial bone blocks with various interfaces 
between implant and bone and a pilot animal test on five female New 
Zealand rabbits were performed for device justification. 

2. Materials and methods 

2.1. Resonance of dental implantation structure 

For a homogeneous cantilever structure, its first bending resonance 
frequency, Rf, can be expressed as 

Rf =
1

2π

̅̅̅̅̅̅̅̅
3EI
l3m

√

, (1)  

where l, m, E and I denote its equivalent vibration length, mass, Young’s 
modulus, and moment of inertia, respectively. In case of a dental implant 
in jaw bone, as illustrated in Fig. 1, the varying on rigidity and equiv-
alent length due to osseointegration can be reflected by the resonance 
frequency. Thus, dentists and researchers may inspect the resonance 
frequency of implant structure as a basis for the assessment of dental 
implantation stability [3,14]. The structural resonance of the implant 
attaching in mandible still follows the trend defined in Eq. (1) although 
being nonhomogeneous for the whole structure. When implantation 
surgery was just completed, the region around the implant has not been 
covered by bone tissue (Fig. 1 (a)); thus, the longer effective vibration 
length la, and the less-stiff Young’s modulus Ea cause a lower primary 
resonance frequency. During the osseointegration phase, the bone tissue 
generates and integrates to the implant to make the structure stiffer and 

Fig. 1. A magnetic pole attached to an implant in the jaw (left) shown by equivalent cantilever structure (right), where parts (a) indicate loose osseointegration (or 
bone defect), and parts (b) indicate firm one. 
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further stable. Fig. 1 (b) illustrates this equivalent structure with a 
shorter effective vibration length lb, and higher Young’s modulus Eb. As a 
result, the increasing on resonance frequency can be applied to assess 
osseointegration conditions. 

2.2. Detection probe design 

The proposed device has four features including (i) same-side exci-
tation and sensing units in the probe head, (ii) being composed of dual 
pairs of inductors and a simple circuit, (iii) real-time processing unit to 
evaluate the frequency response function (FRF) that characterizes 
structural resonance, and (iv) handheld size appropriate for dentists to 
operate in the space of oral cavity and to use in a clinical environment. 
Fig. 2 illustrates the system framework and detection mechanism of the 
assessment device. The power-amplified excitation signals were fed to a 
serially connected dual pairs of inductors so that the magnetic-flux- 
change induced electromotive force due to implant-structure vibration 
can be captured. Dual pairs of EM actuating and sensing inductors (Fig. 2 
(b)) generate a reference voltage, VRef., and a sensing voltage, VMeas., 
respectively, which play the core for the assessment of osseointegration. 
Here, a swept Morlet-wavelet signal driving magnetic flux (Fig. 3(a)(b)) 

ψ(t) = cos(2πft)e− x2 t2 , (2) 

was fed into the probe, where t and f denote the elapsed time and the 
central frequency of mother Morlet wavelets (from 200 to 10,000 Hz), 

respectively, and x is the dilation factor to tune the bandwidth of the 
central frequency f. The induced electromotive force (EMF), Fig. 3(c) 
and (d), was acquired. Further, when a magnet-attached structure was 
excited by the driving flux, this yielded an induced EMF subsequently 
due to the back-and-forth of vibrating structure; especially the induced 
EMF reaches high when the swept central frequency approaches struc-
ture resonance. The LabVIEW® coded FRF that characterizes structural 
resonance was evaluated through the induced voltages of Inductor De-
tectors X and Y, i.e. VRef. and VMeas. The implemented device was first 
justified by both a commercial capacitive vibration sensor (C3-D, LION 
PRECISION, St. Paul, USA) and OsstellTM ISQ through measuring four 
sets of TestPeg-and-SmartPeg structure (Fig. 4(a)). Fig. 4(b) shows the 
measured resonance frequencies by the proposed device are identical to 
the measurement of the vibration sensor and closely correlate to the 
detected ISQ values. 

2.3. Experimentation  

(1) In Vitro Test 

The in vitro bone-block test was performed to validate the developed 
osseointegration assessment device. In order to flexibly vary test con-
ditions that represent individuals’ jawbone states, an implant in the 
mandible can be segmented and simplified by a bone block model [22]. 
For bone blocks that imitate the implant-mandible structure from 

Fig. 2. (a) Measurement system framework and (b) its detection mechanism.  
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primary stability to various osseointegrated stages, fourteen combina-
tions of design including two cortical shell (one- and two-mm thickness), 
two cancellous bone (1522–10 and 1522–12) and four types of interface 
tissue (i.e. without epoxy adhesive and epoxy adhesive with mixing 
ratios of 0.8, 0.9 and 1.0, respectively), and three samples for each 
design were fabricated, as shown in Fig. 5. A bone block tightly inserted 
with an implant without interface tissue was considered as the complete 
osseointegration. The epoxy adhesive of mixing ratio 1.0 is stiffer than 
artificial cancellous bone 1522–10; thus, this combination of bone block 
was excluded as shown in Fig. 5(a) since interface tissue would not be 
stiffer than cancellous bone. During the test, the bone block clamped 
with a torque of 15 N•cm (Fig. 5(b)) was measured in both the buccal- 
lingual (BL) and mesial-distal (MD) directions. Fig. 6 shows the in vitro 
experimental setup using the implemented device. A magnetic pole 
fastened to the implant structure (lower-right corner of Fig. 6(a)) was 
excited by Inductor Exciter Y for the assessment of implant stability. A 
LabVIEW®-coded user interface was used to perform the test, display 

measuring results, and read out the resonance frequency relating to 
implant stability levels (Fig. 6(b)). It is noted the amplitude level on the 
chosen RF had no significance and was not considered. The mean and 
standard deviation of the RFs were calculated for comparison. Single- 
factor analysis of variance (ANOVA) with two or four levels of the fac-
tor was applied to test the relevance between each model regarding 
various factors (cancellous bone, cortical shell and interface tissue) and 
their corresponding RFs.  

(2) In Vivo Test 

In the in vivo test (Animal Test Certificate IACUC-16-265, National 
Defense Medical Center’s Laboratory Animal Center) we used five 
healthy female New Zealand white rabbits (#1− #5). Primary stability 
test was performed to the implant as soon as the implantation was 
performed; subsequently, the test was conducted every two weeks until 
reaching complete osseointegration. The osseointegration evaluation 

Fig. 3. Excitation voltage VRef. ((a) time waveform and (b) spectrum), and induced electromotive force VMeas. ((c) time waveform and (d) spectrum).  
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period for each rabbit lasted about 12–16 weeks. The axial and lateral 
directions of tibia were set as respectively 0◦ and 90◦ with middle sep-
arations of 30◦ and 60◦, as shown in Fig. 7 (a). Besides using the 
developed dual inductor detection device to assess the changing of 
osseointegration stability (Fig. 7 (b)), the measurement with applying 
OsstellTM ISQ was also referred for comparison (Fig. 7 (c)). In order to 
facilitate the follow-up measurement a healing abutment was mounted 
to prevent surrounding tissue growth from falling into the implant as 
soon as every assessment. To justify the proposed and implemented EM 
device, the regression model and correlation analysis between the RFs 
measured by the device and the quotients assessed by OsstellTM ISQ was 
investigated for each rabbit. 

3. Results and discussion 

We developed here an EM-type detection device for the stability 

assessment of osseointegration, and explored the relationship between 
osseointegration levels and implant-structure resonances as well. To the 
purpose, both in vitro artificial bone block experiment and in vivo ani-
mal test were conducted. 

3.1. In vitro bone block experiment 

As mentioned above the test using bone blocks tightly inserted with 
an implant without interface tissue was performed to evaluate the sta-
bility of complete osseointegration. Fig. 8 shows both the results of in 
vitro test and their corresponding numerical simulation [27]. It is noted 
that for the same thickness of cortical shell, the greater Young’s modulus 
the cancellous bone has, the higher resonance frequency the implant 
structure holds; likewise, for the same cancellous bone, the thicker the 
cortical shell, the higher its resonance frequency. Fig. 9 illustrates the RF 
comparison in the BL and MD directions associated with indicated mean 

Fig. 4. Detection probe justification (a) using a commercial capacitive vibration sensor (the left of SmartPeg®) and OsstellTM ISQ (the bottom left of photo) on four 
sets of TestPeg®-and-SmartPeg® (the bottom right of photo); (b) measurement results. 
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and standard deviation for the varied models with 2 cancellous bones, 2 
cortical shells and 4 interface states. The measurement reflected the 
changing of resonance frequencies for the varied mimicking situations, 
and the phenomena exhibited are statistically analyzed and summarized 
below.  

(1) Stiffer vs. less rigid cancellous bone: Fig. 9 indicates that the RFs 
of bone blocks using the stiffer cancellous bone 1522–12 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 RFs of the bone block models using cancellous 
bone 1522–12 are significantly larger (p < 0.05) than those using 
1522–10 except the two pairs w-1 mm-0.9 in the MD direction 
and w-1 mm-0.8 in the BL direction (w denotes 10 or 12) show 
insignificant differences.  

(2) Thicker vs. thinner cortical shell: Thicker cortical shell (2 mm) 
provides higher stiffness than the thinner one (1 mm). The mean 
values of RFs of bone blocks using thicker cortical shell are 
consistently larger than those using thinner one (Fig. 9). Ac-
cording to the one-tailed test (α = 0.05), the RFs of the bone block 
models using 2-mm cortical shell are significantly larger (p <
0.05) than those using 1-mm one except the three pairs including 
12-x-w/o in both the MD and BL directions and 10-x-0.8 in the BL 
direction (x denotes 1 or 2 mm) show insignificant differences.  

(3) Varied interface tissue cases: The higher mixing ratios of epoxy 
are stiffer with larger Young’s moduli [29]. In the study the use of 
various mixing-ratio epoxies imitates the progress of osseointe-
gration in the healing process, and the no-epoxy bone blocks with 
a firmly inserted implant were used to mimic complete osseoin-
tegration. The mean values of RFs of bone blocks with larger 
mixing-ratio epoxy and a firmly inserted implant are larger 
(Fig. 9), but the bone blocks 10–1 mm-w/o in both directions 
possess low RFs conversely. This results from the implants loosely 
inserted so as to make them like primary osseointegration. 

Further, 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 RFs of the bone block models with four 
interface conditions, i.e. mixing-ratios 0.8, 0.9 and 1.0, and w/o, 
become significantly larger (p < 0.05). It is noted that the larger vari-
ation and inconsistency in the experimental data here may result from 
the uncertainty of bone block fabrication such as uneven epoxy filled 
between the implant and bone block, inexact mixing ratios of epoxy and 
not tight a hole to fit the implant, etc. 

The in vitro bone-block experiments associated with the statistical 
analysis indicate that the use of stiffer cancellous bone, thicker cortical 
shell and higher mixing-ratio epoxy results in larger resonant fre-
quencies. Two-folds perspectives revealed can be summarized below: 

Fig. 5. In vitro experiment- (a) designed fourteen combinations of bone blocks, and (b) defined partial mandible structure embedded with a dental implant.  
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(1) The use of varied cancellous bone and cortical shell denote 
diverse bone quality. Larger resonant frequencies with using 
stiffer cancellous bone and thicker cortical shell only mean a 
higher frequency baseline for primary stability rather than a 
stable osseointegration. Complete implant osseointegration with 

originally strong bone quality may reach a relatively large reso-
nant frequency for sure.  

(2) The proposed and implemented detection probe successfully 
measured the synthesized cases with using varied mixing-ratios 
epoxies or a firmly inserted implant to imitate the proceeding 
of osseointegration. 

Fig. 6. In vitro experimental setup (a) using the developed device, where the photo on the lower-right corner shows a close view of detector probe, and (b) 
appearance of detection FRF on user interface. 

Fig. 7. Illustration of animal test- (a) defined measurement orientations (0◦ and 90◦, respectively, in alignment with and lateral to rabbit tibia); measurement using 
(b) developed detection device and (c) OsstellTM ISQ. 
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3.2. In vivo animal test 

In in-vivo animal test, implantations were first performed on three 
rabbits (#1, #2, and #3), and then two more (#4 and #5). Fig. 10 shows 
the test results of the five rabbits during the osseointegration phase, and 
two photos (appearance of implantation and illustration of varied 
orientation assessment, respectively) appended for each evaluation. The 
line charts characterize the changing of resonance frequency along time 
in alignment with tibia (0◦), where the measurement for primary sta-
bility was conducted immediately after surgery, and following test was 
performed every two weeks.  

(1) First round of three rabbits: For rabbit #1, the implant was loose 
to fit in bone due to a too large hole drilled in operation, and fell 
off two weeks later. Fig. 10 (a) shows weak primary stability with 
an extremely low frequency and small ISQ; further, the following 
measurement two weeks later kept the same. The regeneration of 
the surrounding bone could not stabilize the implant in each 
orientation. It indicates that the primary stability is essential and 
has a major influence on the early healing process. As to rabbit #2 
(Fig. 10 (b), the regenerated tissue covered implant made the 
osseointegration evaluation difficult during the healing process. 

The test terminated four weeks later since the veterinarian had 
recommended not conducting open surgery too often. Thus, the 
implant stability could not be examined to obtain further data. 
For the measurement of rabbit #3, the hole size and drilling 
position were as expected. Fig. 10 (c) shows that the RFs and ISQ 
values decreased in the second week because of bone shrinkage; 
subsequently, the measured RFs and ISQs consistently increased 
during the period from the 6th to 13th week. It can be seen at the 
13th week the expected osseointegration was complete; the 
evaluation was conducted and the stability was tracked until the 
19th week. 

(2) Second round of two rabbits: Fig. 10 (d) plots the osseointegra-
tion evaluation record for rabbit #4. The implant structure had a 
higher primary stability, and the stability gradually increased in 
the following osseointegration period. The stability assessment 
terminated on the 14th week as the measurement remained 
steady. The case of rabbit #5 was similar to #4, i.e. the implant 
structure had a relatively high primary stability, and the mea-
surement steadily increased. From the 8th to the 14th weeks the 
stability increased along time and the full osseointegration 
reached. Rabbits #4 and #5 had primary stability superior to the 
first three, and the frequencies in the healing phase increased 
around 1000 Hz. Previous study [28] revealed that if the primary 
stability is suitable, the implant can osseointegrate rapidly with 
the bone structure. 

The linear regression analysis was applied to examine the relation-
ship between the measured RFs (in kHz) using the EM device and the 
quotients using OsstellTM ISQ for rabbits #3− #5. As listed in Table 1, 
the RFs and ISQs show a close relationship through the determination 
coefficient (R2) over 0.9. When using the EM probe, the peak in the 
calculated FRF (Fig. 6(b)) was selected as a measure of implant stability; 
however, OsstellTM ISQ may sometimes indicate two quotients that 
confuse users. The in vivo trial on five rabbits can be considered a 
partially successful pilot test to show the feasibility of using the proto-
typed EM device on rabbit tibia testing. 

4. Conclusion 

In the study a detection device with two pairs of dual inductors 
incorporating with a driving signal of swept wavelets was first proposed, 
implemented and validated to the best of our knowledge. Our developed 
device was first justified on four sets of TestPeg®-and-SmartPeg® 

Fig. 9. Comparison of measured RFs 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 a mixing ratio of 
0.9 epoxy adhesive, respectively. (bone block 
clamping torque: 15 N•cm).   

Fig. 8. Comparison between bone-block test (Exp) without interface tissue and 
numerical analysis (Num) for the MD (bone block clamping torque: 15 N•cm). 
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structure by using both a commercial capacitive vibration sensor and 
OsstellTM ISQ used as gold standards. In vitro bone block experiments 
were conducted to imitate varied bone qualities and osseointegration 
phases. Fourteen bone-block models were designed with using two 
cancellous bones, two cortical-shell thickness and four varied interface 
tissues. In brief, the implant inserted in a stiffer cancellous bone with 
thicker cortical shell and higher mixing ratios of epoxy adhesive may 
yield a larger RF value (Fig. 9 and the discussion of three factors in 

Section 3.1). It is confirmed by using the one-tailed single-factor 
ANOVA. Besides, a pilot in vivo animal test was performed on five fe-
male New Zealand rabbits. Through the correlation analysis on the built 
regression models for the three rabbits, it shows a close relationship 
between the measured RFs and ISQ quotients, whose determination 
coefficients reach as high as 0.9 (Fig. 10 and Table 1). The detection 
device developed here can evaluate the changing of osseointegration. It 
seems promising to provide dentists with objective implant stability 
values for assessing osseointegration. 
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Table 1 
Linear regression analysis between the measured RFs and the ISQ values along 
the tibia direction of three rabbits.  

R# Regression coefficients (β0, β1)* Determination coefficient (R2) 
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(in kHz), respectively. 
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