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Haptic-enabled virtual training in orthognathic 

surgery  
 

Abstract 

Orthognathic surgery (OGS) is a very complex surgical procedure aiming to correct a 

wide range of skeletal and dental irregularities, including jaws and teeth misalignments. 

It requires a precise pre-surgical planning and high surgical skills that are traditionally 

acquired through years of hand-on training in the operating room or in laboratory-based 

surgical practices using cadavers or models. Although modern engineering technologies 

have led to the development or computer-aided surgical procedures and systems, surgical 

training in OGS still relies on the traditional physical hands-on approach. This paper 

presents the results of an investigation carried out with the aim to evaluate the use of 

haptics and virtual reality (VR) technologies as an OGS training tool. Three case studies 

corresponding to cephalometry training, osteotomy training, and surgery planning 

training, were conducted. Participants comprised novices and experts in the area of OGS. 

Surgical skills, performance and confidence of trainees, in addition to reducing execution 

times and errors associated to the traditional OGS process indicate that the haptic-enabled 

virtual reality approach is an effective training tool.  

Keywords: orthognathic surgery (OGS), surgical skills, surgical training, virtual reality 

(VR), haptics, cephalometry, osteotomy, surgery planning. 

1. Introduction 

Orthognathic surgery (OGS) aims to correct a wide range of minor and major skeletal and 

dental irregularities, including correcting functional problems such as chewing, speaking 

and breathing, and is performed by an oral and maxillofacial surgeon (OMS) (AAOMS 

2019). OGS requires precise pre-surgical planning to generate the surgical information 



needed in the operating room and achieve the desired surgical outcomes. The OGS 

planning process comprises four main steps: a) clinical facial analysis, to provide a 

preliminary diagnosis and treatment; b) cephalometric analysis, to provide an accurate 

diagnosis and treatment; c) model surgery, to correct the maxillary misalignment; and d) 

surgical template generation, to record the desired patient’s occlusion  on a surgical 

template (also known as wafer). This preoperative planning process to obtain the desired 

skeletal harmony is a complex and extensive process, and represents a significant 

challenge for surgeons, in particular when correcting complex malformations (Proffit et 

al. 2006; McCormick and Drew 2001; Posnick 2013; Birbe 2014). For instance, the 

estimation of the desired maxilla position after osteotomy using ‘‘down fracture’’ is a 

challenging task for surgeons since the 3D translocation of the maxilla can be almost 

unmeasurable (Mischkowski et al. 2006). Furthermore, the ultimate surgical outcomes 

will not only depend on the accuracy of the OGS planning process but also on the 

technical and manual skills of the OMS in the operating room (OR). Thus, the acquisition 

and evaluation of surgical experience and skills is essential to ensure the patient’s safety 

and the accomplishment of the desired surgical outcomes.  

In the area of oral and maxillofacial surgery, trainees require on average 4 years of post-

dental education with the option to obtain a medical degree that requires a minimum of 2 

years in addition to the core training requirements (Lubek 2019). Surgical trainees 

typically acquire technical and manual skills through years of hands-on training in the 

OR, or in an apprenticeship model, complemented with anatomy examinations, tutorials, 

and laboratory-based surgical skill practices using cadavers or models (Ghasemloonia et 

al. 2017). However, even though surgical and anatomy knowledge can be evaluated 

objectively by means of examinations, the evaluation of technical skills is still more 

subjective than objective (Ghasemloonia et al. 2017). Most of the existing methods for 



the evaluation of surgical skills are subjective because they are based on the assessment 

by an expert surgeon who observed the trainee or resident performing surgical 

procedures. Surgical training programs often lack objective approaches to evaluate the 

surgical skills, in addition to complicated scheduling characteristics that make difficult 

for surgical residents to undergo formal assessment (Gas et al. 2016). Therefore, the 

traditional educational and training paradigms for surgical trainees should provide an 

accurate evaluation of their surgical skill levels. According to Reznick and MacRae 

(2006), the new surgical training needs are accuracy, quantitative evaluation, and 

improved training efficiency in order to reduce training hours and resources.  

The objective evaluation of surgical skills aims to reduce the subjectivism and 

arbitrariness of traditional training and evaluation methods, and to provide quantitative 

information of the surgical skills capabilities and performance. According to Moorthy et 

al. (2003) and Van Hove et al. (2010), the objective assessment of surgical skills reduces 

the need for subjective evaluation and provides objective feedback for the improvement 

and learning of specific surgical tasks. Objective assessment of surgical skills can be 

carried out using several methods (Grantcharov et al. 2002) that can be classified into 

procedure-specific checklists, global, rating scales, motion analysis, VR simulators, and 

automated video-kinematic assessment (Moorthy et al. 2003). Moreover, these objective 

methods could also be used for examination or credentialing. Objective assessment 

methods are commonly based on measuring kinetostatic characteristics of the surgical 

tool or instrument and the surgeon’s hand during the surgical procedure execution 

(Ghasemloonia et al. 2017). Common objective surgical skill metrics include time, tool 

trajectory, number of movements, peak forces, velocity, acceleration, jerk, and smooth 

motion. However, despite the efforts in recent years, the objective evaluation of surgical 

skills has not yet been widely adopted into clinical practice because it requires expensive 



equipment and reliable metrics to quantify the surgical performance (Van Hove et al. 

2010). Thus, further research is needed to overcome these technical limitations and to 

determine relationships between the measured surgical skill and the surgical outcomes 

(Ghasemloonia et al. 2017).  

This paper aims to formally evaluate the effectiveness of haptic-enabled virtual reality 

training in maxillofacial surgery. For this purpose, three experimental case studies 

corresponding to different orthognathic surgery procedures are reported. The findings are 

analysed in terms of the trainees’ performance improvement after undertaking the 

proposed haptic-enabled virtual training.   

2. Related works 

2.1 Virtual surgery  

Computer-Aided Surgical systems provide specialists the capability to plan, simulate and 

train several surgical procedures in order to increase their level of knowledge, experience 

and manual abilities (Agus et al. 2003; Vázquez-Mata 2008). When the sense of touch is 

enabled in such systems, the level of realism, interaction, and intuitiveness increases 

(Panait et al. 2009). The sense of touch is provided to the user as a force feedback 

generated by means of haptic technologies (Coles et al. 2011). Many research works have 

evidenced the importance and effect of enabling the sense of touch and force feedback in 

surgical systems (Ranta and Walter 1999; Dangxiao et al. 2012; Xia et al. 2012; Olsson 

et al. 2013; Medellin-Castillo et al. 2016). A summary of the main characteristics of some 

existing Computer-Aided orthognathic surgery systems was presented by Zaragoza-

Siqueiros et al. (2019).  

The use of augmented reality (AR) in various surgical procedures has also been 

investigated in the last two decades. AR surgical applications comprise spinal surgery, 

orthopaedics, neurosurgery, laparoscopy, biopsy, heart surgery, and cranio-maxillofacial 



surgery. According to Mischkowski et al. (2006), orthognathic surgery using AR image 

guidance could provide additional safety in comparison with the traditional surgical 

procedure. Zinser et al. (2013) proposed and validated the use of surgical navigation by 

means of an interactive image-guided visualisation display (IGVD), to precisely transfer 

maxillary surgical plans. A recent literature review made by Bosc et al. (2018) revealed 

five AR applications in maxillofacial surgery based on a hands-free and heads-up 

approach using smart glasses or a head set. Most of these applications reported a 

minimum error smaller than 1 mm between the virtual model and the patient. 

2.2 Virtual surgery training  

Computer and VR based surgical simulators have also been used as an objective approach 

to assess technical surgical skill such as dexterity and tool handling, and to improve the 

trainee’s learning time and reduce the morbidity and operating time for patients (Ahmed 

et al. 2019). Twenty-six studies on the assessment of surgical skills using VR were 

identified by Van Hove et al. (2010). From these studies five different simulators capable 

to provide surgical tasks to train basic skills for general surgery, gynaecology or 

laparoscopy, were identified. Most of the simulators used motion analysis parameters, 

such as path length or economy of motion, and task completion time (TCT) to assess the 

surgical skills. More recently, an assessment methodology using a combination of 

simulation, online learning, and self-assessment options was proposed by Gas et al. 

(2016). The results demonstrated that the proposed multifaceted remediation 

methodology allowed clinical residents to achieve good or stellar performance on each 

station after some practice.  

In the area of oral and maxillofacial surgery, a novel training tool for Le Fort I osteotomy 

based on immersive virtual reality (iVR) was evaluated by seven consultant oral and 

maxillofacial surgeons (Pulijala et al. 2018). Although the results suggested that iVR is 



valid to test trainees and to improve their non-surgical expertise and knowledge on 

orthognathic surgery, the technology was only evaluated by expert surgeons. In addition, 

the authors mentioned that one technological limitation of the proposed tool is the lack of 

haptic force feedback. On the other hand, Elledge et al. (2018) reported that a virtual 

learning environment approach in maxillofacial surgery training was well accepted by 

trainees and it improved their confidence.  

A comprehensive review to identify all digital and mannequin maxillofacial simulators 

available for education and training in maxillofacial surgery was reported by Maliha et 

al. (2018). A total of 22 simulators were identified: 10 virtual reality haptic-based 

simulators, 6 physical model simulators, and 6 web-based simulators; however, only 9 

formalized studies with low-level of evidence were recognised, the rest were descriptive 

in nature. The significant lack of scientific and validated studies reported in the literature 

clearly indicate that simulation in maxillofacial surgery education is underused. In fact, 

Ahmed et al.’s (2019) revealed that while other surgical disciplines have adopted 

simulated clinical teaching, maxillofacial surgery has only seen limited formal use; 

therefore, the benefits of simulation-based surgical training are apparent.  

 

3. Materials and methods 

3.1 System description 

To evaluate the effectiveness of the proposed haptic-enabled virtual reality OGS training 

approach, the orthognathic surgery system (OSSys) shown in Figure 1 was used 

(Zaragoza-Siqueiros et al. 2019). The OSSys system comprises four modules: 

1. Facial analysis module. It enables the realization of facial analyses on the 

patient’s images and provides a preliminary diagnosis of the orthognathic 

pathology.  



2. Cephalometric analysis module. It allows the realization of 2D, 2½D and 3D 

cephalometric analyses. In the case of 2½D cephalometric analysis, the 

cephalometric landmarks are defined on the 3D model but are projected on the 

sagittal plane to compute the cephalometric values.   

3. Model surgery module. It allows trainees to perform surgical procedures on the 

patient 3D model by means of the haptic device. 

4. Surgical template module. It provides assistive tools to generate the surgical wafer 

needed to repositioning the maxillary during the real surgical procedure. 

 

 
Figure 1. Architecture of the virtual haptic-enabled orthognathic surgery system. 

 

Graphic rendering and haptic rendering are provided by means of the graphics module 

and the haptic-physics module. The graphics module creates the virtual scenes and 



renders the patient’s models, whereas the haptic-physics module is responsible of the 

dynamic behaviour of virtual models, the force feedback and the sense of touch during 

the virtual interaction and manipulation. The OSSys system supports commercially 

available haptic devices such as the Omni Phantom from Sensable® and the Falcon from 

Novit®.  

 

3.2 Cephalometry training  

To assess the effectiveness of haptic-enabled virtual training in cephalometric analysis 

and diagnosis, an experimental study was conducted according to the methodology shown 

in Figure 2. A total of 21 participants were randomly selected to carry out the 

cephalometry training. The participants were right-handed and had no previous 

experience in virtual reality and haptics. They were divided into three groups, with each 

group comprising 7 individuals according to their level of expertise:  

1) Third-year students (Novices), aged 20-23 years;  

2) Graduate dental surgeons (Semi-experts), aged 28 – 32 years;  

3) Orthodontics specialists (Experts), aged 35 – 42 years.  

The novice participants had some experience on using lateral radiographies and 

knowledge in skull morphology, but no experience on cephalometries. On the other hand, 

the semi-expert participants had some experience on 2D cephalometry, landmarking and 

radiography interpretation but not on 3D cephalometry. The expert participants had 

professional orthodontic training and experience including 2D cephalometry.    

At the beginning of the experimental study all participants were instructed on the use of 

the OSSys system, allowing them to ask questions and provide comments. Next, a 

compulsory training period including single 2D and 3D cephalometry pilot trials was 

given to each participant. After this training period each participant performed five 2D 



cephalometry case studies, corresponding to five patients aged 18-24 years with 

malocclusion problems and requiring surgical intervention, and one 3D cephalometry 

case study, corresponding to the skull of an adult. The cephalometric studies were based 

on a simplified Steiner methodology (White and Pharoah 2001) that comprises 13 hard 

tissue landmarks and a simplified set of 11 cephalometric values. The task completion 

times (TCT) were measured and recorded for each participant and case study. After 

completing the cases studies, each participant was asked to complete a survey to evaluate 

his/her experience on training and performing haptic-enabled virtual cephalometries.  

 
Figure 2. Methodology to assess haptic-enabled virtual cephalometry training. 

 



3.3 Osteotomy training  

Training of osteotomy procedures in orthognathic surgery was also assessed in the 

proposed haptic-enabled virtual environment. For this purpose, an experimental study 

was conducted according to the methodology shown in Figure 3. Nine oral and 

maxillofacial surgery postgraduate students were selected because prior knowledge of 

maxillofacial surgery was mandatory. These participants were divided into three groups, 

each group comprising 3 individuals, according to the following:  

 Group I. No virtual training. Participants in this group did not train before 

performing the real osteotomy procedure.  

 Group II. Haptic-disabled virtual training. Participants in this group undertook 

virtual training with no force feedback (haptic-disable) before performing the 

real osteotomy procedure.  

 Group III. Haptic-enabled virtual training. Participants in this group undertook 

virtual training with force feedback (haptic-enabled) before performing the real 

osteotomy procedure. 



 
Figure 3. Methodology to evaluate the haptic-enabled virtual osteotomy training. 

 

Two osteotomy procedures were considered: mentoplasty and sagittal osteotomy. The 

mentoplasty procedure involved only one main cut on the chin, while the sagittal 

osteotomy procedure required three cuts: sagittal exterior, sagittal superior and sagittal 

interior. Figure 4 shows the cuts considered in the osteotomy training analysis, which 

were marked on a real human mandible by an experienced surgeon. These marked cuts 

were used as reference to evaluate the effectiveness of virtual osteotomy training. It has 



to be mentioned that the aim of the osteotomy training was to provide a haptic-enabled 

VR training approach to gain experience and knowledge in identifying and marking 

correctly osteotomy trajectories according to the particular orthognathic surgical 

procedure, rather than simulating in detail the bone cutting and separation. 

 

At the beginning of the experiment, all participants were informed about the experimental 

methodology and the osteotomy procedures and cuts under consideration. Next, 

participants of groups II and III undertook a virtual training session comprising a 

familiarization period and the realization of the two different osteotomies procedures in 

the virtual environment. During training, the participants of group II were allowed to 

manipulate the virtual surgical tool by means of a Phantom Omni haptic but without force 

feedback (virtual touch deactivated), while the participants of group III were allowed to 

haptically manipulate the virtual surgical tools (virtual touch activated). Finally, all 

participants were asked to carry out the real osteotomy procedures on 3D prototypes made 

of PLA in a 3D printer, and using a manual high-speed milling tool, as shown in Figure 

5. These 3D prototypes correspond to the real human mandible marked by the 

experienced surgeon. All participants were observed during the real osteotomy 

procedures and the TCT values for each participant and osteotomy were measured and 

recorded.       

 

      
a)                                                      b) 



      
                                    c)                                                d) 

Figure 4. Osteotomy procedures: a) mentoplasty, b) sagittal exterior, c) sagittal superior, 

d) sagittal interior.  

         
                              a)                                                                     b)   

Figure 5. Real osteotomy utensils: a) physical jaw, b) high-speed milling tool.  

 

3.4 Surgery planning training  

As mentioned before, OGS planning is a time consuming and complex process that affects 

the ultimate surgical outcomes. For this reason, the third haptic-enabled virtual training 

assessment focused on the entire planning process of an OGS. The general methodology 

used in the assessment is shown in Figure 6. Six participants were selected: 3 senior 

maxillofacial surgeons (with more than 7 years of professional experience) and 3 junior 

maxillofacial surgeons (novices). A 25 years old male patient with malocclusions 

problems and requiring surgical intervention was selected as a case study. The lateral 

radiography and the 3D model of the patient is shown in Figure 7. The patient’s model 

resolution was adequate for the participants to feel, identify and select landmarks by 

means of the haptic device.  

 



 
Figure 6. Methodology for the evaluation of OGS planning virtual training.  

 

                        
                                             a)                                                   b) 

   Figure 7. Case study for OGS planning: a) lateral radiography, b) 3D model.  



 

At the beginning all participants were informed about the experimental methodology. 

Then, each participant was asked to conduct individually the OGS planning of the case 

study using the traditional approach. A week later after completing the traditional OGS 

planning, each participant undertook a haptic-enabled virtual training period in OSSys. 

The training period comprised a system familiarization session and five virtual OGS 

planning trials. Subsequently, each participant was asked to carry out the virtual OGS 

planning of the case study using the patient’s lateral radiography and 3D model. The TCT 

values for each participant and each stage along the complete experimental process were 

measured and recorded.  

 

4. Results and discussion 

4.1 Cephalometry training  

Figure 8 shows the 2D, 2½D and 3D cephalometries in OSSys. The average 

cephalometric results for each 2D case study and group of participants, Novice (N), Semi-

experts (S) and Experts (E), are presented in Table 1. To evaluate the performance of the 

novice and semi-experts groups, their errors and standard deviation values using the 

average measurements of the group of experts as reference, were estimated and are shown 

in Table 2. It is observed that the group of novices (trainees) obtained, in general, the 

largest errors and standard deviations due to their null or little experience; however, they 

were able to practice and improve their technical skills and knowledge in cephalometric 

analysis. A typical manual cephalometric analysis requires 25 minutes, whereas in OSSys 

it took less than 2 minutes. This time reduction represents an improvement in the training 

efficiency since novices can perform more cephalometric studies per training session. 



Consequently, the training load and training time associated to the traditional training 

scheme can be reduced by means of the proposed virtual training approach.     

               
                                 a)                                    b)                                 c) 

Figure 8. Virtual cephalometry: a) 2D, b) 2½D and c) 3D. 

 

Table 1. 2D Cephalometric results for each case study and group of participants.  

 Average cephalometric values 

Case study 1 2 3 4 5 

Group 

Variable 
N S E N S E N S E N S E N S E 

SNA (°) 80.4 88.3 84.4 83.0 86.4 86.1 74.5 88.2 86.9 74.0 87.2 83.5 80.1 89.1 87.7 

SNB (°) 85.8 90.4 86.6 88.8 89.9 89.4 83.4 85.3 76.0 81.4 88.5 85.9 88.3 92.5 91.9 

ANB (°) 6.0 2.4 2.2 6.3 3.5 3.3 6.7 2.9 2.5 7.3 3.4 3.2 8.2 4.2 4.3 

INA (°) 28.9 21.7 23.1 23.0 19.1 20.8 43.9 21.2 24.1 37.2 28.9 29.8 31.5 25.7 25.9 

INA (mm) 15.4 11.2 9.7 10.5 7.9 4.3 12.0 7.1 5.9 22.4 9.7 8.5 19.9 9.9 7.8 

INB (°) 18.0 16.6 18.3 17.3 19.5 20.6 33.8 24.4 27.2 29.5 35.6 37.6 22.7 22.8 24.0 

INB (mm) 3.4 5.7 3.4 3.6 5.2 2.8 12.3 9.0 6.8 15.6 12.4 10.0 10.1 8.4 5.0 

Sn-GoGn (°) 27.6 30.9 36.5 32.3 32.7 29.5 37.4 33.6 30.0 38.6 31.8 33.5 28.2 23.0 22.5 

FMA (°) 24.6 24.1 33.2 17.5 17.2 24.2 26.1 22.7 40.9 24.1 25.0 35.8 18.6 13.6 15.8 

OC-SN (°) 16.6 11.3 11.8 16.0 15.4 17.0 14.3 13.0 14.3 19.3 15.0 16.1 10.3 7.8 9.3 

IMPA (°) 84.5 75.2 94.2 75.9 77.0 88.8 93.0 85.5 91.3 89.5 95.3 98.6 86.2 87.3 89.6 

                           N-Novice, S-Semi-experts, E-Experts  

 

Table 2. Average 2D cephalometric errors and standard deviations.  

 
Average cephalometric errors and 

standard deviations 

Group 

Variable 
N S 

SNA (°) 7.32±3.86 2.12±1.59 

SNB (°) 3.38±2.82 3.36±3.60 

ANB (°) 3.80±0.47 0.22±0.11 

INA (°) 8.16±6.78 1.42±1.00 

INA (mm) 8.80±3.89 1.92±1.01 

INB (°) 3.92±3.35 1.76±0.69 

INB (mm) 3.40±2.76 2.54±0.49 

Sn-GoGn (°) 5.98±2.32 2.92±1.94 

FMA (°) 8.92±4.60 9.46±5.85 



OC-SN (°) 2.00±1.95 1.20±0.44 

IMPA (°) 7.36±4.66 8.44±6.96 

                                                         N-Novice, S-Semi-experts.        

 

The results of the 2½D and 3D cephalometric analyses are shown in Table 3. The average 

cephalometric values obtained by the group of experts were used as reference to evaluate 

the cephalometric errors and standard deviations. Table 3 indicates that while trainees 

were able to conduct 2½D and 3D cephalometric analyses, they had larger errors 

compared to the semi-experts. This behaviour is a typical learning conduct in trainees that 

tends to reduce with more training and experience. In terms of time performance, the 3D 

cephalometric analysis required an average TCT of 19 minutes, which is still lower than 

the time required by the conventional 2D cephalometric analysis. In addition, it has to be 

mentioned that virtual training allowed the realization of 3D cephalometries, which 

cannot be made using the conventional manual cephalometric approach.  

        

Table 3. Cephalometric results for 2½D and 3D.  

Cephalometry 2½D  3D 
Error 

2½D 

Error 

3D 

Standard 

deviation 

Group 

Variable 
N S E N S E N S N S 2½D  3D 

SNA (°) 89.8 87.8 85.7 89.4 87.0 87.8 4.08 2.12 1.62 0.83 2.04 1.25 

SNB (°) 92.6 89.3 86.0 90.9 87.2 89.3 6.64 3.36 1.60 2.10 3.32 1.85 

ANB (°) 3.5 3.3 3.1 4.8 4.3 3.3 0.40 0.18 1.56 1.04 0.20 0.79 

INA (°) 21.0 23.3 24.7 24.9 26.0 23.0 3.74 1.42 1.87 2.96 1.89 1.49 

INA (mm) 9.5 9.2 7.2 10.7 8.5 9.7 2.26 1.92 1.03 1.22 1.22 1.13 

INB (°) 24.7 23.8 25.5 25.3 26.8 24.7 0.88 1.76 0.69 2.12 0.88 1.08 

INB (mm) 5.9 6.1 5.6 7.7 6.8 6.9 0.25 0.50 0.77 0.06 0.25 0.46 

Sn-GoGn (°) 32.2 31.4 30.4 33.0 31.6 31.3 1.80 1.00 1.64 0.30 0.90 0.87 

FMA (°) 20.5 25.3 30.0 26.9 31.2 25.3 9.48 4.68 1.61 5.96 4.74 3.08 

OC-SN (°) 12.3 12.5 13.7 14.1 14.9 12.8 1.40 1.20 1.24 2.10 0.76 1.06 

IMPA (°) 93.5 89.1 92.5 90.7 93.7 91.7 1.00 3.40 1.03 2.04 2.31 1.56 

                         N-Novice, S-Semi-experts, E-Experts  

 

In terms of the user feedback, all participants agreed that virtual cephalometry in OSSys 

is a useful educational and training tool to support the teaching and learning process in 



maxillofacial surgery, and to improve the technical skills of trainees. It represents a more 

efficient approach than the conventional method because it lessened the time to complete 

a cephalometric study by introducing modern digital engineering technologies into the 

cephalometric process. In addition, the participant clinicians confirmed that haptics is 

essential to define more accurately the landmarks in 3D cephalometries. 

 

4.2 Osteotomy training  

Figure 9 illustrates the virtual osteotomy training process while Figure 10 shows the 

execution of the real osteotomy procedures. Since cutting trajectories are essential and 

critical to get successful surgical outcomes, to evaluate the effectiveness of virtual 

osteotomy training, a cutting error was defined as the difference between the cutting 

trajectory made by the trainee and the cutting trajectories performed by an experienced 

maxillofacial surgeon (Figure 4) in the real osteotomy procedure. To quantify this error, 

an image processing method was implemented in a CAD software, and the error was 

proportional to the red area of the surface generated by the two trajectories, as shown in 

Figure 11.  

 

      

                 a)                                               b)                                              c)  

Figure 9. Osteotomy virtual training: a) participant during training, b) virtual 

environment, c) virtual sagittal osteotomy.  



               
                             a)                                         b)                                       c) 

Figure 10. Real osteotomy execution: a) participants, b) mentoplasty, c) sagittal 

osteotomy.  

 

              
                                     a)                                                                            b) 

                            
                                c)                                                                 d) 

Figure 11. Osteotomy error calculation (black line: ideal trajectory, blue line: trainee’s 

trajectory): a) mentoplasty, b) sagittal exterior, c) sagittal superior, d) sagittal interior.  

 

The average results of the osteotomy training for each group are summarized in Table 4. 

These results demonstrate that participants who undertook virtual training (groups II and 

III) achieved a better performance in the real osteotomy (RO) procedure than the 

participants who did not train virtually (group I); i.e. participants who trained in OSSys 

completed the real osteotomy procedure faster and more accurately. Moreover, the 

participants who undertook training with haptic feedback (group III) had the best overall 



performance; their osteotomy procedures were faster and more accurate than the rest of 

the participants (groups I and II). These results indicates that haptic feedback enabled 

faster identification and cutting of virtual bones. Regarding the time performance in the 

virtual and the real world, the results show that the time to complete a virtual osteotomy 

in the proposed system is only a small fraction of the time to complete the real osteotomy 

procedure, about 10%. Because of this, when the total time is considered (virtual 

procedure plus real procedure), see Table 4, the time performance behaviour remains the 

same, group III has the best performance and group I has the worst performance. These 

results show that the addition of haptics in the VR environment not only enhanced the 

time performance in the virtual world, but also in the real world.   

 

Table 4. Real osteotomy results.  

 
 

Participants 

Mentoplasty Sagittal 

VO time  
(s) 

RO time 
(s) 

Cutting 
error (%) 

Total time  
(s) 

VO time  
(s) 

RO time 
(s) 

Cutting 
error (%) 

Total time  
(s) 

Group I NA 432 24.2 432.0 NA 389 27.7 389.0 

Group II 19.4 308 14.6 327.4 56.0 317 21.2 373.0 

Group III 11.6 120 6.4 131.6 21.5 241 4.9 262.5 

              VO: Virtual Osteotomy, RO: Real Osteotomy, NA: Not applicable. 

 

In order to validate the observations, a single-factor analysis of variance (ANOVA) was 

carried out. The NULL hypothesis (H0) establishes that the effects of the three training 

modalities are identical. However, if this hypothesis is rejected, it means that virtual 

training has a significant effect on the real osteotomy performance. The ANOVA analysis 

was carried out using the Data Analysis tool of Microsoft Excel™; the results are 

summarized in Table 5. The hypotheses were evaluated with a 5% significance level, α = 

0.05. The F0 ratio (between groups/within groups) is compared with an appropriate upper-

tail percentage point of the F2,6 distribution, F0.05,2,6 = 5.14. Since F0 > F for both the 

mentoplasty and sagittal cuts, then the null hypothesis H0 is rejected and the times values 



for all training groups differ. Thus, it can be said that haptic-enabled virtual osteotomy 

training is feasible and has a significant effect on the real osteotomy performance and 

technical skills of novices.  

Table 5. ANOVA results for the osteotomy training. 

Real osteotomy 

procedure 
 

Sum of 

squares 
Df 

Mean 

square 
F0 

Mentoplasty  

Between groups 147773.56 2 73886.78 44.33 

Within groups 10001.33 6 1666.89  

Total 157774.89 8   

Sagittal  

Between groups 32714.89 2 16357.44 9.52 

Within groups 10309.33 6 1718.22  

Total 43024.22 8   

 

4.3 Surgery planning training  

The results of the orthognathic surgery planning using the traditional and the virtual 

methods are shown in Table 6. It can be observed that, in the case of the expert surgeons 

the planning outcomes obtained from the virtual and the traditional approaches are in 

agreement. These results validate the usability and correctness of the virtual approach 

since it replicates the planning outcomes of the traditional planning method. In the case 

of the trainees (novices), the planning outcomes using the traditional approach are also in 

agreement with the outcomes using the virtual approach, but they differ from the experts’ 

planning outcomes. However, this difference between the experts and novices planning 

outcomes is larger in the traditional planning approach than in the haptic-enabled virtual 

planning approach, as shown in Table 6. In the virtual planning system novices can 

generate planning outcomes that are closer to the outcomes produced by the experts, 

which means that the surgical skill level and experience gap between experts and novices 

is reduced in the virtual approach.  

 



Table 6. Orthognathic surgery planning results for the traditional and virtual 

approaches. 

Planning 
stage 

Outcome 
variable 

Planning outcomes 

Novice surgeons Expert surgeons 

Traditional Virtual Traditional Virtual 

Facial 
Analysis 

Third facial 
analysis 

Second facial 
third diminished 

Second facial 
third diminished 

Second facial 
third diminished 

Second facial 
third diminished 

Fifth facial 
analysis 

Third facial fifth 
diminished 

Third facial fifth 
diminished 

Third facial fifth 
diminished 

Third facial fifth 
diminished 

Powell’s 
analysis 

Surgical and 
orthodontic 
treatment 

Surgical 
treatment 

Surgical and 
orthodontic 
treatment 

Surgical 
treatment 

Cephalometric 
analysis 

Facial profile Concave Concave Concave Concave 

Overbite in mm 
(SD) 

-3 (1) -3.24 (0.5) -3 (0.7) -3.62 (0.4) 

Molar ratio Class III Class III Class III Class III 
Diagnosis and 
proposed 
treatment 

Bimaxilar (LeFort 
I 

BSSO) 

LeFort I 
BSSO 

Bimaxilar (LeFort 
I 

BSSO) 

LeFort 
BSSO 

Model surgery 

Surgery type 
LeFort I 
BSSO 

LeFort I 
BSSO 

LeFort I 
BSSO 

LeFort I 
BSSO 

Maxillary 
projection in mm 
(SD) 

9.1 (0.7) 10.3 (0.65) 9.5 (0.4) 10.42 (0.21) 

Mandibular 
projection in mm 
(SD) 

2.3 (0.6) 3.1 (0.48) 2.7 (0.5) 3.03 (0.35) 

Surgical 
template 

Surgical 
template 
fabrication  

Surgical template 
Surgical 
template 

Surgical template 
Surgical 
template 

      SD: standard deviation 

 

Table 7 presents the average values of the completion times for each stage of the 

orthognathic surgery planning process. From these results it is observed that the time 

performance between the expert and the trainees in the traditional approach differs 

significantly; the trainees’ total completion time is 85% larger than the experts’ time. 

However, in the virtual planning approach the completion times are not only reduced 

drastically, but the difference between the experts and trainees is diminished to only 46% 

without affecting the diagnosis and quality of the planning outcomes. Therefore, it can be 

said that virtual training of OGS planning is feasible and effective since trainees can 

practice OGS planning and achieve planning outcomes with superior accuracy than the 

those obtained when using the conventional planning approach. Moreover, the 

effectiveness of the planning process is also improved because the time to complete the 

surgery planning in the virtual system, is only a small fraction (10% approximately) of 



the time using the traditional approach.  

    

Table 7. Completion times in the OGS planning process.  

Surgical planning 
stage 

Task completion time (min) (SD) 

Novice surgeons Expert surgeons 

Traditional  Virtual  Traditional  Virtual  

Clinical facial study 45 (5.24) 5.5 (2.07) 22 (4.73) 3.2 (1.04) 

Cephalometric 
analysis  

117 (5.2) 10.2 (1.26) 75.2 (4.02) 8.2 (3.37) 

Model  
surgery  

263 (20.51) 15.2 (3.10) 127 (10.20) 9.7 (2.93) 

Surgical template 
generation 

70 (5.2) 7.5 (1.26) 43 (4.02) 8.2 (3.37) 

Total 495 (10.33) 38.4 (2.37) 267.2 (6.53) 26.3 (2.42) 
SD: Standard deviation  

 

4.4 Discussion 

The results of the cephalometry, osteotomy and planning virtual training have 

demonstrated that the integration of haptics and virtual reality technologies is an effective 

and objective training tool in orthognathic surgery. In general, trainees can improve their 

technical skills and time performance associated to the different procedures in 

orthognathic surgery. Moreover, virtual training reduces the errors associated to the 

traditional approach activities such as measuring facial and cephalometric values, the 

creation of dental casts, the mounting of casts on the articulator, the manual segmentation 

and repositioning of dental casts, and the wafer generation.  

 

It has been demonstrated that by enabling the sense of touch during the digital 

cephalometric analysis, trainees are capable to identify landmarks with higher precision 

than when using the traditional approach, reducing the errors and variations of the 

cephalometric values. In the case of osteotomy procedures, the results demonstrated that 

haptic-enabled virtual training improves the technical skills of trainees, leading to smaller 

cutting errors and completion times than those obtained by the trainees without previous 

virtual training. The results of OGS planning has shown that haptic-enabled virtual 



training improves the planning skills of trainees and the quality of the planning outcomes. 

Moreover, the difference between the experts’ planning outcomes and the trainees’ 

planning outcomes is reduced when using the haptic-enabled virtual approach.  

 

Finally, the proposed haptic-enabled virtual training approach can be implemented in any 

educational or medical facility, as it only requires a computer desk, and can be executed 

as many times as needed, reducing the problem associated to training efficiency, training 

resources, training work, training cost and complicated scheduling characteristics of 

trainees. Furthermore, the participant specialist suggested the use of the virtual training 

system as part of the examination or credentialing processes.    

 

5. Conclusions 

A haptic-enabled virtual approach for training in orthognathic surgery has been presented 

and evaluated. The results have proved that the proposed approach is feasible and 

effective since trainees can improve their technical skills and performance, and reduce 

the errors associated to their lack of practice and experience. The results have also showed 

that haptic virtual training reduces the gap between experienced surgeons and novices, 

and the amount of training load and resources needed by the traditional orthognathic 

training scheme. Lastly, it can be said that haptic-enabled virtual training in orthognathic 

surgery is a valuable and effective training method capable to overcome some of the 

current problems and needs in maxillofacial surgery training.   
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