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1. Abstract 

Objective: The aim of this study was to evaluate the accuracy of milled and 3D printed 

titanium and zirconia multi-rooted root analogue implants (RAIs) and compare their bio-

mechanical behaviour to conventional threaded implants (TIs) experimentally and numer-

ically through the creation of a validated finite element model. Materials and methods: A 

multi-rooted RAI was modelled based on tooth 47 segmented from cone-beam computed 

tomography (CBCT). Four RAI subgroups, 3D-printed titanium (PT), 3D-printed zirconia 

(PZ), milled titanium (MT), and milled zirconia (MZ), were fabricated, along with two TI 

subgroups (4.5 x 11 mm and 5.5 x 11 mm) as controls. Specimens were evaluated for 

precision and trueness using high-resolution scanning and 3D measurement software, 

with root mean square (RMS) deviations statistically analysed. Samples were embedded 

in artificial bone blocks and subjected to biomechanical testing using a specialised biome-

chanical test system to quantify micromotion. Additionally, a validated finite element model 

incorporating RAIs and TIs was developed, reproducing experimental boundary condi-

tions. The model was assessed under immediate placement (touching contact) and osse-

ointegrated conditions (glued contact). A 300 N load was applied axially and at 30° to 

evaluate equivalent stress, maximum principal stress, microstrain, and displacement. Re-

sults: PZ demonstrated the highest precision (RMS: 21±6 µm), while MZ had the highest 

trueness (RMS: 66±3 µm). MT exhibited the lowest trueness and the greatest deviation in 

the furcation area (612±64 µm). In vitro micromotion analysis showed no significant differ-

ences in the loading direction (Z-axis) between RAIs and TIs, whereas RAIs had higher 

total displacement compared to TIs (96.5 µm vs. 55.8 µm). Finite element analysis (FEA) 

showed that RAIs outperformed TIs, exhibiting lower stress, reduced microstrain (4,000 

µε vs. 13,000 µε), and enhanced primary and secondary stability with lower micromotion. 

Conclusion: The manufacturing method significantly affected RAI accuracy, with PZ 

showing the highest precision and MZ the highest trueness. RAIs demonstrated promising 

biomechanical behaviour, though anatomical variations influenced predictability. FEA con-

firmed RAIs’ superior stress distribution and stability over TIs, highlighting their potential 

as a viable alternative for immediate implant placement. 

Keywords: Root Analogue Implant; Dental Implant; Accuracy; Biomechanics; Finite Ele-

ment Analysis; 3D Printing.  
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2. Introduction and Aims with References 

2.1  Introduction 

Dental implants are a well-established treatment for replacing missing teeth, with a re-

ported success rate of approximately 95 % after ten years (Moraschini et al., 2015). Im-

mediate implant placement, in which the implant is inserted directly into the extraction 

socket, offers advantages such as reduced surgical interventions, lower costs, and shorter 

treatment duration (Beagle, 2006; Figliuzzi et al., 2012; Koh et al., 2010). However, chal-

lenges such as discrepancies between the extraction socket and conventional threaded 

implants (TIs) can lead to difficulties in positioning and reduced primary stability (Regish 

et al., 2013; Saeidi Pour et al., 2019; Yong, 2012).   

Advancements in digital dentistry, particularly cone beam computed tomography (CBCT) 

and computer-aided design/computer-aided manufacturing (CAD/CAM), have enabled 

the fabrication of patient-specific root analogue implants (RAIs, Ghuneim, 2013; Moin et 

al., 2018; Regish et al., 2013). Designed to replicate the extracted tooth’s root anatomy, 

RAIs achieve an optimal fit within the socket, potentially enhancing primary stability, re-

ducing marginal bone loss, and simplifying placement compared to TIs (Anssari Moin et 

al., 2017; Chen et al., 2014; Mangano et al., 2014). Despite these advantages, challenges 

such as high manufacturing costs, complex fabrication, and limited clinical data remain 

significant concerns (Moin et al., 2013; 2018). 

RAIs can be fabricated using either subtractive manufacturing (SM) or additive manufac-

turing (AM) (Dantas et al., 2021). SM, primarily through computer numerical control (CNC) 

milling, offers high precision and superior mechanical properties, particularly with 5-axis 

machines that enable complex geometries (Beuer et al., 2008; Bosch et al., 2014). How-

ever, milling is costly, time-consuming, and generates significant material waste, while 

tool wear can compromise accuracy (Jeong et al., 2018; Lerner et al., 2021). 

Conversely, AM, particularly 3D printing, minimises material waste and allows for the effi-

cient production of complex geometries with high accuracy (Revilla-León and Özcan, 

2019; Zhang et al., 2019). Technologies such as lithography-based ceramic manufactur-

ing (LCM) and selective laser melting (SLM) enable the fabrication of ceramic and metal 
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RAIs, respectively, but require additional post-processing steps like sintering or debinding 

(Schönherr et al., 2020; Schweiger et al., 2021). Despite these advancements, AM may 

still produce structures with lower density and mechanical strength compared to milling 

(Saeidi Pour et al., 2019). 

Implant stability, defined as the absence of clinical mobility, is crucial for successful osse-

ointegration (Ivanova et al., 2021; Sennerby and Meredith, 2008). It consists of primary 

stability, achieved through mechanical anchorage upon insertion, and secondary stability, 

which develops through bone remodelling and healing (Miri et al., 2017). While primary 

stability is a mechanical property, secondary stability is a biological process influenced by 

osseointegration. Factors such as implant geometry and bone quality play a critical role in 

enhancing overall stability and long-term success (Figliuzzi et al., 2012; Ivanova et al., 

2021). 

Finite element analysis (FEA) is a computational technique used to model complex phys-

ical structures by dividing them into smaller, interconnected elements ( Lee and Lim, 2013 

). In dental research, FEA allows for the assessment of biomechanical behaviour in sce-

narios that are difficult to study experimentally. It also enables the evaluation of different 

materials and implant designs without additional costs (Aldesoki et al., 2022; Elshazly et 

al., 2023; Falcinelli et al., 2023 Wang et al., 2022). 

2.2 Aim of the Study 

The aim of the current study was to: 

1. Assess the accuracy of multi-rooted titanium and zirconia RAIs fabricated using addi-

tive and subtractive techniques. 

2. Experimentally analyse the micromotion of these RAIs by evaluating their load/dis-

placement curves. 

3. Develop a validated 3D finite element model based on experimental data to numeri-

cally investigate the biomechanical behaviour of multi-rooted RAIs.  
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Tarek M. Elshazly a, Christoph Bourauel a 

a Oral Technology, Dental School, University Hospital Bonn, Bonn, Germany 
b Department of Prosthodontics, Dental School, University Hospital Bonn, Bonn, Germany 
c Department of Electrical Engineering, Mechanical Engineering and Technical Journalism (EMT), Bonn-Rhein-Sieg University of Applied Sciences, Sankt Augustin, 
Germany   

A R T I C L E  I N F O   

Keywords: 
Root analogue implant (RAI) 
Accuracy 
Precision 
Trueness 
3D printing 
Milling 

A B S T R A C T   

Objectives: The present study aimed to evaluate the accuracy (trueness and precision) of titanium and zirconia 
multi-rooted root analogue implants (RAIs) manufactured by milling and 3D-printing. 
Methods: A multi-rooted RAI was designed based on a mandibular second molar segmented from cone-beam 
computed tomography (CBCT). The manufactured RAIs were divided into four groups: 3D-printed titanium 
(PT) and 3D-printed zirconia (PZ) (n=10 each), as well as milled titanium (MT) and milled zirconia (MZ) (n=5 
each). The specimens were scanned with a high-precision scanner, and the scanned data were imported into 3D- 
measurement software to evaluate the precision and trueness of each group. Root mean square (RMS) deviations 
were measured and statistically analysed (One-way ANOVA, Tukey’s, p≤0.05). 
Results: PZ showed the highest precision with RMS value of 21±6 µm. Nevertheless, there was no statistically 
significant difference in precision among the other groups. Regarding trueness, MZ showed the highest trueness 
with RMS value of 66±3 µm, whereas MT showed the lowest trueness result. Inspection sections showed that MT 
had significantly high RMS deviation in the furcation area (612±64 µm), whereas PZ showed significantly high 
RMS deviation at the apical area (197±17 µm). 
Conclusions: The manufacturing process significantly influenced the RAI accuracy. PZ exhibited the highest 
precision, whereas MZ exhibited the highest trueness, followed by PT. Finally, our results suggest that 3D-print
ing can reproduce concave surfaces and less accessible areas better than milling. 
Clinical Significance: Milled and 3D-printed RAIs showed promising results in terms of precision and trueness. 
However, further clinical research is needed to advocate their use as immediate implants. Additionally, the 
inherent volumetric changes of the various materials during manufacturing should be considered.   

1. Introduction 

Dental implants are considered a successful treatment modality for 
replacing missing teeth with a success rate of almost 95% after ten years 
[1]. Immediate implants are implants that are immediately inserted into 
the extraction socket of the tooth to be replaced [2,3]. The benefit of this 
immediate implant placement is that it reduces the number of surgical 
interventions, the cost, and the overall duration of treatment [4]. 
Although immediate implants offer many advantages, they are associ
ated with some surgical challenges, such as difficult implant positioning 
and decreased primary stability caused by the shape discrepancy 

between the socket and the conventional threaded implant [5–7]. 
Recent advances in computer-aided design/computer-aided 

manufacturing (CAD/CAM) technology combined with cone beam 
computed tomography (CBCT) rendered it possible to fabricate a cus
tomised patient-specific root analogue implant (RAI) as an alternative to 
threaded implants (TI) [5,8,9]. The design of the RAI is based on the root 
anatomy of the tooth to be extracted and therefore, unlike the threaded 
implant, fits perfectly into the empty socket without creating a 
discrepancy; this in turn should increase primary stability, reduce 
marginal bone loss, and make insertion less complicated [10–12]. 

RAIs are manufactured either by subtractive (milling) or additive 

* Corresponding author. 
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(3D printing) manufacturing [13]. In subtractive manufacturing (SM), 
computer numerical control (CNC) milling machines are classified ac
cording to the number of axes into 3-axis, 4-axis, or 5-axis machines [14, 
15]. A 5-axis machine can move linearly in the three spatial directions X, 
Y, and Z, as well as rotate around the A and B axes. The rotation is done 
either by the spindle or the workpiece, which allows milling of complex 
3D geometries with extremely high accuracy [16,17]. However, this is 
more expensive than using the 3- or 4-axis machines and requires a 
longer machining time [16,18,19]. Although milling is the most widely 
used manufacturing process [18], it has many limitations, such as high 
material waste due to the unusable remnants of disks and blocks, high 
maintenance costs for the machine, and slow manufacturing process. In 
addition, milling burs are highly susceptible to wear, especially for fully 
sintered ceramics, and their size also affects the reproduction of the 
surface geometry and limits the ability to bypass deep undercuts 
[20–22]. 

To overcome the limitations of SM, additive manufacturing (AM) is 
now widely used in dentistry [23]. 3D printing is a CAM process that 
converts a digital model into a physical model through layer-by-layer 
material deposition [24,25]. It reduces material waste as only the sup
port material needs to be disposed. It also enables the simultaneous 
production of multiple models in less time and can produce extremely 
complex geometries with high accuracy [11,20,21,23]. For these rea
sons, 3D printing is widely regarded as the future of RAIs [11]. 

One of the recent innovations in rapid prototyping technologies is 3D 
printing of advanced ceramics using lithography-based ceramic 
manufacturing (LCM). This technology is based on digital light pro
cessing (DLP) [26], in which a ceramic slurry coated with a photosen
sitive resin is activated using a light-emitting diode (LED) device [27]. 
Once the part is formed layer-by-layer by selective polymerization, it is 
called a green body. This green body requires further thermal treatment 
involving debinding and sintering. Debinding burns out the photo
polymer network and organic components, whereas sintering densifies 
the ceramic particles by fusing them together [28,29]. Another type of 
AM is selective laser melting (SLM), in which powdered metal material 
is melted with a high-power fibre laser in an inert chamber. This laser 
beam melts each layer into the previous one until the solid body is 
formed from thousands of superimposed micro-welds [11,30,31]. 

According to the international organization for standardization (ISO 
5725-1:1994), trueness refers to how close the measured values are to a 
reference value, whereas precision refers to how repeated measure
ments in the same group are close to each other, and both trueness and 
precision quantify the accuracy of a 3D model [32]. In several studies, 
the accuracy of milled and 3D printed dental models has been discussed 
[13,20,33,34], however, to our knowledge, few studies have evaluated 
the accuracy of RAIs [10,11,35]. Yet, the accuracy of multi-rooted RAIs, 
in particular, has not been discussed. 

Hence, the aim of this study was to evaluate the accuracy of titanium 
and zirconia multi-rooted RAIs manufactured by additive and subtrac
tive methods. The null hypothesis was that there would be no statisti
cally significant difference in accuracy amongst the examined groups (p 
> 0.05). 

2. Methods 

2.1. Data acquisition and preparation of the RAI STL file 

A CBCT scan of the mandible of a dentulous patient who was not 
identified by sex, age, or ethnic group was selected for the construction 
of the RAI 3D model. The equipment was adjusted to scan the entire 
tooth with a beam accelerating voltage of 90 kV and an X-ray beam 
current of 12 mA with a voxel dimension of 75 μm. The total scanning 
time was 15 s, and a total of 668 slices were scanned for modelling. 

Next, the CBCT scan was segmented using a 3D medical image pro
cessing software (Mimics 22; Materialise, Leuven, Belgium) whereby the 
mandibular right second molar (tooth 47) was segmented by assigning a 

minimum and a maximum threshold based on histogram analysis. 
Subsequently, the segmented tooth was exported to a 3D printing, 
design and remeshing software (3-matic 15; Materialise, Leuven, 
Belgium) to finalise the design of the RAI based on the anatomy of the 
tooth. Since the focus in our study was on the root-shaped portion of the 
implant, the coronal portion was designed as an idealised cube with a 
side length of 5 mm to facilitate further biomechanical investigations. 
The modelled RAI was then exported as a standard tessellation language 
(STL) file, which will serve as a reference model. 

2.2. Preparation of the milled and 3D printed models 

Using the predesigned RAI STL file, the specimens were fabricated 
either by 3D printing or by milling, as shown in Table 1. Milling was 
performed with 5-axis CNC milling machines, placing the sprues on the 
idealised cube and on the mesial root of the RAI (Fig. 1A), whereas LCM 
and SLM technologies were used for the 3D printing of zirconia and ti
tanium RAIs, respectively. The printing supports were placed on the 
overhanging coronal surface around the idealised cube. The RAIs were 
aligned upside down with the idealized cube facing the bed of the 3D 
printer, and the layer thickness was set to 25 µm (Fig. 1B and 1C). 

All produced RAIs were then scanned using the Atos Core industrial 
scanner (Atos Core 80; GOM GmbH, Braunschweig, Germany). Atos 
Core is a blue-light scanner with precise fringe patterns projected onto 
the surface of the object and captured by two cameras. This triple-scan 
principle can provide complete measurement data even for objects with 
indentations or reflective surfaces. The scanner unit was calibrated and 
tested according to VDI/VDIE 2634 (VDI e.V.; Düsseldorf, Germany) and 
had the following maximum deviations: 1 μm probing error form 
(sigma), 2 μm probing error (size), 2 μm sphere spacing error, and 6 μm 
length measurement error. A scanning spray (AESUB White; Scanning
spray Vertriebs GmbH, Recklinghausen, Germany) was applied to each 
sample before scanning to improve the scanning process specifically 
with the glossy surface of the titanium RAIs (Fig. 2A). 

2.3. Alignment and 3D analysis 

All the scanned data were saved in STL format and imported into an 
evaluation software for the analysis of 3D measurement data (GOM 
Inspect Suite 2020; GOM GmbH, Braunschweig, Germany). The pre- 
designed CAD file of the RAI was imported as the reference nominal 
data, whereas the scanned data were imported as the actual data to be 
analysed. The alignment process was performed in two steps: in the first 
step, a pre-alignment was done to align the actual data with the nominal 
data regardless of the initial positions, and in the second step, an auto
matic best-fit alignment was performed. This alignment minimises the 
sum of squared deviations between the actual point cloud and the 
nominal point cloud (Fig. 2B). 

The "Surface comparison on actual" inspection was then performed 
to compare the deviations between the two data sets across the entire 
surface. In this inspection, the software compares each actual point to a 
nominal point, by calculating the direct perpendicular distance between 
each polygon point on the actual data and the nominal data. Since we 
focused only on the root-shaped portion of the RAI, the coronal portion 
was excluded from our inspection. This inspection generates a colour 
map in which blue indicates the areas measured below the CAD surface 
(inward deviation) and red indicates areas measured above the CAD 
surface (outward deviation), whereas green represents areas without 
deviations. The maximum and minimum deviations have been set to 
+500 µm and − 500 µm, respectively. 

For the quantitative assessment of deviations, the entire surface 
comparison dataset (approximately 45,000 surface data points per 
model) was exported as an American Standard Code for Information 
Interchange (ASCII) file with the following parameters: default unit 
(mm); point cloud coordinates; total deviation. From this dataset, the 
root mean square (RMS) values representing the absolute deviations 

M. Aldesoki et al.                                                                                                                                                                                                                               
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between the nominal and actual data for each superimposition were 
calculated as follows: 

RMS =

̅̅̅̅̅̅̅̅̅̅̅∑
d2

n

√

where d is the distance between the actual and nominal data points and n 
is the number of measurement points. 

In addition to the surface comparison, two inspection sections were 
created for additional in-depth inspection. A "Furcation" section was 
created at the midpoint of the furcation area by selecting the Y plane as 

the reference plane to intersect the RAI buccolingually, and an "Apex" 
section was created at the junction between the apical third and the 
middle third of the root portion by selecting the Z plane to intersect the 
RAI axially (Fig. 2C). 

Finally, precision (intragroup comparison) was calculated by cross- 
comparing different scans in each group (n=45 for the PT and PZ 
groups and n=10 for the MT and MZ groups), whereas trueness (inter
group comparison) was calculated by comparing the actual scan data in 
each group to the nominal reference data (n=10 for the PT and PZ 
groups and n=5 for the MT and MZ groups) as detailed in Fig. 3. 

Table 1 
Study groups, material properties, and manufacturing technology.  

Group Number Material Chemical 
Composition 

Manufacturing 
Technology 

Machine name 

Printed Titanium 
(PT) 

10 You Grade 2 (SLM Solutions, Lübeck, Germany) Ti (grade 2) SLM 3D printing SLM 250 HL (SLM Solutions, Lübeck, 
Germany) 

Printed Zirconia 
(PZ) 

10 LithaCon 230 3Y (Lithoz, Vienna, Austria) ZrO2 3 mol % Y2O3 LCM 3D printing CeraFab System S65 (Lithoz, Vienna, 
Austria) 

Milled Titanium 
(MT) 

5 Rematitan blank Ti5 (DENTAURUM, Ispringen, 
Germany) 

TiAl6V4 (grade 5) 5-Axis CNC milling RXD-5 (Röders TEC, Soltau, Germany) 

Milled Zirconia 
(MZ) 

5 Zirkon BioStar white opaque (SILADENT, Goslar, 
Germany) 

ZrO₂ / Y₂O₃ / Al₂O₃ 5-Axis CNC milling RXP 500 DSC (Röders TEC, Soltau, 
Germany)  

Fig. 1. Preparation of RAI for milling and 3D printing. A. STL file of the RAI with two sprue attachments, ready for milling. B. STL file showing the position of the 
printing supports of the RAI for 3D printing. C. The alignment and distribution of the RAIs on the 3D printer’s bed. 
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2.4. Statistical analysis 

The sample size was determined using the freeware (G*Power 
3.1.9.7, Düsseldorf, Germany) based on the results of previously pub
lished studies [33,36]. The alpha value and study power (1-β err prob) 
were set to 0.05 and 95%, respectively. Based on our parameters, a 
minimum total sample size of 20 (5 per group) was required. As the 3D 
printed samples were more affordable, we were able to increase the 
number of samples for PT and PZ groups to 10 instead of 5, considering 
the use of the appropriate statistical tests for unequal sample sizes. 

The numerical data are represented as mean and standard deviation 
(SD) values. Shapiro-Wilk’s test was used to test for normality. Homo
geneity of variances was tested using Levene’s test. The data showed 
normal distribution and variance homogeneity. One-way ANOVA test 
followed by Tukey’s post hoc test were used for intergroup comparisons. 
The significance level was set to p ≤ 0.05 for all tests, and the statistical 
analysis was performed with R statistical analysis software version 4.0.4 
for Windows1. 

3. Results 

The overall results of precision and trueness are summarised in 
Table 2. Concerning precision, there was a statistically significant dif
ference in RMS values between the four groups (p<0.001). PZ showed 
the highest precision with an RMS value of only 21 (±5.9) µm; however, 
no significant difference in precision existed among the other groups. 
Regarding trueness, there was a significant difference in RMS values 
between the four groups (p<0.001). MZ exhibited the highest trueness 
result with an RMS value of 66.4 (±2.6) µm, whereas MT exhibited the 
lowest trueness result with an RMS value of 164.3 (±22.9) µm. Since all 
samples in each group had similar precision and trueness patterns, a 
representative image was selected for each group. (Figs. 4 and 5). 

It was observed that the maximum deviations are concentrated in the 
furcation area of MT and the apical area of PZ (Fig. 4), as confirmed also 
by the inspection sections. The "furcation" inspection section showed 
that MT had the highest RMS value (612.3 µm), followed by PZ, whereas 
MZ and PT had the lowest RMS values of 81.7 µm and 78.1 µm, 
respectively. For the "apex" section, PZ showed the highest RMS value 
(197.3 µm), whereas MZ had the lowest RMS value of 45.3 µm (Figs. 6 
and 7). 

When assigning maximum failure thresholds (tolerances) for devia
tion (100, 200, and 300 µm, respectively), MZ presented the lowest 
percentage of failure, with only 9.9% of the surface exceeding the 100 
µm tolerance, whereas for both 200 µm and 300 µm tolerances, PT 
presented the lowest percentage of failures, with 0.14% and 0.01% of 

Fig. 2. Preparatory steps for the 3D analysis. A. Optical scanning of the RAI using the Atos Core 80 blue-light scanner (GOM GmbH, Braunschweig, Germany). B. 
Automatic best-fit alignment of the actual data to the nominal data (GOM Inspect Suite 2020, GOM GmbH, Braunschweig, Germany). C. Schematic representation of 
the inspection sections with the buccolingual "Furcation" section in the middle of the furcation area and the axial "Apex" section at the junction between the apical 
third and the middle third of the root portion of the RAI. 

1 R Core Team (2020). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. URL 
https://www.R-project.org/. 
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the surface exceeding the tolerance, respectively, as shown in Table 3 
and Figs. 8 and 9. Finally, by comparing the volume of the four groups to 
the original volume of the RAI CAD model, we observed that MT showed 
the highest volume change with a volume difference of +7.9% and MZ 
showed the lowest volume change with a volume difference of +1.0%, 
while PT was the only group to show a negative volume change of 
almost − 5.0% (Table 3). 

4. Discussion 

In our study, we evaluated the dimensional accuracy of titanium and 
zirconia RAIs fabricated by 3D printing and milling. Accuracy was 
represented by both precision (intra-group comparison) and trueness 
(inter-group comparison). The four implant groups were optically 
scanned and superimposed on the reference nominal data using auto
matic best-fit alignment, and the RMS deviation was used for the 3D 
analysis. Based on the results of this in vitro study, the null hypothesis 
that there is no statistical difference in accuracy between the four tested 

groups has to be rejected for both precision and trueness. 
The evaluation of dimensional accuracy is of crucial importance for 

the assessment of the primary stability of RAIs [35], which in turn is 
essential for osseointegration [37]. Unlike conventional TI, which ach
ieves its primary stability by extending the osteotomy 3–5 mm apical to 
the alveolus during immediate implant placement, RAI obtains its pri
mary stability from the good fit between the implant and the socket, 
which forms a good congruence with the extraction site [38]. Therefore, 
any mismatch with the alveolus will result in a reduced contact between 
the bone and the implant, which will decrease the primary stability and 
lead to implant failure [35]. 

Aiming to mimic the clinical workflow of RAI placement, we have 
designed the RAI based on the natural root form of tooth 47 using CBCT 
data acquisition and CAD software [39]. Our decision to use a 
multi-rooted tooth was primarily based on our interest in evaluating 
accuracy in the critical furcation area, which to our knowledge has not 
been investigated in previous studies. Furthermore, incongruence in this 
critical area also has a detrimental effect on RAI insertion [35]. 

The RMS value reflects the degree of deviation of the scanned data. A 
low RMS value represents well-matched data overlap, which means 
higher values for trueness and precision [40]. According to Rossini et al. 
[41] and Sohmura et al. [42], a clinically acceptable error of 200 to 300 
µm is acceptable for diagnostic casts. However, other studies suggest a 
higher accuracy in fixed and implant prosthodontics, with clinically 
acceptable error ranging from 50 to 150 µm [24,28]. In the present 
study, the mean deviations ranged from 21.0 to 32.8 µm for precision 
assessment and from 66.4 to 164.3 µm for trueness assessment. 

The results of this in vitro study reveal that the precision of 3D 
printed zirconia is statistically higher than that of the other groups. 
Precision can be defined here as the degree of repeatability of measured 
samples of the same group [32]. PZ showed higher precision result 
compared to the milled groups. Such result supports the findings of 
Marcel et al. [22] who compared milled and 3D printed bite splints in 
terms of accuracy. In their study, they concluded that the precision of 3D 
printed bite splints surpasses that of milled bite splints. A similar 
conclusion was reached by Schönherr et al. [28] who reported high 

Fig. 3. Flowchart of the study design, starting from the RAI CAD reference file to the group comparison in terms of precision and trueness. RAI, root analogue 
implant; CAD, computer-aided design. 

Table 2 
Precision, trueness, and inspection section results of the four groups.  

Group RMS (µm), Mean ± SD p value 

Precision Trueness Inspection section 

Furcation Apex 

PT 32.8 ±
7.1A 

77.9 ± 4.2C 78.1 ± 33.2C 72.5 ± 6.0B <0.001 
* 

PZ 21.0 ±
5.9B 

99.9 ± 7.2B 121.4 ±
21.5B 

197.3 ±
17.4A 

<0.001 
* 

MT 32.2 ±
6.8A 

164.3 ±
22.9A 

612.3 ±
63.6A 

76.6 ± 4.6B <0.001 
* 

MZ 30.0 ±
4.5A 

66.4 ± 2.6D 81.7 ±
19.7BC 

45.3 ± 2.1C <0.001 
* 

RMS: root mean square. Different superscript letters indicate a statistically sig
nificant difference within the same column. 

* Significant (p≤0.05) 
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reproducibility of crowns processed with LCM. 
Our results in terms of trueness showed that milled zirconia had the 

highest trueness among the four test groups with respect to the reference 
CAD file. Specifically, MZ showed significantly higher trueness 
compared to PZ. A similar conclusion was reached in a recent in vitro 
study by Lerner et al. [21] who compared the accuracy of milled and 3D 
printed monolithic zirconia crowns (MZCs). Similar to our study, the 

authors used the CerafabS65 LCM based printer for the fabrication of the 
3D printed crowns and a 5-axis machine for the fabrication of the milled 
crowns. To evaluate trueness, they used the (90–10)/2 method, the 
absolute average (ABS AVG) method, and the RMS method, which is also 
used in our study. The authors reported that milled MZCs had higher 
trueness than 3D printed MZCs, and both groups showed high precision 
that is compatible with the clinical use. 

Fig. 4. Colour map showing precision and trueness 3D analysis. The outward deviation is indicated by red colour whereas the inward deviation is indicated by blue 
colour. The maximum and minimum deviations have been set to +500 µm and − 500 µm, respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.). 

Fig. 5. Boxplot graphs showing the trueness and precision values using root mean square (RMS) deviation.  
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The main reason for the decreased trueness in PZ is the relatively 
high deviation in the apical region (about 197 µm). In LCM technology, 
the zirconia green body shrinks during the subsequent debinding and 
sintering process. Thus, the manufacturer recommends a shrinkage 
compensation of 1.354 during production [43]. However, warpage 
during the sintering process is another problem [28]. Since the RAI is 
placed upside down on the build platform, the maximum warpage is 
observed in the least supported apical region. The problem with this 

warpage is that it could interfere with the proper insertion of the RAI due 
to incongruence with the socket. Yet, this deformation could be reduced 
by providing support in this area, as suggested in the study by Schönherr 
et al. [28]. 

The evaluation of the trueness of titanium-made RAIs revealed that 
3D-printed RAIs using SLM technology had a significantly higher true
ness value than the milled RAIs, which had the lowest trueness among 
the four groups (RMS value of around 164 µm for MT). the high trueness 
of RAIs printed with SLM technology is consistent with several studies 
[11,30,31]. Chen et al. [11] evaluated the biomechanical performance 
of RAIs fabricated by SLM by measuring the dimensional accuracy along 
with other properties such as the surface roughness and the tensile 
strength. They concluded that RAIs produced by SLM technology 
showed high strength and adequate dimensional accuracy. In another in 
vitro study, Ciocca et al. [44] evaluated the accuracy of metal frame
works for full-arch dental restorations on implants by comparing a new 
hybrid technique (SLM printing/milling) with the conventional milling 
technique. They concluded that the accuracy of metal frameworks 
fabricated with the novel hybrid technique was significantly higher than 
that of the conventional technique. 

While AM proved suitable for the fabrication of titanium RAIs, SM 
showed poor results in terms of trueness. This is directly related to the 
manufacturing process; in AM, the object is formed by layer-by-layer 
deposition, while in SM, the object is milled with cutting burs that cut 
into a preformed block. In this process, the CAM software calculates the 
needed milling paths and recognises where critical undercuts are 
located. The geometry of the milled object is thus limited by the size and 

Fig. 6. Colour map showing “Furcation” and “Apex” inspection sections. The 
outward deviation is indicated by red colour whereas the inward deviation is 
indicated by blue colour. The maximum and minimum deviations have been set 
to +500 µm and − 500 µm, respectively. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.). 

Fig. 7. Boxplot diagrams showing the values of the "Furcation" and "Apex" inspection sections using root mean square (RMS) deviation.  

Table 3 
Change in volume with respect to the reference nominal data and percentage of 
failure at different tolerances.  

Group Volume difference (%), 
Mean ± SD 

Fail percentage (%), Mean ± SD p value 
Tolerance (µm) 

100 200 300 

PT − 5.0 ± 0.5D 19.0 ±
4.3B 

0.1 ±
0.3C 

0.01 ±
0.03C 

<0.001 
* 

PZ +4.5 ± 0.6B 28.2 ±
2.5A 

5.7 ±
1.7A 

1.32 ±
0.67B 

<0.001 
* 

MT +7.9 ± 0.5A 17.9 ±
2.4B 

6.9 ±
0.4A 

3.94 ±
0.11A 

<0.001 
* 

MZ +1.0 ± 0.4C 9.9 ±
1.3C 

2.6 ±
0.3B 

1.20 ±
0.07B 

<0.001 
* 

Different superscript letters indicate a statistically significant difference within 
the same column. 

* Significant (p≤0.05) 
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Fig. 8. Colour map showing the percentage of failure when assigning 100 µm, 200 µm, and 300 µm tolerance values. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.). 

Fig. 9. Boxplot diagrams showing the percentage of failure when assigning 100 µm, 200 µm, and 300 µm tolerance values.  
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the milling path of the cutting bur, which means that in deep concave 
surfaces, the diameter of the bur should be smaller than the diameter to 
be milled. Otherwise, the milled surface will be over-contoured in this 
area [22]. This is clearly visible in the furcation area of the milled ti
tanium RAI. 

Noteworthy, in contrast to milled titanium, milled zirconia exhibited 
less deviation in the furcation area even though it was milled with a 5- 
axis CNC machine with the same setup and tool size. This could be due to 
the fact that zirconia is milled with an oversize of 20–25% to compen
sate for sintering shrinkage according to the enlargement factor rec
ommended by the manufacturer [45]. This creates more space for the 
milling paths and allows the cutting burs to reach areas that cannot be 
reached during the true-size milling, as is the case with milled titanium 
RAIs. 

Another finding that can be clearly observed, especially from the 
inspection sections in Fig. 6, is that AM could reproduce the surface 
anatomy of the RAIs more precisely than SM with better reproduction of 
concave areas and undercuts. This finding is consistent with previous 
studies [19,22,26], but contradicts the claims of Lerner et al. [21] that 
AM cannot accurately reproduce deep and narrow grooves on the 
occlusal surface. Our explanation for this contradiction is that the 
printing supports in Lerner’s study were placed on the occlusal surface, 
where it is difficult for the technician to remove the supports without 
under- or over-polishing the surface, whereas in the present study, the 
printing supports were placed on the coronal portion of the RAI, so they 
do not impair the accuracy results, which are confined to the 
root-shaped section of the RAI. 

By taking advantage of 3D superimposition analysis, we can be 
confident that our results are reliable and not biased because the su
perimposition and 3D analyses were performed digitally via computer, 
which is superior to traditional manual measurements. In addition, we 
have included the entire dataset of surface points to fully measure all 
deviations in the three spatial directions, which is more reliable than the 
traditional linear assessment method by selecting finite measuring 
points, which may introduce operator bias, especially in irregular 
anatomical geometries such as the RAI [23,33]. 

A potential limitation of this study is that it is an in vitro study with a 
limited sample size, where the implications of the observed deviations 
on implant placement and primary stability were not evaluated. In 
addition, the results are valid only for the materials and machines used 
in our study. Further studies with additional manufacturing protocols 
are therefore required for a thorough evaluation of the accuracy of the 
RAIs. 

At the end of our study, we speculate to the best of our knowledge 
that this is the first study to comprehensively discuss the dimensional 
accuracy of titanium and zirconia RAIs manufactured by both the ad
ditive and subtractive methods. The promising results in terms of pre
cision and trueness encourage a broader implementation of 3D printed 
and milled RAIs in immediate implant cases. However, the inherent 
volumetric changes of the different materials during fabrication should 
be considered, possibly by adjusting the shrinkage compensation factor 
or the CAD file. This shrinkage occurs mainly during melting of the ti
tanium powder in SLM printing and during the heat treatment phase of 
the 3D printed and milled zirconia. Finally, we recommend confining 
the use of milled titanium to single-rooted RAI cases only. 

5. Conclusions 

Within the limitations of this study (in vitro, limited sample size, 
limited manufacturing protocols), both the manufacturing process and 
material selection had a significant impact on RAI accuracy. The 3D 
printed zirconia RAIs exhibited the highest precision, whereas the milled 
zirconia RAIs exhibited the highest trueness, followed by the 3D printed 
titanium RAIs. Within this study, both the 3D printed and milled RAIs 
showed clinically acceptable accuracy levels, excluding milled titanium 
RAIs, which showed high deviation in the furcation region. Finally, 

additive manufacturing showed better reproduction of deep concave 
surfaces and less accessible areas compared to subtractive 
manufacturing. 
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root analogue implants embedded in synthetic 
bone blocks: an in vitro study
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Abstract 

Background  While conventional threaded implants (TI) have proven to be effective for replacing missing teeth, they 
have certain limitations in terms of diameter, length, and emergence profile when compared to customised root ana-
logue implants (RAI). To further investigate the potential benefits of RAIs, the aim of this study was to experimentally 
evaluate the micromotion of RAIs compared to TIs.

Methods  A 3D model of tooth 47 (mandibular right second molar) was segmented from an existing cone beam 
computed tomography (CBCT), and a RAI was designed based on this model. Four RAI subgroups were fabri-
cated as follows: 3D-printed titanium (PT), 3D-printed zirconia (PZ), milled titanium (MT), milled zirconia (MZ), each 
with a sample size of n = 5. Additionally, two TI subgroups (B11 and C11) were used as control, each with a sample 
size of n = 5. All samples were embedded in polyurethane foam artificial bone blocks and subjected to load applica-
tion using a self-developed biomechanical Hexapod Measurement System. Micromotion was quantified by analysing 
the load/displacement curves.

Results  There were no statistically significant differences in displacement in Z-axis (the loading direction) 
between the RAI group and the TI group. However, within the RAI subgroups, PZ exhibited significantly higher 
displacement values compared to the other subgroups (p < 0.05). In terms of the overall total displacement, the RAI 
group showed a statistically significant higher displacement than the TI group, with mean displacement values 
of 96.5 µm and 55.8 µm for the RAI and TI groups, respectively.

Conclusions  The RAI demonstrated promising biomechanical behaviour, with micromotion values falling 
within the physiological limits. However, their performance is less predictable due to varying anatomical designs.

Keywords  Dental implants, Stability, Patient specific, Biomechanics, Motion, 3D printing, Milling, Titanium, Zirconia

Background
The average survival rate of dental implants after ten 
years of clinical use is almost 95%, establishing them the 
best treatment choice for replacing missing and severely 
decayed teeth [1]. The International Team for Implan-
tology (ITI) consensus conference has classified dental 
implants based on the insertion protocol as follows: a) 
immediate implant placement on the day of tooth extrac-
tion, b) early implant placement with soft tissue healing 
typically occurring after 4 to 8  weeks, c) early implant 
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placement with partial bone healing taking place approx-
imately 12 to 16  weeks later, and d) late implant place-
ment after complete bone healing after of least 6 months 
[2].

Immediate implant placement has many advantages, 
including shortening the overall treatment time, reduc-
ing costs, and decreasing the number of surgical inter-
ventions [3]. Additionally, it helps preserving the height 
and width of the alveolar bone while minimising mar-
ginal bone loss following extraction [3–5]. However, 
the decreased primary stability due to the incongruence 
between the implant and the alveolus, as well as the dif-
ficult implant placement can be a real surgical challenge 
[6–8].

One of the treatment alternatives to conventional 
threaded implants (TIs) is the use of fully customised 
root-analogue implants (RAIs) [9]. The concept of RAI 
was initially introduced by Hodosh et  al. in 1969 as a 
heat-processed methyl methacrylate implant. However, it 
was deemed unsuccessful after failure to achieve osseoin-
tegration [10]. In 1992, the technique was reintroduced 
using pure titanium instead of polymer, leading to suc-
cessful osseointegration [7].

Such RAIs are the product of the combined tech-
nologies of computer-aided design/computer-aided 
manufacturing (CAD/CAM) and cone beam computed 
tomography (CBCT) [6, 11]. The idea of the RAI is to 
replace a tooth scheduled for extraction through an 
immediate implant placement by designing the RAI with 
similar dimensions to the original root anatomy based on 
CBCT. Thus, a perfect congruence between the implant 
and the empty socket could be achieved, unlike TI [12]. 
The expected benefits include a reduced number of sur-
geries, simple and straightforward placement, improved 
primary stability and immediate soft tissue support 
[13–15].

RAIs are produced using either subtractive or additive 
manufacturing techniques [16]. Subtractive manufactur-
ing employs a milling process facilitated by computer 
numerical control (CNC) milling machines. These 
machines are categorized based on the number of axes 
they operate on, ranging from 3-axis to 5-axis machines 
[17, 18]. On the other hand, additive manufacturing 
involves 3D printing, a method that transforms a digital 
model into a physical object by depositing materials layer 
by layer [19, 20].

A notable advancement in additive manufacturing is 
the use of lithography-based ceramic manufacturing 
(LCM) for 3D printing advanced ceramics. In this pro-
cess, a ceramic slurry coated with a photosensitive resin 
is hardened layer by layer using a light-emitting diode 
device [21]. Another significant technique in additive 
manufacturing is selective laser melting (SLM), which 

involves fusing powdered metal using a high-power fibre 
laser in an inert environment. The laser precisely melts 
each layer onto the preceding one, creating a solid object 
through the accumulation of thousands of micro-welds 
[22, 23].

The stability of the implant in the alveolar bone is of 
crucial importance for successful osseointegration [24]. 
The term micromotion in dental implants refers to the 
subtle displacement of an implant in relation to the sur-
rounding tissue, which cannot be observed with the 
naked eye [25]. Studies have suggested that for successful 
osseointegration, the micromotion between the implant 
and bone should not exceed a threshold value of 150 µm 
[26, 27]. Implant stability can be classified into primary 
and secondary stability. Primary stability is achieved by 
the mechanical retention of the implant during initial 
insertion, whereas secondary stability is reached after 
consecutive bone remodelling processes and complete 
healing. Consequently, primary stability is considered 
a mechanical phenomenon, while secondary stability is 
a biological phenomenon influenced by osseointegra-
tion [28]. Many factors influence the primary stability of 
the implant, such as the quality and quantity of the sur-
rounding bone and the implant geometry; changing the 
implant-bone contact area by increasing the length or 
width of the implant could enhance the primary stability 
[9, 29].

The biomechanical behaviour of dental implants has 
been extensively investigated in various studies [26, 30, 
31]. However, there is a notable gap in research regard-
ing the specific biomechanical behaviour of RAIs. Hence, 
the aim of this study was to experimentally evaluate the 
micromotion of multi-rooted titanium and zirconia RAIs 
by analysing their load/displacement curves. The null 
hypothesis stated that there would be no statistically sig-
nificant difference in micromotion among the examined 
groups or subgroups (p > 0.05).

Methods
Study design
Two implant designs were used in this study: a custom-
designed RAI and a traditional TI as a control. The RAI 
was designed based on a CBCT scan of a dentate man-
dible using the following scanning parameters: beam 
accelerating voltage of 90  kV, X-ray current of 12  mA, 
voxel dimension of 75  µm, and total scanning time of 
15 s. The total number of slices was 668. The CBCT scan 
was processed using a 3D medical image processing soft-
ware (Mimics 22; Materialise, Leuven, Belgium) and the 
right mandibular second molar (tooth 47) was segmented 
based on histogram analysis. The segmented tooth was 
subsequently imported into a 3D modelling software 
(3-matic 15; Materialise, Leuven, Belgium), to finalise the 
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design of the RAI based on the anatomy of the tooth. The 
coronal portion was designed as an idealised cube with 
a side length of 5 mm to facilitate further biomechanical 
investigations.

The RAIs were produced using two methods: mill-
ing and 3D printing, with both titanium and zirconia as 
materials of choice. Milling was performed with 5-axis 
CNC milling machines, whereas LCM and SLM technol-
ogies were used for the 3D printing of zirconia and tita-
nium RAIs, respectively. During 3D printing, the printing 
supports were placed on the overhanging coronal surface 
around the idealised cube, and the layer thickness was 
set to 25 µm. A total of 20 RAIs were fabricated and cat-
egorized into four subgroups (n = 5) based on the manu-
facturing method: 3D printed titanium (PT), 3D printed 
zirconia (PZ), milled titanium (MT), and milled zirconia 
(MZ).

As a control group, conventional TI were included 
(Ankylos; Dentsply-Friadent, Mannheim, Germany). The 
TI group was divided into two subgroups (n = 5) based 
on implant size: B11 subgroup with a diameter of 4.5 mm 
and length of 11 mm, and C11 subgroup with a diameter 
of 5.5 mm and length of 11 mm (Fig. 1).

Biomechanical analysis
For the biomechanical testing, the implants were inserted 
into test blocks made of polyurethane foam artificial 
bone (Sawbones; Pacific Research Laboratories, Vashon, 
USA). These test blocks were comprised of two layers: a 
2  mm-thick layer of epoxy filled with short glass fibres 
(type #3401–01, density 1.64  g/cm3), which simulated 
cortical bone, and a 40 mm-thick layer of rigid polyure-
thane foam (type #1522–01, density 0.16  g/cm3), which 
simulated cancellous bone. The TIs were screwed into 
Sawbones following the surgical protocol provided by the 
manufacturer (Fig. 2A). As for the RAIs, a socket-shaped 
cavity, resembling the negative replica of the root-shaped 

RAI, was initially drilled in the Sawbones (Fig. 2B). Prior 
to insertion into the Sawbones, the surface of the RAIs 
was coated with a thin layer of resin (PalaXpress; Heraeus 
Kulzer GmbH, Wasserburg, Germany) to secure a tight 
attachment between the RAI and the Sawbones. Each 
specimen was then firmly fastened to the base of the 
specimen holder using PalaXpress resin (Fig. 2C).

The samples were inserted into a custom-developed 
biomechanical Hexapod Measurement System (HexMeS) 
[32]. HexMeS is specifically designed to apply various 
forces on small objects like dental implants. It consists 
of three main components: a high-precision hexapod 
robot (PI M-850.50; Physik Instrumente, Karlsruhe, Ger-
many) capable of precise translations and rotations with 
a resolution of less than 1  µm and 5 µrad. Additionally, 
the system incorporates a high-precision 3D force/torque 
sensor (ATI FTSGamma 130/10; SCHUNK GmbH & 
Co. KG, Lauffen/Neckar, Germany) for force and torque 
measurements, as well as an optical system for precise 
position detection, consisting of an aluminium cube with 
three pinholes, each 2  µm in diameter (Melles-Griot, 
Bensheim, Germany) illuminated by a laser beam (35 
mW, 658 nm; Laser 2000, Wessling, Germany), and three 
video cameras with macro zoom optics (JAI CV-M1; 
Stemmer-Imaging, Puchheim, Germany). This setup ena-
bles the accurate tracking of micromotions in the speci-
mens under load application by monitoring the pinholes 
through the video cameras (Fig. 3).

The samples were mounted on the HexMeS with the 
implant aligned parallel to the Z-axis. The laser-illumi-
nated aluminium cube was securely attached to the top 
of the samples, and a spoon-shaped lever arm was con-
nected to the implant. This configuration allowed any 
movement of the Hexapod to be transmitted as a force to 
the implant (Fig. 4).

The samples were indirectly loaded by program-
ming the Hexapod to perform a loading cycle of 1.5 mm 

Fig. 1  Overview of the examined implant groups. A Root analogue implant (RAI) group, including PT, PZ, MT, and MZ subgroups. B Threaded 
Implant (TI) group, comprising C11 and B11 subgroups. Φ, Diameter; L, Length
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translation in the negative Z direction, followed by a 
release cycle in the positive Z direction until reaching the 
zero position (150 steps of 0.02  mm each). The applied 
force and torque were recorded by the force/torque sys-
tem, and simultaneously the displacement of the implant 
(translation and rotation) was recorded by tracking the 
laser-illuminated pinholes through the video cameras. 
The collected data were exported in CSV format (comma 
separated values) for further data analysis.

Statistical analysis
The numerical data are represented as mean values 
and standard deviations. The normality of the data was 

assessed using Shapiro–Wilk’s test, while Levene’s test 
was employed to test for homogeneity of variances. The 
data showed a parametric distribution, homogeneity of 
variances, and were analysed using nested ANOVA. Esti-
mated marginal means were compared using t-test with 
p-value adjustment using Tukey’s method. A significance 
level of p ≤ 0.05 was chosen for all statistical tests. The 
statistical analysis was performed using R statistical anal-
ysis software, version 4.1.3 for Windows 1.

Fig. 2  Preparation of specimens for biomechanical testing. A Preparation of the osteotomy of the polyurethane foam block to insert the TI. B 
Preparation of the osteotomy of the polyurethane foam block to insert the RAI. C Secure fixation of the specimen to the specimen holder using 
resin. The metal structure on top of the specimen holder holds the aluminium cube in place during preparation, and is removed before measuring 
the specimen

Fig. 3  Schematic representation of the Hexapod Measurement System (HexMeS)

1  R Core Team (2022). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. URL 
https://​www.R-​proje​ct.​org/
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Results
The maximum magnitude of forces recorded by the force 
sensor ranged from 64 to 96 N, whereas the produced 
maximum displacements ranged from 40 µm to 178 µm. 
Owing to the different magnitudes of forces, a maximum 
force of 50 N was chosen for the different specimens to 
include all specimens (Fig. 5).

The HexMeS allows for the precise measurement of 
micromovements in each sample, by tracking both the 
translations and rotations in the three spatial direc-
tions. Particular attention will be given to the displace-
ment in the loading direction (Z-axis), as well as the 

total displacement. The mean values and the standard 
deviation for all measured displacements in loading 
direction at a force of 50 N are shown in Table 1.

The nested ANOVA model for displacement (Z) 
revealed that there was no statistically significant dif-
ference between the two parent groups. The mean dis-
placement for the TI group was 44  µm compared to 
48 µm for the RAI group. However, a significant inter-
action within the nested subgroup variable (p = 0.002) 
was observed. Notably, among the RAI subgroups, PZ 
exhibited the highest displacement value of 71  µm, 
while the differences in displacement between the PT, 
MT, and MZ subgroups were statistically insignificant 
(Fig. 6 and Tables 1 and 2).

Comparisons of estimated marginal means presented 
in Table 3 and Fig. 7 indicated that there were no statis-
tically significant differences among the parent groups 
(p = 0.325) or the two subgroups within the TI group 
(p = 0.964). However, within the RAI group, PZ had 
significantly higher values than the other subgroups 
(p < 0.05).

Fig. 4  Experimental setup for biomechanical testing. The specimen 
was securely mounted on the HexMeS system with the implant 
aligned parallel to the Z axis. An aluminium cube, illuminated 
by a laser, was attached to the specimen. A loading cycle of 1.5 mm 
translation in the negative Z direction was applied, followed 
by a releasing cycle. The resultant force and torque were accurately 
recorded by the force/torque sensor

Fig. 5  Line chart showing load/displacement curves for all specimens. The dashed line represents the maximum force (50 N) chosen to include all 
the specimens

Table 1  Displacement (Z) and total displacement values for 
both groups and subgroups

Group Displacement in µm
Mean ± SD

Subgroup Displacement in 
µm
Mean ± SD

(Z) Total (Z) Total

TI 44 ± 11 56 ± 17 B11 43 ± 8 57 ± 13

C11 44 ± 14 55 ± 22

RAI 48 ± 18 96 ± 49 PT 39 ± 10 61 ± 7

PZ 71 ± 22 125 ± 59

MT 43 ± 0 112 ± 55

MZ 40 ± 8 88 ± 44
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Regarding total displacement, the nested ANOVA 
model showed that the RAI group had a statistically sig-
nificantly higher displacement compared to the TI group 
(p = 0.013), with mean displacement values of 96 µm and 
56 µm for the RAI and TI groups, respectively. However, 
the effect of the nested subgroup variable was not statisti-
cally significant (p = 0.133) (Fig. 6 and Tables 1 and 2).

Discussion
The objective of this study was to compare the biome-
chanical behaviour of multi-rooted RAIs and TIs. In vitro 
load/displacement curves were analysed to assess the 
micromotion of both implant designs. Based on the 
study findings, the null hypothesis, which implies no 

Fig. 6  Boxplot diagrams illustrating displacement (Z) and total displacement values across groups and subgroups

Table 2  Nested ANOVA model for displacement (Z) and total displacement

SS Sum of squares, DF Degrees of freedom, MS Mean squares, F F value, p P value
* Significant (p < 0.05)

Parameter Displacement (Z) Total Displacement

SS DF MS F P SS DF MS F p

Group 155.61 1 155.61 1.01 0.325 11,046.31 1 11,046.31 7.23 0.013*
Subgroup 3487.78 4 871.94 5.65 0.002* 11,995.26 4 2998.81 1.96 0.133

Error 3703.53 24 154.31 36,664.18 24 1527.67

Table 3  Comparison of estimated marginal mean for 
displacement (Z)

*Significant (p < 0.05)

Comparisons Estimate 95% CI Statistic p value

Lower Upper

TI—RAI -4.83 -14.80 5.10 -1.00 0.325

B11 – C11 -0.35 -16.57 15.86 -0.04 0.964

PT—PZ -31.75 -53.42 -10.08 -4.04 0.003*
PT—MT -4.12 -25.8 17.55 -0.53 0.952

PT—MZ -0.33 -22.01 21.34 -0.04 1.00

PZ—MT 27.63 5.95 49.3 3.52 0.009*
PZ—MZ 31.42 9.75 53.09 4.00 0.003*
MT—MZ 3.79 -17.88 25.46 0.48 0.962
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statistically significant difference in micromotion among 
the examined groups or subgroups, was partially rejected.

One of the determining key factors for successful 
implant placement is implant stability, whether it is 
assessed immediately after implant placement or after 
osseointegration. The stability of dental implants has 
been evaluated in literature by various methods including 
Periotest® and resonance frequency analysis [29]. In the 
present in vitro study, we have used micromotion as an 
indicator of implant stability by comparing the produced 
displacements of TI and RAI under specific loading con-
ditions [31, 33].

Our objective was to replicate the clinical process of 
placing RAI by utilizing CBCT data acquisition and CAD 
software to design the RAI according to the natural root 
shape of tooth 47 [34]. We have specifically chosen a mul-
tirooted tooth to explore the intricate mechanical charac-
teristics of such teeth, which have not been thoroughly 
examined in prior research. The two most common 
materials used in the manufacturing of RAIs are titanium 
alloy and zirconia [16, 35]. Owing to the biocompatibility 
and the remarkable mechanical and physical properties 
of titanium, it has been widely used for dental implants 
[36]. Nonetheless, the increasing emphasis on aesthetics 
has led to the emergence of zirconia as a viable alterna-
tive [37]. Zirconia exhibits high biocompatibility, supe-
rior flexural strength, reduced bacterial affinity, and the 
advantage of adjustable white colour [36]. In our study, 
both titanium alloy and zirconia were selected as mate-
rials for the RAIs, using both additive and subtractive 
manufacturing methods.

Sawbones artificial bone blocks were used instead 
of cadaver bone to take advantage of their uniform and 
standardised physical properties. This reduced variability 
and eliminated the special handling requirements asso-
ciated with cadaver bone. PalaXpress resin was chosen 

to fix the RAIs in the Sawbones, owing to its appropri-
ate working time, stability, and radiopacity, as previously 
reported in the literature [31]. In contrast, the TIs were 
firmly inserted into the drilled Sawbones without requir-
ing any resin application.

The results of this study revealed that there was no 
statistically significant difference in displacements along 
the loading direction (Z-axis) between the RAIs and the 
TIs, suggesting comparable stability between the two 
implant types. These findings are consistent with a study 
by Gattinger et  al. [38], where they compared by finite 
element analysis the micromotion of RAI and standard 
implant and reported that the RAI was as good as the 
standard threaded implant in terms of micromotion. A 
similar conclusion was reached out by Chen et  al. [39] 
who studied the biomechanical performance of RAI for 
both the immediate and the delayed loading protocols. 
They observed increased micromotion in the RAI during 
immediate loading, but reduced micromotion during the 
osseointegrated phase with bonded contact simulation, 
indicating reliable long-term stability.

Based on the findings of a previous study conducted 
by Aldesoki et al. [34], it was observed that the manufac-
turing method had a slight impact on the dimensions of 
the produced RAIs. Taking this into consideration, our 
study incorporated four RAI subgroups that comprised 
different combinations of manufacturing techniques 
and materials. The analysis of estimated marginal means 
revealed a statistically significant higher displacement in 
the PZ subgroup compared to the other RAI subgroups 
(p > 0.5). This observation aligns with the aforementioned 
study, which reported noticeable warpage at the apical 
part of the RAI during the manufacturing process specifi-
cally in the PZ group [34]. Such warpage may contribute 
to increased susceptibility of the RAI to displacement or 
movement under loading conditions.

Fig. 7  Interval plot showing the variation in estimated marginal means for displacement along the Z-axis
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Regarding total displacement, the RAI group exhib-
ited a statistically significant increase in displacement 
compared to the TI group (p < 0.05). Specifically, the 
RAI demonstrated increased micromotion along the X 
and Y axes, while the TI group primarily experienced 
micromotion along the loading Z axis. This eccentric 
micromotion behaviour of the RAI can be attributed 
to its anatomical shape, characterised by asymmetric 
mesial and distal roots in terms of form and length. 
Additionally, the experimental loading conditions of 
the HexMeS setup, where the specimens are indirectly 
loaded through the spoon-shaped attachment, indi-
rectly contribute to this behaviour. From a biomechani-
cal perspective, the spoon-shaped attachment acts as a 
lever arm, generating torque on the implant and result-
ing in rotation around the Y axis, thereby increasing 
displacement along the X axis.

Noteworthy, the mean micromotion values observed 
in the RAI were approximately 48  µm for displacement 
along the Z-axis and approximately 96 µm for total dis-
placement. These values remain below the maximum 
threshold value of micromotion crucial for success-
ful osseointegration, which is estimated to be around 
150 µm [26, 27]. These findings indicate that the range of 
micromotion exhibited by the RAI is unlikely to impede 
the osseointegration process.

We presume that this study has effectively investi-
gated the stability of RAI by closely adhering to the clini-
cal workflow and utilizing the latest technologies in RAI 
preparation. Nevertheless, certain limitations should be 
considered. Firstly, this is an in vitro study, thus the his-
tological examination of osseointegration was not fea-
sible. Secondly, the fixation of RAI in the artificial bone 
involved the use of a thin resin layer, which was a cru-
cial step owing to the anatomical shape of RAI and the 
non-drilling surgical protocol. Finally, the loading of the 
HexMeS setup could not be done directly on the speci-
mens, and the spoon-shaped load applicator might have 
introduced an additional torque.

In view of the results of the present study, RAIs showed 
biomechanical behaviour in terms of stability and micro-
motion comparable to that of TIs. Moreover, based on 
previous studies [14, 34], RAIs fabricated by milling or 
3D printing showed promising results in terms of dimen-
sional accuracy. Collectively, these findings propose 
that RAI could serve as a feasible alternative to TI, par-
ticularly in immediate implant cases, provided a well-
prepared preoperative treatment plan and access to a 
capable CBCT device. However, it’s crucial to note that 
the tooth to be replaced should lack sharp undercuts that 
might impede the insertion of the RAI or compromise its 
proper fit. Nevertheless, further clinical trials and studies 
are necessary to validate its clinical application.

Conclusions
After acknowledging the limitations of this study, we 
drew the following conclusions:

1.	 The RAI exhibited promising biomechanical behav-
iour, as indicated by micromotion values within 
physiological limits.

2.	 The stability of the RAI could be influenced by the 
manufacturing technique.

3.	 Compared to the TI, the biomechanical behaviour 
of the RAI is less predictable due to its irregular ana-
tomical design.

4.	 Precise definition of the implant geometry is essential 
to ensure a precise fit and a seamless insertion.
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A B S T R A C T

Objectives: To create a validated 3D finite element model and employ it to examine the biomechanical behaviour 
of multirooted root analogue implants (RAIs).
Methods: A validated finite element model comprising either an RAI or a threaded implant (TI) and an idealised 
bone block was developed based on a previously conducted in vitro study. All the experimental boundary con
ditions and material properties were reproduced. Force/displacement curves were plotted to ensure complete 
alignment with the in vitro findings. Following the validation of the FE model, the material properties were 
adjusted to align with those reported in the literature. Two contact scenarios were then examined: immediate 
placement with touching contact and osseointegration with glued contact. The bone block was constrained in all 
directions, and a 300 N point load was applied along the long axis of the implant, and with an angulation of 30◦. 
The resulting values for equivalent stress, maximum principal stress, microstrain, and displacement were 
evaluated.
Results: The numerical model demonstrated a high degree of agreement with the experimental results, particu
larly regarding displacement in the loading direction (Z). The findings of the applied FEA indicated that RAIs 
generally outperformed TIs. The RAI exhibited lower equivalent stress, with values of 3.3 MPa for axial loading 
and 13.1 MPa for oblique loading, compared to 5.4 MPa and 29.5 MPa for the TI, respectively. Furthermore, 
microstrain was observed to be lower in the RAI, with a value of 4,000 με compared to 13,000 με in the TI under 
oblique loading. Additionally, the RAI exhibited superior primary and secondary stability, with lower micro
motion values compared to the TI.
Conclusions: The root analogue implant showed superior biomechanical performance, with more uniform stress 
distribution and greater stability compared to the conventional threaded implant, positioning it as a promising 
alternative.

1. Introduction

Dental implants present an appealing choice for the replacement of 
missing teeth, offering numerous benefits in terms of reliability and 
comfort, thereby enhancing one’s quality of life (Baldi et al., 2018). 
Immediate implants refer to implants that are placed immediately 
following surgical extraction of non-restorable teeth (Koh et al., 2010). 

The fundamental idea behind immediate implant placement is to 
maintain the height and width of the alveolar bone, thus minimizing the 
common occurrence of bone loss around the extraction site during the 
healing process (Beagle, 2006; Bhola et al., 2008). The benefit of im
mediate implants encompasses the elimination of the necessity for a 
subsequent surgical intervention, consequently leading to a reduced 
overall treatment duration (Beagle, 2006).

* Corresponding author: Oral Technology, University Hospital Bonn, Welschnonnenstr. 17, 53111 Bonn, Germany.
E-mail addresses: aldesoki@uni-bonn.de (M. Aldesoki), ludger.keilig@uni-bonn.de (L. Keilig), aalhotan@ksu.edu.sa (A. Alhotan), alhassan.diab@bue.edu.eg

(A.-H. Diab), tarek.m.elshazly@gmail.com (T.M. Elshazly), bourauel@uni-bonn.de (C. Bourauel). 
1 These co-authors contributed equally to the manuscript and shared the last authorship.

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

journal homepage: www.elsevier.com/locate/jmbbm

https://doi.org/10.1016/j.jmbbm.2025.106896
Received 14 October 2024; Received in revised form 18 December 2024; Accepted 12 January 2025  

journal of the mechanical behavior of biomedical materials 164 (2025) 106896 

Available online 18 January 2025 
1751-6161/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

35



Recent advancements in digital dentistry including the continuous 
progress in cone beam computed tomography (CBCT) and computer- 
aided design/computer-aided manufacturing (CAD/CAM) technologies 
have paved the way for the utilization of personalized patient-specific 
root analogue implants (RAIs) (Böse et al., 2020; Figliuzzi et al., 
2012). The concept of RAI was initially introduced by Hodosh et al., in 
1969, utilizing a heat-processed methyl methacrylate implant. However, 
this method faced setbacks due to its inability to achieve osseointegra
tion (Hodosh et al., 1969). A reintroduction of the technique in 1992, 
substituting the polymer with pure titanium, led to successful osseoin
tegration (Saeidi Pour et al., 2019).

The concept of the RAI involves replacing a tooth scheduled for 
extraction through immediate implant placement. The RAI is designed 
to match the original root anatomy based on CBCT data, ensuring pre
cise congruence with the empty socket, an advantage not offered by TI 
(Moin et al., 2018). This approach is anticipated to enhance primary 
stability while minimizing bone and soft tissue trauma in comparison to 
conventional threaded implants (TI) (Regish et al., 2013). Moreover, 
expected additional advantages encompass straightforward placement, 
immediate soft tissue support, and a reduction in the number of required 
surgeries (Anssari Moin et al., 2017; Chen et al., 2014). However, po
tential limitations of RAIs include the complexity and high cost of design 
and fabrication, challenges in achieving a precise fit, and a lack of 
extensive clinical data to validate their long-term efficacy (Moin et al., 
2013, 2018).

A critical determinant of the successful osseointegration of dental 
implants is the implant stability (Ivanova et al., 2021). Implant stability 
is a term defined as the absence of clinical implant mobility and is 
categorized into primary and secondary stability (Sennerby and Mer
edith, 2008). Primary stability is attained through the mechanical 
anchoring of the implant during the initial insertion, while secondary 
stability evolves as a consequence of subsequent bone remodelling and 
complete bone healing. Accordingly, primary stability is regarded as a 
mechanical phenomenon, whereas secondary stability is a biological 
process driven by osseointegration (Miri et al., 2017).

Finite Element Analysis (FEA) stands as a numerical method 
employed to model complex physical systems (Falcinelli et al., 2023). 
The underlying principle of FEA involves the simplification of intricate 
and irregular structures by creating a mesh consisting of a finite number 
of elements interconnected by nodes (Elshazly et al., 2023b; Fiorillo 
et al., 2022). Within dental research, FEA offers the advantage of 
examining biomechanical structures that might be challenging to 
investigate either in vivo or in vitro. Additionally, it facilitates the study 
of various materials and designs without incurring additional costs 
(Aldesoki et al., 2022; Wang et al., 2022).

The American Society of Mechanical Engineers (ASME) defines 
verification as the process to ensure that the computational model 
accurately fits the mathematical description, whereas it defines valida
tion as the process to confirm that the model accurately represents the 
real-world application. In other words, validation is the process of 
comparing computational predictions with experimental data or the real 
system (Anderson et al., 2007; Chang et al., 2018).

The aim of this study was to develop a validated 3D numerical finite 
element model based on previous in vitro research (Aldesoki et al., 
2024), and to use this model to investigate the biomechanical behaviour 
of multirooted RAIs. The research hypothesis postulated that there is no 
difference in terms of biomechanical behaviour between the multirooted 
RAI and the conventional TI.

2. Material and methods

2.1. Study design

In this study, we have developed a validated finite element model 
based on experimental data from previous in vitro study (Aldesoki et al., 
2024). This model is used to compare the biomechanical properties of 

the RAI with those of the conventional TI, which serves as the control.

2.2. Model validation

2.2.1. Data acquisition & models generation
To obtain a digital replica of the experimental model, a CBCT (Cone 

Beam Computed Tomography) scan of a dentate mandible was imported 
into a 3D medical image processing software (Mimics 25; Materialise, 
Leuven, Belgium) for manual segmentation. The scanning parameters 
were as follows: accelerating voltage of 90 kV, beam current of 12 mA, 
and resolution of 75 μm. The total scanning time was 15 s, and a total of 
668 slices were scanned for modelling.

Tooth 47 was segmented by assigning a minimum and a maximum 
threshold based on histogram analysis. Subsequently, the segmented 
tooth was exported to a meshing software (3-matic 17; Materialise, 
Leuven, Belgium) to finalise the design of the RAI based on the anatomy 
of the tooth. The RAI included a coronal portion designed as an idealised 
cube with a side length of 5 mm, as specified in the in vitro study. Its 
mesial root measured 15 mm in length, whereas the distal root measured 
14 mm. The buccolingual and mesiodistal dimensions were approxi
mately 10 mm (Fig. 1).

Regarding the TI, the CAD model of the exact implant utilized in the 
in vitro study (Ankylos 4.5 × 11 mm; Dentsply-Friadent, Mannheim, 
Germany) was imported into 3-matic software (Fig. 1). Subsequently, a 
rectangular bone block was designed in 3-matic based on the shape of 
the artificial bone block used in the experimental study. The cortical 
bone was 2 mm in height, 20 mm in length, and 20 mm in width, 
whereas the trabecular bone was 33 mm in height, 20 mm in length, and 
20 mm in width.

Lastly, a spoon-shaped attachment was designed to closely resemble 
the loading conditions in the Hexapod Measurement System (HexMeS), 
a self-developed set-up designed for applications in dental biomechanics 
(Keilig et al., 2004). This attachment serves as a lever arm which is 
attached to the hexapod robot at one side and connected to the implant 
specimen at the other side so that any movement in the hexapod could 
be transmitted as an applied load on the implant, which is recorded by a 
force/torque sensor (Fig. 2A and B).

2.2.2. Mesh generation
In 3-matic, a non-manifold assembly of the implant, the cortical 

bone, and the trabecular bone was created. This assembly is a crucial 
step when performing an FEA with multiple structures, which are 
intersecting with each other. Afterward, to optimize and locally refine 
the surface mesh while preserving the detailed features, an adaptive 

Fig. 1. Illustration of the root analogue implant (RAI) and the threaded 
implant (TI).
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triangular meshing was applied to the assembly with a maximum 
element size of 0.5 mm. Skewness was selected as a shape-measure 
parameter, and the maximum geometrical error was set to 0.05 mm. 
Finally, the triangular surface mesh was converted into a volume mesh, 
in which a volume mesh consisting of up to 96,969 4-noded tetrahedral 
elements (Tetra 4) was generated and exported in Abaqus format to an 
FE preprocessing and postprocessing software (Marc Mentat, 2020; MSC 
Software, Los Angeles, California, USA) for the FE analysis.

2.2.3. Material properties, contact bodies
In Marc Mentat, the material properties were assigned based on the 

elastic modulus and Poisson’s ratio. According to many studies con
ducted on oral hard tissue (Aldesoki et al., 2022; Elshazly et al., 2023a; 
Tribst et al., 2024), all materials were assumed to be linear, homoge
nous, elastic, and isotropic. For the validation model, a sensitivity 
analysis was done to select the optimum material properties that best 
represent the properties of the artificial bone used in the experimental 
study (Sawbones; Pacific Research Laboratories, Vashon, USA). Starting 
from the normal elastic modulus values reported in the literature (13, 
700 MPa and 1,370 MPa for cortical and trabecular bone, respectively), 
the best results were obtained by applying the Sawbones material 
properties listed by the manufacturer (Table 1). All components were 
defined as deformable contact bodies, and the contact interaction be
tween the contact bodies was defined through a contact table. Glued 
interaction was assigned between the implant and the bone indicating 
full osseointegration, whereas a touching sliding contact interaction was 

assigned between the spoon-shaped attachment and the implant with a 
friction coefficient of 0.34.

2.2.4. Boundary conditions and load application
To validate the model, we aimed to accurately reproduce the 

boundary conditions and the loading protocol in the experimental study. 
Hence, the nodes of the lower border of the bone block were constrained 
for translation and rotation in X, Y, and Z directions. Additionally, the 
so-called rigid body elements (RBE2) were used in which 127 tied nodes 
at the proximal end of the spoon were selected and connected in turn to a 
reference central node “Node A″ at the exact location of the force/torque 
sensor in the experimental setup. This reference node was used to apply 
a 1.5 mm translation in the negative Z direction. This translation will, 
consequently, act as an indirect load on the surface of the implant 
(Fig. 2B).

2.2.5. FEA output and post-processing
Regarding the FEA output, force values were recorded at node A for 

all increments. Additionally, a new RBE2 was created in which 4 tied 
nodes at the top surface of the implant were connected to a central 
reference node “Node B″, 5 mm above the implant surface, which rep
resents the same point for recorded displacements in the experimental 
setup as shown in Fig. 2A and B. At this node, total displacement, as well 
as displacement in the Z axis were assessed for all increments and 
consequently, history plots of force/displacement curves were plotted.

2.3. Applied finite element analysis

Once the FE model had been validated, new simulations were con
ducted to study and compare the biomechanical behaviour of RAI and 
TI. For this purpose, the validated model was used without including the 
spoon attachment. The material properties of bone were modified to the 
values reported in the literature as shown in Table 1. Additionally, two 
different contact cases were utilized; an immediate implant placement 
case with touching contact interaction between the implant and the 
bone contact bodies with a friction coefficient of 0.71 (Falcinelli et al., 
2023; Tobar-Reyes et al., 2021), and a complete osseointegration case 
with glued contact interaction between the implant and the bone. As a 
boundary condition, the lower border of the bone cube was constrained 
for translation and rotation in X, Y, and Z directions. The implant was 
loaded according to the ISO standard 14801, where a new RBE2 refer
ence node (Node C) was created 8 mm above the bone surface. Conse
quently, all the nodes at the top surface of the implant were selected as 
tied nodes to this node so that any applied load on the reference node 
would be evenly distributed along the tied nodes. Finally, a 300 N point 
load was applied to node C, directed along the long axis of the implant, 
and with an angulation of 30◦ to the long axis from the buccal to the 
lingual direction (Fig. 2C and D).

3. Results

3.1. Validation model

A strong agreement was observed between the results of the nu
merical and experimental models. The history plots at the reference 
nodes were validated by the load-displacement curves from the experi
mental study, as illustrated in Fig. 3. Regarding the maximum dis
placements at a force of 50 N, comparable displacement (Z) values were 
noted for both the RAI and TI models in both numerical and experi
mental analyses. This agreement also extended to the total displacement 
values for the TI model. However, a discrepancy was observed when 
comparing the numerical and experimental total displacement values 
for the RAI model.

Fig. 2. Illustration of the finite element (FE) models with the specified 
boundary conditions. A. The Hexapod Measurement System (HexMeS). B. FE 
Validation model. C. FE applied model illustrating the axial loading. D. FE 
applied model illustrating the oblique loading.

Table 1 
Material properties assigned to various components in the finite element model.

Material Elastic modulus (GPa) Poisson’s ratio

Titanium (TI and RAI) 110.0 0.35
Aluminium (spoon attachment) 70.0 0.32
Cortical bone 13.7 0.30
Trabecular bone 1.37 0.30
Sawbones - Cortical 17.0 0.26
Sawbones - Trabecular 0.058 0.30
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3.2. Applied FEA

After validation, two stages of healing were investigated: the im
mediate placement stage, prior to osseointegration, and the osseointe
gration stage. In both stages, stress, strain, and displacement values were 
evaluated under both axial and oblique loading conditions.

3.2.1. Immediate placement stage
The TI model exhibited notably higher equivalent stress compared to 

the RAI model, with stress values three times greater under axial loading 
and four times greater under oblique loading (Table 2). Stress distri
bution, as shown by the coloured contour bands, revealed concentration 
at the abutment and cervical region of the fixture in the TI model for 
both loading conditions. In contrast, the RAI model displayed a more 
uniform stress distribution along the bone-implant interface (Figs. 4 and 
5).

In terms of stress distribution within the supporting bone structure, 
the TI model exhibited higher equivalent stress than the RAI model 
under both axial and oblique loading. Maximum principal stress (tensile 
stress) increased slightly in the TI model under axial loading (5.4 MPa 
vs. 3.3 MPa for RAI), and more significantly under oblique loading (29.5 
MPa vs. 13.1 MPa for RAI). In axial loading, tensile stress was concen
trated at the cortical-trabecular bone junction and the implant threads in 
the TI model, while it was more evenly distributed in the RAI model. 
Under oblique loading, tensile stress was concentrated at the proximal 
cortical bone surface, especially in the TI model, as shown in Figs. 5 and 
6.

A slight difference in bone microstrain (με) was observed under axial 

loading, with 5,000 με for TI and 4,000 με for RAI. Under oblique 
loading, microstrain increased significantly in TI (13,000 με), while 
remaining at 4,000 με in RAI. In TI, the elevated microstrain was 
concentrated at the cervical buccal wall and apical lingual wall, 
reflecting implant rotation under oblique load (Figs. 5 and 7).

Evaluating the primary stability by measuring the micromotion 
(displacement) in the TI and the RAI revealed that the RAI was better in 
the primary stability under both axial and oblique loading (Table 3, 
Fig. 8).

3.2.2. Osseointegrated stage
The equivalent stress values and distribution in the implant were 

unaffected by osseointegration for both TI and RAI (Table 2, Figs. 4 and 
5). In bone, under axial loading, stress remained around 8.0 MPa for TI 
but decreased by half in RAI to 2.9 MPa. Under oblique loading, stresses 
dropped notably in both models, with TI showing 30.4 MPa and RAI one- 
third of that at 10.0 MPa.

In terms of maximum principal stress (tensile stress) in bone, 
osseointegration had little effect under axial loading, while in oblique 
loading, it dropped to 23.9 MPa for TI and 6.1 MPa for RAI. Initially 
concentrated at the TI threads, tensile stress shifted to the cortical- 
trabecular bone junction after osseointegration (Fig. 6).

Bone microstrain (με) under axial loading was 3,000 με for TI and 
2,000 με for RAI. Under oblique loading, TI had a higher strain at 7,000 
με compared to 4,000 με for RAI. Microstrain decreased overall 
compared to the immediate placement stage, except for RAI under 
oblique loading (Figs. 5 and 7).

Similar to primary stability, RAI showed better secondary stability 

Fig. 3. Line chart illustrating the load-displacement curves for TI and RAI in both numerical and experimental models.

Table 2 
Peak equivalent stress, tensile stress, and microstrain under axial and oblique loading conditions.

Loading type Healing condition Equivalent stress in MPa Tensile stress in MPa Microstrain (με)

Implant Bone Bone Bone

TI RAI TI RAI TI RAI TI RAI

Axial load Immediate placement 85.3 24.6 8.5 5.5 5.4 3.3 5,000 4,000
Osseointegration 84.7 24.0 8.1 2.9 5.4 2.3 3,000 2,000

Oblique load Immediate placement 392.2 87.7 42.4 20.6 29.5 13.1 13,000 4,000
Osseointegration 389.8 85.4 30.4 10.1 24.0 6.2 7,000 4,000
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than TI under both loading conditions. Micromotion values under axial 
loading were 22 μm for TI and 16 μm for RAI, and under oblique loading, 
191 μm for TI and 165 μm for RAI (Table 3, Fig. 8).

4. Discussion

Long-term outcomes of RAIs show promising results, with studies 
highlighting their potential for high survival rates and satisfactory 
osseointegration. Recent evaluations indicate survival rates comparable 
to conventional implants, ranging from 90% to 95% over follow-up 
periods extending beyond a year. For instance, RAIs customised via 
CAD/CAM and advanced manufacturing techniques have demonstrated 
excellent stability and minimal marginal bone loss, emphasizing their 
suitability for maintaining peri-implant tissue health over time (Böse 
et al., 2020; Figliuzzi et al., 2022).

Despite the significant advancements in the design and application of 
customized RAIs, the available literature on RAIs is still limited (Dantas 
et al., 2021). This in silico study aims to evaluate the biomechanical 
behaviour of multirooted RAIs using a validated 3D FE model. Based on 
the performed biomechanical analysis, the RAI demonstrated superior 
stress distribution and stability compared to the conventional TI. Hence, 
the study’s hypothesis was rejected.

Recently, FEA has proven to be exceptionally valuable in studying 
biological structures and tissues under various simulations. Specifically, 
FEA allows for the evaluation of stresses at the bone-implant interface 
during mastication (Chang et al., 2018; Maminskas et al., 2016). 
Dumont et al. (2009) highlighted the necessity of experimentally vali
dating FEA studies involving biological tissues. Similarly, Chang et al. 
(2018) strongly recommended for clearly indicating the model’s vali
dation process when presenting a finite element study. Hence, to achieve 
precise validation, this study utilized experimental data from a previous 
in vitro study (Aldesoki et al., 2024) to validate the numerical model. 
This was achieved by precisely reproducing the experimental setup 
conditions and comparing the resultant displacements under identical 
loading conditions.

Since the RAI can only be used as an immediate implant to replace an 
existing non-restorable tooth (Moin et al., 2018), CBCT data was utilized 
to design the RAI based on the anatomical shape of tooth 47 (Aldesoki 
et al., 2023). A multirooted tooth was selected to study the complex 
biomechanical behaviour owing to the distinctive shape and orientation 
of its two roots. The spoon-shaped attachment was modelled to replicate 
the same loading mode used in the experimental setup, where the 

implant is indirectly loaded by the downward movement of the spoon. 
This step was crucial to accurately simulate the lever effect acting on the 
implant.

Titanium alloy was selected as the material of choice for TI and RAI 
based on many previous studies (Moin et al., 2013; Tribst et al., 2024; 
Wang et al., 2022). Glued contact interaction was assumed for the 
validation model following the in vitro study (Aldesoki et al., 2024). In 
the applied FEA, two healing conditions were simulated to compre
hensively assess biomechanical behaviour. A touching contact interac
tion was used to represent the unhealed condition of an immediately 
placed implant, while a glued contact interaction simulated the healed 
condition of an osseointegrated implant (Lundgren et al., 1992).

Most finite element studies have considered static loads ranging from 
200 N to 600 N for the molar area (Falcinelli et al., 2023; Fiorillo et al., 
2022; Tribst et al., 2024; Wang et al., 2022). To select a specific value, 
sensitivity tests were carried out with a static load of up to 600 N applied 
in six increments. The monitored displacement and stress values 
increased linearly with each increment. Consequently, a static load of 
300 N was selected and applied axially and at a 30◦ angle to the long 
axis, following ISO standard 14801 and previous studies (Büyük et al., 
2022; Falcinelli et al., 2023; Pessanha-Andrade et al., 2018), to 
encompass all loading conditions on the implant.

The load-displacement curves of the numerical model aligned well 
with the experimental results, except for a noticeable discrepancy in the 
total displacement curves of the RAI model. This difference likely stems 
from the standardised FEA simulation conditions versus operator vari
ability in the experimental setup. Specifically, the RAI was manually 
inserted into a socket-shaped cavity in the Sawbones block, unlike the 
TI, which followed the manufacturer’s surgical protocol for insertion 
(Aldesoki et al., 2024). The technique-sensitive insertion of the RAI 
makes it challenging to align it perfectly within the Sawbones block 
without any angulation given the asymmetrical RAI roots, potentially 
increasing the non-axial displacement components due to uneven con
tact between the spoon attachment and the top surface of the RAI.

Regarding the applied FEA, the equivalent stress under oblique 
loading was about 4.5 times higher than axial loading for the TI, and 3.5 
times higher for the RAI. Total displacement under oblique loading was 
approximately nine times greater for both implants. Overall, the RAI 
performed better, showing a more uniform stress distribution and an 
equivalent stress nearly three times lower than the TI. This can be 
attributed to the RAI’s larger surface area (Dantas et al., 2020; Tribst 
et al., 2024; Wang et al., 2022) and its multirooted design (Wang et al., 

Fig. 4. Equivalent stress distribution in MPa in immediately placed and osseointegrated TI and RAI under axial and oblique loading conditions.
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2022), which better dissipates masticatory loads and distributes stress 
more evenly, reducing stress concentrations as shown by the contour 
bands.

These findings are consistent with Tribst et al. (2024), who used FEA 
to show that zirconia RAIs outperform conventional screw-shaped im
plants in dissipating masticatory loads. Another FEA study (Dantas et al., 
2020) examined the induced stress fields around RAI and conventional 
threaded zirconia implants, and concluded that RAIs promoted a 

superior stress distribution in compact bone compared to TIs. Wang 
et al. (2022) compared the biomechanical behaviour of six RAIs with 
different root shapes to a tapered TI, concluding that RAIs significantly 
reduce stress under identical loading conditions. Such conclusion was 
confirmed by another FEA study by Nimmawitt et al. (2022) who stated 
that the stress distribution in the RAI was more favourable than the TI at 
the bone-implant interface in all implant types.

According to Frost’s Mechanostat hypothesis (Frost, 2003), bone 

Fig. 5. Top view of immediately placed and osseointegrated TI and RAI under axial and oblique loading conditions. A. Equivalent stress in MPa. B. Maximum 
principal stress (Tensile) in MPa. C. Microstrain.
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adapts its strength and density in response to mechanical load. In the 
disuse range (<50–100 με), inadequate loading leads to bone resorption 
and possible osteoporosis. The adapted range (100–2,500 με) reflects 
typical daily activity, maintaining a balance between bone formation 
and resorption. In the physiological overload range (2,500–4,000 με), 
bone formation is stimulated Strains exceeding 4,000 με fall into the 

pathological overload range, likely causing bone damage and fractures. 
Our analysis showed that microstrain values after osseointegration fell 
within the physiological overload range for both the TI and RAI under 
axial loading. However, under oblique loading, the TI displayed signif
icantly higher microstrain values in the pathological overload range, 
reaching 13,000 με at immediate loading and dropping to 7,000 με 

Fig. 6. Maximum principal stress distribution (tensile) in MPa in immediately placed and osseointegrated TI and RAI under axial and oblique loading conditions.

Fig. 7. Microstrain distribution in immediately placed and osseointegrated TI and RAI under axial and oblique loading conditions.

Table 3 
Maximum displacement of TI and RAI under axial and oblique loading conditions.

Loading type Healing condition Displacement in μm

X Y Z Total

TI RAI TI RAI TI RAI TI RAI

Axial load Immediate placement 0 2 1 2 24 19 24 20
Osseointegration 0 2 1 2 22 16 22 16

Oblique load Immediate placement 199 177 2 1 53 52 204 181
Osseointegration 186 162 1 1 50 45 191 165
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post-osseointegration, in agreement with previous studies (Dantas et al., 
2020; Tribst et al., 2024).

RAIs have promising clinical applications, particularly in cases 
requiring immediate implant placement, where preserving the natural 
socket anatomy is essential. Their custom-fit design allows for better 
adaptation to the extraction site compared to TIs, potentially minimizing 
the need for bone grafting and reducing surgical trauma (Anssari Moin 
et al., 2017; Chen et al., 2014). This anatomical congruence may 
contribute to enhanced primary stability and improved soft tissue out
comes, offering a less invasive alternative for patients. However, the 
clinical success of RAIs is highly dependent on patient-specific factors, 
including bone quality, cortical thickness, and socket morphology 
(Regish et al., 2013). Furthermore, their performance can be signifi
cantly influenced by the surgical technique and operator expertise, both 
of which are crucial for achieving optimal primary and secondary sta
bility (Moin et al., 2013).

Implant stability, both immediately after placement and post- 
osseointegration, is critical for success. It is essential to keep micro
motion within the accepted biological range to ensure proper healing 
and osseointegration (Vayron et al., 2018). Excessive micromotion at 
the bone-implant interface, especially beyond 150 μm, can hinder 
healing, leading to fibrous tissue formation instead of bone, which 
compromises implant stability and long-term success of the implant 
(Szmukler-Moncler et al., 2000; Winter et al., 2013).

Similar to the studies reported by Gattinger et al. and Dantas et al. 
(Dantas et al., 2020; Gattinger et al., 2016), our findings show that the 
RAI offers superior primary and secondary stability compared to the TI. 
This is evident from its reduced displacement under both axial and 
oblique loading and in both contact conditions. This can be directly 
attributed to the increased surface area of the RAI, which improves both 
primary and secondary stability (Heimes et al., 2023; Javed et al., 2013), 
and to the multirooted design, which renders it more stable under axial 
and oblique loading (Wang et al., 2022). It is noteworthy that 
displacement under oblique loading was about 10 times greater than 
that under axial loading, primarily along the X-axis, corresponding to 
the lingually directed load. Although these displacements exceeded 150 
μm, they should not hinder osseointegration, as they represent the 
combined movement of the implant and supporting bone and not the 
relative micromotion at the implant-bone interface.

While this 3D finite element study leverages advanced CAD/CAM 
technologies to design RAIs tailored to the original root anatomy and 
provides valuable biomechanical insights by validating an FE model 

against experimental data, several limitations must be acknowledged. 
First, the FEA simulations were based on idealised conditions that may 
not fully reflect the complexities of an in vivo environment, such as bone 
quality, patient variability, and biological responses. Additionally, the 
material properties used were assumed to be homogeneous and 
isotropic, which does not accurately represent the anisotropic nature of 
bone and other tissues. Lastly, despite validation against in vitro data, 
discrepancies may arise due to inherent differences between computa
tional models and real-world conditions.

Future research will focus on evaluating RAIs constructed from 
various materials and designs under different loading conditions. It is 
recommended that subsequent studies enhance the current model by 
integrating more clinically relevant material properties for both the 
bone and the implant. Additionally, the relative micromotion at the 
implant-bone interface will be investigated in future studies. Moreover, 
experimental and numerical investigations should be complemented by 
well-designed clinical studies to validate the findings.

5. Conclusion

The validated FEA model provides a reliable tool for predicting the 
biomechanical behaviour of dental implants. Based on the outcomes of 
the current validated model, the following conclusions can be drawn. 

1. The RAI demonstrated superior biomechanical performance and a 
more uniform stress distribution compared to the conventional TI.

2. The RAI exhibited higher stability under both axial and oblique 
loading conditions, making it a promising alternative to conven
tional implants.
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Tobar-Reyes, J., Andueza-Castro, L., Jiménez-Silva, A., Bustamante-Plaza, R., Carvajal- 
Herrera, J., 2021. Micromotion analysis of immediately loaded implants with 

Titanium and Cobalt-Chrome superstructures. 3D finite element analysis. Clin. Exp. 
Dent. Res. 7, 581–590. https://doi.org/10.1002/cre2.365.

Tribst, J.P.M., Dal Piva, A.M. de O., Blom, E.J., Kleverlaan, C.J., Feilzer, A.J., 2024. 
Dental biomechanics of root-analog implants in different bone types. J. Prosthet. 
Dent 131, 905–915. https://doi.org/10.1016/j.prosdent.2022.10.005.

Vayron, R., Nguyen, V.H., Lecuelle, B., Lomami, H.A., Meningaud, J.P., Bosc, R., 
Haiat, G., 2018. Comparison of resonance frequency analysis and of quantitative 
ultrasound to assess dental implant osseointegration. Sensors 18. https://doi.org/ 
10.3390/s18051397.

Wang, J.Q., Zhang, Y., Pang, M., Wang, Y.Q., Yuan, J., Peng, H., Zhang, W., Dai, L., Li, H. 
W., 2022. Biomechanical comparison of six different root-analog implants and the 
conventional morse taper implant by finite element analysis. Front. Genet. 13, 1–11. 
https://doi.org/10.3389/fgene.2022.915679.

Winter, W., Klein, D., Karl, M., 2013. Micromotion of dental implants: basic mechanical 
considerations. J. Med. Eng. 2013, 1–9. https://doi.org/10.1155/2013/265412.

M. Aldesoki et al.                                                                                                                                                                                                                               Journal of the Mechanical Behavior of Biomedical Materials 164 (2025) 106896 

10 

44



45 
 
 

4. Discussion with References 

4.1  Discussion 

Recent research on RAIs has shown promising long-term outcomes, with survival rates 

between 90 % and 95 % over follow-up periods exceeding one year (Böse et al., 2020; 

Figliuzzi et al., 2022). Advances in CAD/CAM and manufacturing technologies have ena-

bled the production of RAIs with high stability and minimal marginal bone loss, supporting 

peri-implant tissue health. However, the available literature remains limited (Dantas et al., 

2021). The aim of this study was to expand the understanding of RAIs by evaluating the 

accuracy of titanium and zirconia multi-rooted RAIs fabricated using additive and subtrac-

tive methods, assessing their micromotion experimentally, and developing a validated fi-

nite element model to analyse their biomechanical behaviour. 

To replicate the clinical workflow of RAI placement, the implants were designed based on 

the natural root morphology of tooth 47 using CBCT data acquisition and CAD software 

(Aldesoki et al., 2023; Westover, 2019). The selection of a multi-rooted tooth enabled an 

in-depth evaluation of accuracy in the furcation area, a critical region that has not been 

extensively investigated in previous studies (Moin et al., 2014). Titanium and zirconia were 

chosen as implant materials due to their well-established clinical use and biomechanical 

properties (Dantas et al., 2021; Tribst et al., 2024). Titanium is widely used for its high 

strength and durability, while zirconia offers superior aesthetics, excellent biocompatibility, 

and lower bacterial adhesion (Niinomi, 2008; van Oers and Feilzer, 2015).  

The accuracy assessment in this study is critical for ensuring the primary stability of RAIs, 

which relies on a precise fit between the implant and the extraction socket, unlike conven-

tional TIs that achieve stability by extending beyond the alveolus (Lioubavina-Hack et al., 

2006; Moin et al., 2014; Pirker et al., 2011). Any discrepancy in fit can compromise bone-

implant contact, reducing primary stability and increasing the risk of failure (Moin et al., 

2014). The RMS deviations observed ranged from 21.0 to 32.8 µm for precision and 66.4 

to 164.3 µm for trueness, aligning with clinically acceptable thresholds for fixed and im-

plant prosthodontics, which range from 50 to 150 µm (Etemad-Shahidi et al., 2020; 

Schönherr et al., 2020). Notably, PZ demonstrated the highest precision among all tested 

groups, confirming previous findings by Marcel et al. (Marcel et al., 2020) that additive 
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manufacturing provides superior repeatability. Conversely, MZ exhibited the highest true-

ness, closely matching the reference CAD file, a result consistent with the study by Lerner 

et al. (Lerner et al., 2021). These findings highlight the trade-offs between additive and 

subtractive manufacturing methods, reinforcing the importance of selecting the appropri-

ate fabrication technique based on clinical requirements. 

Implant stability is a crucial determinant of successful osseointegration, and various meth-

ods such as Periotest® and resonance frequency analysis have been employed to assess 

it (Ivanova et al., 2021). In this study, micromotion was used as an indicator of implant 

stability by analysing the displacement of RAIs and TIs under controlled loading conditions 

(Hasan et al., 2017; Wilhelm et al., 2014). The results demonstrated no statistically signif-

icant difference in displacement along the Z-axis between RAIs and TIs, suggesting com-

parable primary stability between the two implant types. These findings align with 

Gattinger et al. (2016), who reported similar micromotion between RAIs and conventional 

implants in a finite element analysis study. However, total displacement was significantly 

higher in the RAI group than in the TI group (p < 0.05), with RAIs exhibiting increased 

micromotion along the X and Y axes, while TIs primarily displaced along the Z-axis. This 

discrepancy is likely due to the anatomical shape of RAIs, characterized by asymmetrical 

mesial and distal roots. Importantly, the mean micromotion values for RAIs were approxi-

mately 48 µm along the Z-axis and 96 µm in total displacement, remaining well below the 

150 µm threshold considered critical for osseointegration (Szmukler-Moncler et al., 2000; 

Winter et al., 2013). These results indicate that despite their increased multidirectional 

micromotion, RAIs maintain an acceptable range of stability for successful clinical appli-

cation. 

FEA is an effective method for evaluating stress distribution at the bone-implant interface 

during mastication (Chang et al., 2018; Maminskas et al., 2016). In this study, oblique 

loading generated significantly higher equivalent stress than axial loading, with 4.5 times 

more stress for TIs and 3.5 times more for RAIs. RAIs demonstrated a more uniform stress 

distribution and nearly three times lower equivalent stress than TIs, attributed to their 

larger surface area and multirooted design (Dantas et al., 2020; Tribst et al., 2024; Wang 

et al., 2022). Microstrain values for both implants remained within the physiological range 

under axial loading. However, under oblique loading, TIs showed pathological microstrain 
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levels, aligning with a previous study by Dantas et al. (2020). In accordance with the find-

ings of Gattinger et al. (2016) and Dantas et al. (2020), the present study demonstrates 

that RAIs exhibit enhanced primary and secondary stability. This could be attributed to 

their anatomical design and increased surface area in comparison to TIs (Heimes et al., 

2023; Javed et al., 2013). 

 

4.2  Conclusions 

The manufacturing process significantly influenced the accuracy of RAIs, with 3D-printed 

zirconia demonstrating the highest precision and milled zirconia showing the greatest true-

ness. Biomechanically, RAIs exhibited micromotion within physiological limits, indicating 

their potential for successful osseointegration. However, their performance can be less 

predictable due to varying anatomical designs. FEA confirmed superior stress distribution 

and greater stability of RAIs over conventional threaded implants. These findings highlight 

RAIs as a promising alternative to traditional implants, combining high accuracy, stability, 

and favourable biomechanical properties. Nonetheless, further research is needed to op-

timize implant designs and validate long-term clinical outcomes.   
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