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Abstract. The split crest is an established surgical technique for horizontal bone augmentation. 

It allows to place implants of adequate diameter in sites where the bone would be too thin for 

the implantation. In this study, two split crest techniques (using threaded bone expanders or 

ultrasonic bone surgery) were performed ex vivo on bovine ribs, and dental implants were then 

inserted in the so prepared implantation sites. Digital image correlation was used to measure 

the bone external surface displacement throughout the surgical procedures. Both techniques 

provided an adequate bone volume for implant insertion, and no significant differences were 

highlighted regarding the displacement. However, bone accidental fracture only occurred 

during split crest with threaded bone expanders, suggesting differences in the internal strain 

distribution induced by the two techniques. 

1.  Introduction 

Implant-retained dental prostheses are a widely used treatment for edentulous patients [1–5], and 

dental implants of different length and diameter are indicated for different defects or conditions. 

However, sometimes the edentulous crest does not have sufficient bone for a correct implant insertion 

[6]. The edentulism is the major cause of mandibular and maxillary bone loss, but in some cases bone 

defects could be caused by trauma, tumor resection, or prior surgical intervention [7–12].  

Since successful osteointegration is only possible when the dental implant is completely inserted 

into the bone [13–16], bone augmentation techniques are used to increase bone volume when it would 

be insufficient to allocate an adequate implant. In particular, when the bone is affected by horizontal 

atrophy, ridge thickness may be augmented by means of a technique called split crest or split ridge. It 

consists in the buccal and lingual cortices separation through a controlled fracture of the bone crest 



 

 

 

 

 

 

[17,18]. In some cases, lateral relief osteotomies are performed on the buccal surface of the bone in 

order to facilitate and guide the split crest, making the procedure more controllable [19]. Nonetheless, 

the presence of additional osteotomies may cause intra- and post-operative complications [20]. 

The traditional split crest techniques involve various types of tools, such as chisels, hand mallets, 

and osteotomes. However, the surgery is usually extremely technique-dependent and sometimes may 

cause patient discomfort [21]. Most recent techniques such as ultrasonic bone surgery and threaded 

bone expanders provide a simpler and more controllable procedure, reducing injury risk and 

discomfort for the patients [22–26]. Threaded conical bone expanders compress and compact the bone 

during the split crest procedure, thus producing an adequate space for the implant without bone loss 

[19]. The ultrasonic bone surgery exploits the inverse piezoelectric effect: an electric current is applied 

to piezoelectric crystals, generating a controlled vibration. Vibration is transferred to a working tip, 

whose oscillations are able to disrupt mineralized tissues [27]. Since the vibration frequency necessary 

to cut the bone ranges between 25 and 30 kHz, and the soft tissues are not damaged by oscillations 

below 50 kHz, the technique is completely safe for the surrounding tissues [28,29]. Furthermore, 

ultrasonic bone surgery is less technique-sensitive than traditional split crest, reducing the inter-

operator differences while achieving similar results in terms of implant survival rate [30,31]. 

In this study, split crest was performed ex vivo on bovine ribs, mimicking the surgery applied on 

the human jawbone, by means of threaded bone expanders (TBEs) and ultrasonic bone surgery (UBS), 

and the external bone cortices displacement was measured through digital image correlation (DIC). 

The DIC is a non-invasive, full-field measurement technique that requires a random speckle pattern on 

the surface of the sample in order to compute displacements and strains of the sample itself through an 

image-processing algorithm [32]. It is particularly suitable for biomechanical applications compared to 

other strain measurement techniques such as strain gauges, which are invasive and only provide a local 

measurement, or thermoelastic analyses, which in some conditions are not applicable to biological 

tissues [33,34]. Furthermore, optical measurements can be successfully coupled with finite element 

method and multibody modeling in order to achieve a complete mechanical characterization [35–39].  

2.  Materials and methods 

During this study, threaded dental implants (NobelActive RP, length 13 mm, diameter 4.3 mm, Nobel 

Biocare Italiana S.r.l., Sesto San Giovanni, Italy) were inserted in 18 bovine ribs (mean thickness at 

the crest 3.51 ± 0.17 mm, Tecnoss Dental S.r.l., Torino, Italy) selected to have a bone volume which 

required split crest to allocate the implants. In order to mimic the clinical procedure, the bone 

thickness and the implant size were selected according to case studies reported in the literature [40]. 

2.1.  Design of experiment 

The TBE and UBS split crest techniques were performed by means of respectively (1) Bone 

Expanders Dr. Sentineri (Mectron S.p.A., Carasco, Italy) and (2) Crest Splitting Kit (Acteon Group, 

Mérignac, France), and for the two techniques three types of implant site preparation were explored: 

(1) no relief osteotomies, (2) one relief osteotomy, or (3) two relief osteotomies. For the purpose of 

this study, a combination of split crest technique and type of implant site preparation is called split 

crest procedure: six different split crest procedures were therefore analyzed (figure 1), performing 

three replicas per procedure. Lastly, two implants were inserted in the mesial and distal sides of each 

bovine rib, thus inserting 36 implants in 18 bones. 

The maximum displacement reached in the external surface of each implant site during the split 

crest procedure and the maximum displacement in the whole bone external surface interested by the 

split crest procedure were measured and considered as the dependent variables of the analysis. 



 

 

 

 

 

 

 

Figure 1. Split crest procedures investigated combining split crest techniques (UBS and TBE) and 

types of implant site preparation (0 relief osteotomies, 1 relief osteotomy, and 2 relief osteotomies). 

 

2.2.  Split crest procedure 

The split crest procedure was performed in accordance with the clinical practice and the 

manufacturer’s instructions [20,40,41]. At first, a longitudinal osteotomy of adequate depth was 

performed on the crest, and lateral relief osteotomies were added when included in the test plan. 

Secondly, tools of increasing size were used to perform the actual split crest, and finally the implants 

were screwed onto the obtained sites. The whole procedure was coupled with abundant irrigation to 

avoid bone overheating. 

2.2.1.  Threaded bone expanders 

The split crest procedures involving the TBEs were conducted as follows: the first osteotomy was 

executed using an osteotome (OT7 micro-saw, Mectron S.p.A., Carasco, Italy), and two different Bone 

Expanders Dr. Sentineri (length 11.5 mm, diameter 2.5 and 3.5 mm) were inserted sequentially in each 

implant site. Lastly, a final drill (length 13 mm, diameter 3.5 mm) was used to complete the implant 

sites preparation before the insertion. 

2.2.2.  Ultrasonic bone surgery 

Different surgical tools provided with Crest Splitting Kit were used for the split crest procedures 

involving the UBS. Each tool is named with the acronym CS (which stands for crest splitting) 

followed by a number that increases with the tool thickness: CS1 and CS2 were used for the first and 

second pilot osteotomies, at 8 mm of depth in the bone crest. CS3 was used for mesial and distal relief 

osteotomies when needed, and the split crest was performed using CS4, CS5, and CS6 (thickness 1.8 

mm, 2.75 mm, and 3.75 mm respectively). As for the TBEs, the implant sites were completed with a 

final drill before the implant insertion. 

2.3.  Experimental setup 

Before the tests, a random speckle pattern was applied on the external surface of each bone using a 

black ink spray can (figure 2a). 



 

 

 

 

 

 

 

Figure 2. (a) Specimen surface prepared for DIC measurements; (b) Experimental setup. 

The bones were held still using a vise during the tests, and the split crest procedure was carried out 

while recording the bone external surface with two cameras for 3D digital image correlation 

(ARAMIS 3D 6M, GOM Italia S.r.l. – a ZEISS Company, Buccinasco, Italy). The area was 

illuminated under a blue led light (figure 2b). 

2.4.  Displacement measurement 

The bone external surface around and between the implant sites was selected as region of interest 

(ROI) for the displacement measurement. The ROI was identified with the image processing software 

(GOM Correlate, GOM Italia S.r.l. – a ZEISS Company, Buccinasco, Italy) and a reference frame was 

created with the X-Y plane lying on it. The displacement was measured in the out-of-plane direction 

(Z axis). Two inspection points were placed in correspondence of the implant axes at a distance of 5 

mm from the upper edge of the bone along the X axis, as shown in figure 3, and the corresponding 

displacement of the external surface along the Z axis was computed, as well as the absolute maximum 

displacement in the entire ROI. 

 

Figure 3. Image processing. 



 

 

 

 

 

 

2.5.  Statistical analysis 

A two-way analysis of variance (ANOVA) was conducted to investigate the influence of the different 

split crest techniques and the number of relief osteotomies on bone displacement (table 1). 

Table 1. Two-way ANOVA. 

Factor Levels 

Split crest technique 
Threaded bone expanders 

Ultrasonic bone surgery 

Site preparation 

0 relief osteotomies 

1 relief osteotomy 

2 relief osteotomies 

 

3.  Results and discussion 

In this study, 18 split crest procedures were performed exploring the influence on the implant insertion 

outcome of the split crest technique and the site preparation. Implant insertion was always possible 

after the split crest, with no regard for the adopted technique nor the number of relief osteotomies. 

However, the statistical analysis highlighted a significant effect of the number of relief osteotomies on 

the maximum displacement of the whole ROI. A Bonferroni post-hoc correction was therefore 

conducted for pairwise comparison; the results are shown in figure 4c. This result reflects clinical 

outcomes [42] and suggests that the space gained inside the bone volume is enough to insert an 

implant even in absence of additional osteotomies. Furthermore, no statistical significance was 

detected regarding the displacement at the inspection points, neither for split crest techniques nor for 

site preparation (p>0.05). 

 

Figure 4. Maximum displacement in correspondence of (a) the mesial implant site, (b) the distal 

implant site, and (c) the whole ROI. In (c) different letters above the bars show statistical significative 

differences. TBE: Threaded Bone Expanders; UBS: Ultrasonic Bone Surgery; 0, 1, or 2: number of 

relief osteotomies.  

Although the ANOVA did not find significant differences between the displacement obtained with 

TBEs and the one obtained with UBS, the bar plots in figure 4 show that in most cases a slightly lower 

displacement was obtained with the UBS compared with TBEs, which suggests a different internal 

bone strain distribution induced by the two techniques. 

Unexpected bone fracture occurred two times during split crest with TBEs, while it never happened 

with UBS. Both fractures occurred in presence of relief osteotomies, which reflects previous findings 

about the enhanced fracture risk when additional osteotomies are performed [20]. 



 

 

 

 

 

 

4.  Conclusions 

This study explored bone behavior during six different split crest procedures and highlighted the 

potentialities of the DIC application in the dental field. To the authors’ knowledge, this is the first 

work that applies DIC to measure the bone response to split crest. Within the limitations of this study, 

the Ultrasonic Bone Surgery was confirmed to be safer and easier to use in comparison with Threaded 

Bone Expanders. Further development might include the exploration of the bone behavior at the bone-

surgical tool interface during the split crest procedure. A combination of finite element modeling, 

digital image correlation, and microtomography could be a promising yet ambitious strategy to reach 

this goal. 
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