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ABSTRACT 
The term haptic refers to the tactile sensation perceived by the user when he is manipulating objects in a Virtual 

Environment. These sensations are extremely important in Virtual Reality simulators for training medical and 

dental procedures with the goal of increasing the level of motor skills. Many tasks trained, such as teeth and 

bones drilling, are held in rigid bodies and require parts of the virtual models to be removed. One way to 

manipulate these objects is by using voxel-based models, which divide the object into smaller parts that can be 

removed by the haptic device. This paper deals with a new method for haptic rendering with voxel-based rigid 

bodies that may be composed of various materials with different densities. The method describes the process for 

obtaining and storing the virtual objects. In addition it details the techniques used for collision detection, 

calculating the force feedback and removing parts of objects during the drilling process. The paper ends with an 

experiment that shows that the method provides stability, supports removal of voxels and different material 

densities properly. 
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1. INTRODUCTION 
Virtual Reality (VR) has been increasingly used for 

training in various areas. One of these fields is health, 

which uses simulators to train surgeons or dentists, 

with the aim of increasing their motor skills before 

they have direct contact with patients. In order to do 

this, simulators must provide a high degree of 

realism, both visual and tactile. 

For simulators to produce tactile sensation, they must 

contain haptic devices. These devices reproduce in 

the real environment the effects of the interactions 

happening in the virtual environment, causing 

reactions of the equipment that is being manipulated 

by the user. These reactions are called haptic 

feedback. The strategy used for calculating the force 

feedback is called haptic rendering and seeks to 

represent the resistance of the materials that compose 

the virtual objects during the interaction of a virtual 

instrument, which is being manipulated by the user 

with the other virtual objects. 

One of the tasks that make use of haptic devices is 

sculpting rigid virtual objects. During this process, 

the operator has to remove part of the volume of the 

object in order to change its original shape. In the 

healthcare area, the process of sculpting may be 

applied in systems that seek to train bones scraping 

and drilling, and also in dentistry to prepare teeth for 

filling or for endodontic treatments. Bones and teeth 

are composed of various types of tissues with 

different degrees of resistance to perforation. Thus, it 

is necessary to use virtual models able to represent 

objects made of multiple materials. In general, these 

models are made of voxels, even though there are 

approaches that use polygonal models. Among the 

various methods that perform haptic rendering using 

volumetric models, a great part does not deal with 

changes in the structure of the object such as voxel 

removal by drilling or sculpting, and are used for 

exploring the models only. 

Considering this background, the aim of this research 

is to present a method that can be used for sculpting 

rigid objects composed of voxels with different 

degrees of hardness, so that they can be used to 

represent bones and teeth in medical and dentistry 

training systems.  The method presented in this paper 

is able to keep the stability of the haptic device and 

represent realistically the force feedback that occurs 

during the interaction between the tool manipulated 

by the user and the object being sculpted. 

In addition to this introduction, the paper is divided 

into four sections. Section III presents the commonly 

adopted strategies for generating force in haptic 

devices, and also the basic concepts related to haptic 
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rendering and similar research from a bibliographic 

review in healthcare articles that mention haptic 

devices and voxelized objects. Then, Section IV 

describes the method used to perform the experiment, 

including the modeling and the representation of the 

object to be sculpted and the tool, how collision 

detection and haptic rendering are performed, and 

finally the removal of voxels from the volume. 

Section V describes an experiment used for 

evaluating the method proposed in this paper. 

Finally, Section VI presents the conclusions obtained 

in this study and suggestions for future research. 

2. STRATEGIES FOR GENERATING 

FORCE FEEDBACK IN HAPTIC 

INTERFACES 
For the development of this research, a bibliographic 

review was carried out in order to identify the main 

strategies for obtaining the objects that compose the 

virtual environment, the data structures used for 

storing these objects, the methods applied to collision 

detection and the strategies adopted for calculating 

the force feedback that is sent to the haptic device. 

Finally, techniques developed for removing the 

object parts are described, all of them applied to 

systems related to the healthcare area. 

Ways of obtaining the objects 
Within the healthcare area, the objects represent parts 

of the human body and are obtained basically in 3 

ways: tomographic images, magnetic resonance and 

simplified geometric models. In the first two cases, 

sets of segmented images are used to identify the 

different types of tissue and set the values of the 

tissue density to the voxels, based on the intensity of 

the voxels identified in the segmented images. In the 

last case, geometric models are converted into 

volumetric objects with density values arbitrarily 

defined for each type of material.  

Data storage structures 
Both in the area of medicine [5, 10, 13] and in 

dentistry [1, 11, 15], most systems make use of three-

dimensional matrices for storing the object to be 

sculpted. This is a common approach, because each 

voxel can store the density of the represented tissue 

(used for calculating the force feedback in the haptic 

device) regardless of the neighbor structures. 

Besides, because they are obtained from tomography 

and magnetic resonance, the representation through 

voxels is more natural.  

In addition to the objects to be sculpted, the systems 

have virtual tools that are manipulated by the user to 

sculpt the object. Such tools may be represented in 

polygonal [2, 5, 13], volumetric [9, 22], or hybrid [1, 

10, 15] ways.  

Methods for collision detection  
Bounding boxes are used with geometrically 

modeled tools, but when volumetrically modeled 

tools are used, collision detection is accomplished 

through an occupancy map [12]. In this structure, the 

matrices that represent the object and the tool are 

superposed, which makes it possible to identify the 

voxels with collision. 

With tools modeled in a hybrid way, the tool is 

wrapped around bounding boxes, and when it 

collides with the object’s bounding box, the cutting 

part of the tool (drill bit) is transformed into voxels 

and superposed to the voxels of the object. 

Strategies for calculating force feedback  
After the collision detection, it is necessary to 

simulate the force vectors resultant from the contact 

between the tool and the object being sculpted and 

send them to the haptic device to perform the haptic 

rendering, in order to make the user exert more or 

less force to move, penetrate or break the object. This 

simulation uses data intrinsic to the objects in the 

virtual environment, such as hardness, texture and 

friction coefficients, in addition to vectors related to 

the movement performed by the haptic device and 

the force exerted by the user. Due to its complexity, 

maintaining a suitable refresh rate in this simulation 

is the greatest challenge faced by haptic systems. In 

order to allow an interaction without vibrations or 

abrupt movements for the user, the devices must be 

refreshed about 1000 times per second (1 KHz)[4], 

which makes it necessary to perform collision 

detection and force feedback calculation in less than 

1 ms.  

In the real word, when there is an interaction with a 

rigid object by using a tool, this tool remains in the 

surface of the object when the contact occurs. On the 

other hand, when a haptic device is used, the Haptic 

Interface Point (HIP), which is responsible for telling 

the system which point is being manipulated in the 

device, can penetrate the virtual object between two 

processing cycles, depending on the speed of the 

movement performed by the user. In those cases, the 

haptic device must apply a force that acts against the 

movement performed by the user, making the HIP 

return to the surface of the virtual device. The point 

that defines the feedback position is called proxy or 

god-object [23].   

Determining the correct position of the proxy is a 

hard task, and is a decisive issue to make the system 

able to keep the stability of the haptic rendering. 

During the execution of each haptic rendering loop, it 

is necessary to identify the position of the HIP, find 

the new position of the proxy and calculate the force 

that will be sent to the haptic device. 

Figure 1 shows the haptic rendering process. It is 

possible to observe that the HIP and the proxy have 
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the same coordinates while there is no collision with 

the object, which can be noticed in t-3, t-2, t-1. In 

time t the HIP penetrates the object and the proxy is 

kept on its surface. Then, in time t+1, a new position 

is calculated for the proxy when the HIP is moved to 

a new position inside the object, with the aim of 

keeping it on the surface of the object, but following 

the HIP movement. 

 

Figure 1–Haptic Rendering (Adapted from [6]) 

As to polygonal models, the normal vectors of the 

planes that compose the object are used to indicate 

the position of the proxy [17, 23]. 

With regard to volumetric objects, however, these 

normal vectors do not exist explicitly. For these 

cases, the literature presents two approaches. In the 

first one, these normal vectors are calculated from the 

coordinates of the voxels in the surface of the object 

[18], and then the same techniques described for 

Figure 1 are used. Another solution is to apply 

methods that determine the new proxy position 

directly from the voxels, using the previous proxy 

coordinates and the current HIP, as presented by 

Vlasov et al. [19], who use a Ray Casting algorithm 

between the previous position of the proxy and the 

current position of the HIP to calculate the new 

position of the proxy, which will be close to the 

surface of the object. In this technique, the first step 

is to cast a ray from the current position of the proxy 

to the HIP, creating a list of voxels that are crossed 

by the ray. The closest voxel to the current proxy is 

defined as the voxel in which the collision between 

the object and the tool occurred. Then, the path of the 

ray is travelled with small steps, smaller that the size 

of a voxel, until it reaches the voxel of the collision. 

After that, the last position visited, before reaching it, 

is defined as the new proxy. 

After defining the proxy, it is necessary to calculate 

the force vector and send it to the haptic device. This 

vector is normally calculated with Hooke’s Law 

F=kx, where k is a stiffness constant of the material 

and x is the vector between the position of proxy and 

the HIP [6]. In order to illustrate this calculation, 

Figure 1 presents the vector (dt) as the vector 

between the HIP and the proxy, which must be 

multiplied by the stiffness constant of the material 

being simulated. In t+1 a new force vector is 

calculated by using the new positions of the HIP and 

the proxy. This process is repeated after each loop of 

the haptic rendering.  

Content removal techniques 
The haptic systems may be used to remove parts of 

the material that form the objects based on the action 

of the tool. Depending on the density properties of 

the material and the force with which the operator 

uses the haptic device, the removal can be done faster 

or slower [12]. In the most common approach, the 

voxel density is gradually reduced to zero, when the 

voxel is eliminated. In general, rotatory tools with 

fixed [22] or variable [19] speed are used.  

3. PROPOSED METHOD 
Our method for haptic rendering proposed has been 

developed with the aim of using volumetric objects 

with multiple materials to represent rigid structures 

of the human body, such as teeth and bones, in 

procedures that involve drilling and scraping with 

tools that have a drill bit. 

The next sections describe the techniques applied in 

this method to represent the objects to be sculpted 

and the tools manipulated by the user, the collision 

detection process, the algorithm to choose the proxy 

position, and the strategies to generate force feedback 

and to perform the volume removal. 

Representing the objects to be sculpted 
The objects are stored in a volumetric way using a 

three-dimensional matrix, in which each entry 

represents a voxel. The voxels contain an attribute 

that indicates its density, determining the type of 

material it is representing. The density aims at 

informing the graphic renderer if the voxel is visible 

or not, and the haptic renderer about the amount of 

material remaining to be removed. When the voxel 

has a positive density, it is used in the graphic 

rendering and haptic rendering algorithms; when it is 

zero, the voxel is ignored. 

Another characteristic in voxels concerns their 

position in relation to their neighbors. The possible 

classes are: external voxel, when it presents null 

density; internal voxel, when it has density and has 

no external neighbors; and boundary voxel, when it 

has a positive density and at least one external 

neighbor. The classification of external and internal 

voxels is simple, by simply checking its density. For 

the classification of boundary voxels, it is necessary 

to analyze their 26 neighboring voxels, which is 

called 26-neighbor (Figure 2a) of each voxel. If the 

voxels in this neighboring are not all of the same type 

(internal or external), the voxel is classified as a 

boundary one.  
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With this information, the occupancy map of the 

object is obtained, which is illustrated two-

dimensionally in Figure 2b, indicating the external 

(0), internal (2) and boundary (1) voxels. 

 

Figure 2- 26 Neighboring (a) and occupancy map (b) 

(Adapted from [12]) 

Other relevant information about voxels refers to its 

coordinates. Two coordinate systems are used, a local 

and a global one. In the local system, the coordinates 

represent the position of the voxel inside the 3D 

matrix, which is used to facilitate the localization of 

the voxel’s neighbors. In the global one, the voxel 

coordinates are stored inside the coordinate system of 

the haptic device, which are used in the haptic 

rendering algorithm for collision detection and force 

feedback calculation. In order to complete the object 

modeling, a bounding box that delimitates the 

volume occupied by the object’s voxels is stored. 

Representing the tools 
The tools are modeled in a hybrid way, with a 

geometric model for the body of the tool and a 

volumetric model for the part used for drilling the 

volume (drill bit). Figure 3 shows some possible drill 

bit models, but other models are possible.  

 

Figure 3–Drill bit models 

For the volumetric definition of the drill bits, two 

types of voxels are used, one in the cutting part of the 

drill bit, which is responsible for removing the 

material of the object to be sculpted (represented in 

gray in Figure 3), and another one (in red) that 

represents the drill bit handle and is used for collision 

detection only.  

For the haptic rendering algorithms to work 

correctly, the size of the voxels used to represent the 

drill bit of the tool must be the same used for the 

object to be sculpted. The displacement of the tool in 

the virtual environment happens through the 

manipulation of the haptic device that controls the 

HIP, which works as a pivot of the tool. This pivot is 

represented in Figure 3 and Figure 4 by a black 

voxel. Based on the pivot, the tool’s voxels will be 

superposed in the occupancy map of the object in 

order to check the existence of collision and perform 

the removal of the object’s voxels. In the example 

illustrated in Figure 4a, the drill bit is inside the 

object’s occupancy map, but without collision, while 

in Figure 4b it is colliding with the boundary. More 

details on the process of collision detection will be 

presented next.  

 

Figure 4–Occupancy map with superposed drill bit  

Collision detection  
Collision detection is carried out by checking if the 

drill bit of the tool is touching the border of the 

object to be sculpted. The algorithm used for this is 

an adaptation of the algorithm proposed by McNeely 

et al. [12], which uses an occupancy map to check 

the existence of collision. 

In the approach proposed in this paper, collision 

detection is performed in two stages. In the first one, 

we check if the tool’s pivot point is inside the 

bounding box of the object. If it is, the tool’s matrix 

of voxels is superposed to the object’s voxels, so that 

the collision verification is carried out with each 

voxel of the tool. The algorithm considers that there 

is a collision when a tool’s voxel occupies the same 

space of an object’s voxel, with non-null density, that 

is, with internal or boundary voxels. 
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Figure 5 shows the process of collision detection 

during the tool’s movement. In picture (a) the tool’s 

pivot is outside the object’s bounding box and the 

other voxels of the tool are not considered. In 

pictures (b) and (c) the pivot penetrates the object’s 

bounding box and the tool’s voxels are superposed to 

the object’s voxels without any collision. In picture 

(d) there is a collision between the tool’s voxels and 

the object’s boundary. 

 

Figure 5–Collision Detection 

Choosing the position of the proxy 
The method presented in this paper is based on a 

technique presented by Vlasov et al. [19], which uses 

a Ray Casting algorithm to determine the proxy’s 

position. The calculation of the proxy’s position 

begins when a collision between the tool and the 

bounding box that covers the object being sculpted is 

detected.  In this moment, the occupancy map is used 

to create a list with all the voxels of the object 

classified as external and that belong to the 26-

neighbor of the voxel that contains the proxy. Among 

these voxels, the closest voxel to the current position 

of the HIP is found, which will be the voxel 

containing the new proxy. Figure 6 illustrates the 

process of choosing the voxel that will contain the 

proxy. In t-1 the current voxel containing the proxy 

(in gray) and the external neighbors of this voxel (in 

yellow) are presented. In time t the HIP is moved and 

we check which of the neighbor voxels is closer to 

the HIP, defining it as the voxel that will contain the 

proxy. 

At first, the position chosen for the proxy is the 

center of the closest voxel to the HIP, which can be 

observed in Figure 6. However, depending on the 

size of this voxel, the displacement to move the HIP 

becomes too large and may cause instability in the 

system. In order to avoid this, a ray from the center 

of this voxel is casted up to the current position of the 

HIP. Then this ray is sampled in small points (not 

exceeding 0,1mm [21]) and these points (Figure 7) 

are visited from the center of the chosen voxel to the 

position of the HIP, until a bordering voxel is 

reached. When it happens, the last visited point is 

chosen as the new proxy’s adjusted position. 

 

Figure 6 – Determining the voxel that will contain the 
proxy 

 

Figure 7–Adjustment of the proxy’s position 

Force Feedback 
As it has already been described above, the virtual 

tool always follows the proxy and should not 

penetrate the bordering or internal voxels of the 

object being sculpted. Therefore, it will navigate only 

where the occupancy map indicates the existence of 

external voxels. The HIP, on the other hand, can 

penetrate the object, and its distance in relation to the 

proxy is used to indicate the direction and magnitude 

of the force the user is exerting on the haptic device. 

Depending on the displacement of the HIP, the tool 

can slip through the object’s boundary, as long as 

there are no obstacles preventing this movement. 

Figure 8 illustrates the movement of the HIP and the 

proxy, where (a) shows the HIP and the proxy 

together, and (b) shows the proxy in the boundary 

and the HIP inside the object. When the HIP 

penetrates the object, it is possible to calculate the 

force vector that will be sent to the haptic device, 

which will go in the same direction but in an opposite 

way to the vector that connects the proxy and the 

HIP. The magnitude of the vector is given by the 

distance between the proxy and the HIP. 
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To determine the resulting force (��) that will be sent 

to the haptic device, two vectors are used, as shown 

in Equation (1). The  ��� vector represents the 

resistance of the material that composes the boundary 

of the object in collision, and the ���, with lower 

intensity, indicates the frictional force occurring 

between the voxels of the tool and the boundary of 

the object. 

 �� � 	������� � ������� (1) 

The resistance vector 	���) is calculated with 

Equation (2), where, PProxy is the position of the 

proxy in the coordinates of the haptic device, PHIP is 

the current position of the haptic device’s pointer, 

and K is the stiffness constant of the material of the 

voxel where the proxy is located. 

 

Figure 8 - Components of the Force Feedback 
Calculation 

 ������� � 	 
P	���� �	P	���� ∗ K (2) 

Besides the distance between the proxy and the HIP, 

it is necessary to take into consideration the number 

of voxels in collision between the tool and the object. 

This generates a frictional force, ���, which is 

calculated from the average of the distances between 

the voxels in collision and the center of the tool. 

Equation (3) presents the formula of ���,  where n is 

the amount of the tool’s voxels in collision with the 

object, PCenter is the position of the center of the tool 

in the device’s coordinates, PCollision (i) is the position 

of each collision point in the device’s coordinates, 

and KTis the frictional constant of the tool’s material.  

 F������ � 	∑ 	��������� ! "	��#$$�%�#�	�&' ∗ ()  (3) 

Figure 9 shows two examples of frictional force 

vector calculation.  On the left, the contact occurs 

with three voxels from the bottom, which makes the 

force vector point up wards, while on the right the 

collision occurs both at the bottom and on the side of 

the tool, which makes the force vector point on a 

diagonal line.  

Volume Removal  
The collisions between the tool’s cutting parts and 

the object’s surface cause the removal of voxels and 

the appearance of holes in the object. Consequently, 

the shape of the object changes with the elimination 

of some boundary voxels, which turns internal voxels 

into boundary ones.  

The method applied in this paper was inspired by the 

material removal model proposed by Wang et al. 

[20], which uses rotary tools for dental drilling. In 

their method, the amount of material to be removed 

is calculated based on the tangential velocity of the 

tool and its displacement. Besides, the authors point 

out that the amount of material removed from the 

object will not be greater even if excessive force is 

exerted during the drilling process, due to the 

physical limit of the haptic device being used. 

 

Figure 9 – Voxels with collision for Force Feedback 

Calculation through the friction between the drill bit 
and the object’s boundary 

In the method presented in this paper, a voxel is 

removed when its density reaches zero. The 

reduction in voxel density occurs gradually, taking 

the force exerted by the user on the haptic device into 

consideration and respecting the device’s limit of 

force feedback, without using the tangential velocity 

of the tool.  

In order to quantify the amount of material to be 

removed, a wear coefficient (α) is used, which is 

calculated with Equation 4. For this calculation it is 

necessary to determine the maximum force feedback 

value supported by the haptic device (dmax), and the 

distance between the proxy and the HIP (∆d), 

indicating when the maximum wear of the material 

will be achieved. Thus, if the user applies a little 
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force, a small amount of material will be removed, 

and if the user applies more force than the limit 

supported by the haptic device, only the amount of 

material allowed by the system will be removed. 

 α � 	+1												se	Δd 1 	d234566789 					se	Δd : d234  (4) 

Figure 10 illustrates how the wear coefficient 

calculation is done. In the left picture, the HIP is 

inside the force limit accepted by the haptic device 

(dmax), thusαis calculated. In the picture on the right, 

the HIP exceeds the limit, so α assumes the 

maximum value allowed and the exceeding force 

applied by the user is ignored. 

 

Figure 10 – Demonstration of the calculation of the 

multiplication factor for voxel removal. 

Besides the wear coefficient, a constant representing 

the material that constitutes the drill bit is applied, 

which may scrape the object with more or less 

intensity. The final calculation that will define the 

new density of the object’s voxels is performed on 

haptics data every 1ms by using Equation (5), where 

D is the current density of the voxel, KTool is the 

constant that represents the material of the tool’s drill 

bit, and αis the wear coefficient. As the graphics 

rendering is slower than the device update, the new 

data are sent to the graphic renderer at every 25ms. 

 D´ � D � =)��> ∗ 	α (5) 

When the density of a voxel gets null, the voxel is 

eliminated from the haptic and graphic rendering and 

the object’s boundary must be redefined. In order to 

do this, it is necessary to reclassify the neighbors of 

the removed voxel. In this process, the internal 

voxels of the 26-neighbor of the removed voxel are 

selected and each of them is reclassified. Figure 11, 

on the left, shows the collision between the voxels of 

the tool and of the object, and on the right, it 

demonstrates the boundary after the removal of the 

voxels that were in collision. 

 

Figure 11–Update boundary 

4. Experiment 
The method proposed in this paper has been 

implemented on the C++ programming language 

using Visual Studio 2010, the OpenGL graphic API 

and the Chai3d [7] library to control the haptic 

device. In order to move the tool, the system uses a 

Novint Falcon Controller [8] device, with 3DOF for 

tracking and force feedback and 8,9N of force 

feedback in each axis. We used an Intel Core i5 

3.1Ghz processor desktop computer, with 4GB of 

memory and an AMD Radeon HD 7570 video 

controller. The system was developed with the use of 

two threads, one of them responsible for the haptic 

rendering with 1 KHz minimum update, and the other 

one responsible for the graphic rendering only, which 

works on about 30 Hz. The tasks of tracking and 

updating are accomplished inside the haptic renderer, 

in addition to tasks of collision detection, force 

feedback calculation and voxel removal.  

As to the experiments, we used an object composed 

by three materials created from polygonal models 

and converted to voxels with a 128x128x128 voxel 

resolution, with the software BinVox [3]. Figure 12 

shows the stacked block-shaped materials forming a 

cube. Each block is 10 mm long and wide and 3.33 

mm high, so that the cube formed by the stacking of 

these materials measures 10 mm in each edge.  

Therefore, each voxel measures 0,078 mm (10 mm / 

128 voxels) in each dimension. The density of the 

voxels is calculated based on the time required to 

move the tool during the process of drilling, as it will 

be presented next.  

The tool used in the experiment has a polygonal 

model, used by the graphing renderer only, and a 

volumetric model, which represents a 0.5mm 

spherical drill bit. 

We developed two kinds of tests. The first one aimed 

to check the stability of the method by measuring the 

refresh rate of the device. It also checked whether or 

not the force feedback is consistent with the 

movement of the tool. In the second test, the purpose 

was to verify if the method is able to simulate 

materials with different degrees of resistance to 

perforation. 
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Figure 12 – Screenshot of the models used in the 
experiment  

To evaluate the refresh rate of the device, data related 

to the use of the system were collected every 25ms, 

while the user performed the displacement, 
exploration and perforation procedures. 

Displacement occurs when there is no contact 

between the tool and the object being sculpted. 

Exploration happens when the tool slips through the 

object without altering the density of the voxels. 

Perforation occurs when the tool reduces the density 

of the voxels and eliminates it. In order to activate 

the perforation mode it is necessary to keep pushing a 

button on the haptic device. 

The graph in Figure 13 shows the data collected for 

the refresh rate of the haptic device. It can be noticed 

that in the displacement task (A), the refresh rate is 

high, as only the collision of the object’s bounding 

box with the HIP is detected, and the device is free to 

move. In the exploration task, the refresh rate reduces 

to about 62 KHz, as the force feedback calculations 

and the collision detection with the voxels of the tool 

are performed. In the perforation task, the refresh rate 

is about 50 KHz, due to the number of voxels of the 

tool involved in the force feedback calculation as 

well as the data update inside the object’ matrix for 

reclassifying the voxels to form the new boundary. 

 

Figure 13 – Refresh rate of the haptic device, in 10 KHz 

As to the displacement of the tool and the force 

feedback, it is possible to see in the graph in Figure 

14 that during the navigation task (A) the magnitude 

of the displacement is great in all the axes and the 

force feedback is null. When the exploration task is 

performed (B), the axis with higher force feedback 

indicates the existence of collision and, as a result, 

less magnitude of the displacement.  In this example, 

the movement is in the upper part of the object, with 

higher force feedback and less movement in the Z-

axis, which indicates that the user is trying to 

penetrate the object downwards and sliding on the 

surface. Finally, in the perforation task (C), the 

greater the magnitude of the movement, the higher is 

the force feedback in the axis. In other words, the 

more the user moves towards a direction, the more 

the haptic device works against the movement, with 

the goal of keeping the tool in external voxels. 

 

Figure 14 – Displacement of the tool and force feedback  

The second test was developed with the goal of 

checking the materials’ resistance to perforation. For 

that purpose, it is necessary to simulate objects with 

different densities. To determine density, the tool’s 

displacement velocity is measured in a perforation 

task during the displacement of the tool in the Z-axis, 

passing it through the three materials, as in the 

research by Wang et al. [20] and Arbabtafti et al [2]. 

For this example, we simulated materials whose 

perforation velocities are 1.2mm/s, 0.8mm/s and 

0.5mm/s. These values respectively represent the 

perforation times of dentin [20], bone [11] and 

enamel [20], common materials in dentistry 

procedures. Equation (6) was used to calculate 

density, where D is the density of the voxel, APS is 
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the amount of volume removal updates performed in 

1 second, VPMM is the amount of voxels that fit into 

1.0 mm, and RV is the removal velocity in mm/s. As 

the size of the voxel is 0.078mm in this example and 

the update occurs every 25ms, VPMM = 12.8 

voxels/mm and APS=40 updates/s. By applying 

Equation (6), the density values associated with each 

material were 2.6, 3.9 and 6.24. 

 D � ? @�AB�CCD E 	FG (6) 

The graph in Figure 15 presents the results obtained 

in this experiment. It is possible to notice that by 

using the density values calculated and applying the 

maximum allowed force of density reduction, the 

displacement of the tool during the perforation 

process is coherent with the drilling velocity 

calculated. 

 

Figure 15 – Displacement of the haptic device during 
perforation  

5. Conclusions and Future Research 
The use of the method proposed in the paper makes it 

possible to model both simple rigid objects with 

homogeneous density, such as metal or wood blocks, 

and complex objects formed by materials with 

different degrees of hardness, such as teeth and 

bones. The method is independent on the way the 

data are acquired, as long as they can be stored in a 

three-dimensional matrix. Thus, it is possible to use 

data obtained from computer tomography, magnetic 

resonance or polygonal models converted into 

voxels. 

Considering that the system allows the user to 

perform displacement, exploration and perforation, 

the results of the tests demonstrate that the force 

feedback for the haptic device was kept stable during 

all the tasks, and it was always updated above 1 KHz, 

which caused neither undesired displacement in the 

tool nor vibration in the user’s hand. This allowed the 

user to feel the collisions between the tool and the 

object and to remove voxels properly. 

In addition, the process of drilling and material 

removal has been effective in correctly removing the 

voxels and reconstructing the object’s boundary in 

every removal, adhering to the estimated time for the 

voxel removal based on the density of each material.  

Future research can make use of devices with 6 DOF, 

which allow the rotation of the tool, besides including 

the tangential velocity control of the tool. Finally, the 

method presented in this paper can be applied to 

implement a simulator for training professionals in 

the area of dentistry with a setup composed by 

specific hardware that allows the rotation of the tool 

and controls the tangential velocity of the drill bits by 

customizing the Novint Falcon Controller haptic 

device. 
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