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Abstract

Surgical procedures require a high degree of complexity and difficulty. Consequently, extensive preparation in
the learning process of medical students is necessary in order to perform suturing tasks successfully. Some
authors suggest that a minimum of 750 operations are needed to acquire the experience to perform correctly
surgical procedures. Moreover, current laws establish standards if corpses and animals are used as medical
learning environments; as a result, the development of skills and processes is hindered. This paper introduces the
development of a virtual environment for training suture skills: SutureHap, which uses two Sensable Phantom
Omni haptic devices. To create a proper simulation of the human skin which must fulfill graphic and physical
characteristics, NVIDIA PhysX libraries were usea. Some of these libraries were originally defined to represent
cloths; however, in this work some parameters were adjusted to obtain the desired simulation. An architecture that
facilitates the integration of haptic devices was designed. A simplified method of collision detection and haptic
feedback generation was created. This enabled the reduction of complexity generated during collision detection,
and it diminished the time to develop the virtual environment. Tweezers, thread and needle models were added
in the virtual environment. Due to fact that PhysX exploits GPU processing, response time was improved during
modeling of the skin. Additionally, suturing tasks were designed by taking into consideration real procedures
made by medical experts. The acquisition of skills and competencies in suture process are increased through
haptic devices due to the fact that they can send tactile sensations. These environments decrease costs and risks,
and provide real sensations as the ones that can be perceived in current learning environments. Finally, an
evaluation focused on the perception of this environment was made by students. Preliminary results are promising,

and it is expected that this environment facilitates the acquisition of suture skills.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Virtual Reality 1.6.3 [Simulation and Modeling]: Applications—

1. Introduction

Considering advances within technology and new laws in
medical field, various solutions have been pursued to al-
low medical students to acquire the necessary skills involved
in suture procedures. Some solutions that have been imple-
mented involve the use of animals. However, the use of an-
imals as learning environments must be done in operating
rooms, which must have similar conditions as those related
to humans. Devices that use synthetic materials to resemble
human skin have also been implemented; nevertheless, they
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fail to emulate real characteristics of human skin. Other so-
lutions suggest the use of virtual environments, which can
simulate various situations with different levels of risk. Vir-
tual environments developed so far only exploit the senses of
sight and hearing; consequently, they exclude other interac-
tion possibilities. Finally at the next level of technology, hap-
tic interfaces arise as novel solutions in medical field. Hap-
tic devices are characterized by being bidirectional, which
enable computer equipment the facility to send tactile and
kinesthetic sensations to users.

In recent years, there has been acceptance in the use
of haptic devices in medical simulations and simulators in
the branch of health science by various research groups
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[CDA99] and related companies in the area [BSL*02]; for
instance, Immersion Medical [Med13], Surgical Science
[SCI13a] [SCI13b], Mentice [MEN13], and Reachin Tech-
nologies [TEC13].

In this work, the process for creating a virtual environ-
ment for medical training is described. This simulator allow
students to perform suturing tasks using haptic devices, and
the system provides a realism that is closer to the one expe-
rienced in real suture tasks.

2. Related work

There are several works in the literature that analyze suture
performed in virtual environments. However, most of them
have problems in the modeling process. For example, an ap-
plication was designed by Webster [WZM*01]. The envi-
ronment uses a needle holder connected to a haptic device to
add realism, and its graphical representation, as well as nee-
dle, suture thread and virtual skin models, is deployed in the
virtual world. Although this modeling is quite challenging
and it is updated in real-time, it has failures in modeling the
task of suture. Even though it is a very good simulation, the
methodology includes the use of one hand while doctors use
both; in other words, the standard teeth tissue forceps that is
used together with the needle holder is omitted.

Brown [BLMO04] proposed a new algorithm to handle col-
lisions, control suture thread, and make knots. This algo-
rithm includes haptic feedback; nevertheless, the final appli-
cation focuses on microsurgery. On the other hand, Miyazaki
[MYS*06] developed a simulator for buried suture, which
used a Sensable Phantom Omni 1.5/6 DOF. In this environ-
ment, the effects from buried suture processes on the surface
of the virtual skin is evaluated. Evaluation is made by mea-
suring the accuracy in the suture points. In this work a hand
is used to control the haptic device and the other one is used
to manipulate a keyboard. It has to be noted that the essential
work made by Miyazaki is dedicated to the simulation of the
different components, such as thread, needle, and different
skin textures. The authors acknowledge their shortcomings
in the use of the haptic device, and they even consider the
use of another similar device to use jointly both hands in
suturing tasks as future work.

There are also researches that involve the modification of
existing hardware, such as the one made by [0SO*07]. A
design of a haptic device applied to suture experiments was
made; however, this application is not focused properly on
the work of suture. The development of new simulators re-
lies principally in the modelling part. [MDHO3] found con-
venient to defragment simulated models to create realistic
organs, tools and interactions. He developed physical and
collision detection modules [LMGCO02] [LMGCO04] that are
applied in a virtual environment dedicated to surgical sim-
ulation. The work of Lenoir focused in the development of
an environment which enables the simulation of various de-

formable bodies, and further improvements on the system
are proposed.

Another interesting work in this field was developed by
Choi [CCP12], who proposed the use of PhysX, a graphics
engine developed by NVIDIA. It has to be noted that this
engine provides an effective way to create solid and soft ob-
jects. In addition, OpenGL and OpenHaptics were used to
collaborate with PhysX libraries in the virtual environment.
The prototype uses a workstation, which consists of a com-
puter and two Sensable Phantom Omni devices. Due to the
accessibility and advantages provided by its libraries, PhysX
was used to create the thread model. These libraries allow
researchers to use the GPU of the graphics card instead of
the CPU of the computer. This feature allows the CPU to
focus on performing other tasks in the system, while the
GPU executes and creates the graphical environment. The
methodology that Choi proposed has important processing
advantages; however, the skin model proposed is unrealis-
tic. Additionally, the simulation uses a straight needle and it
has to be considered that in real procedures most sutures are
performed with curved needles.

At last, existing commercial systems for suture training
have been focused mainly in the field of laparoscopy. Such
is the case of LapMentor [CMJ11], a simulator made by
Simbionix Company in conjunction with Immersion. This
system includes an advanced suturing module, which allows
simulation and training of laparoscopic suturing using both
hands. Another similar case is the one in the MIT. Through
the use Touch Lab [BDM*04], they have developed several
algorithms focused on haptic rendering and particle systems
simulations, where the last one is based on deformable elas-
tic models to create probes and catheters. Nevertheless, these
applications are focused on laparoscopy.

3. Materials and models

Considering the issues raised in the introduction, virtual
training environments that incorporate haptic devices repre-
sent an important alternative in the learning process of future
surgeons. In this paper the development of a virtual medical
training environment is proposed. This system supports the
acquisition of suture skills, and it is able to generate similar
sensations to those produced in real suture procedures.

3.1. Architecture of the application

This work is based on the architecture proposed by [SCB04].
However, according to the components needed for a virtual
environment of this type, an adaptation of the proposal was
made (Fig. 1). Following paragraphs are going to detail each
of the blocks that make up this architecture:

Simulation.- PhysX [NVil2] v2.84 was used as the core
of the simulation. The core of the system is where the vir-
tual world is created and it responds to the laws of classical
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physics. This physics engine is able to simulate the behavior
of the cloth in the GPU, and it can manage collisions be-
tween objects. However, nothing is reported if collisions be-
tween solid and deformable objects occurred. To overcome
this deficiency and generate an appropriate haptic response
between the skin (represented as a cloth) and the haptic cur-
sor, the simplified method described in section 3.2.2 is used.

Visual Rendering Simulation
Video || Graphics l«—i  [Physical - (Physx)
Device engine
Solid
objects
[ Deformable
': objects
\ 2 (GPU)
q R | Collision | | | | s ;
| detection | Collision |
: R ; detection |
I_’ Haptic Force
Devices response ] Geometric
bject:
T Control creets
Algorithms (S
Collision
detection
Haptic Rendering -

Figure 1: Architecture of SutureHap.

Haptic Rendering (HR).- For purposes of this work,
three blocks of HR were developed (Fig. 1). Collision de-
tection and calculation of force feedback response between
the cloth and the haptic cursor is performed by simplified
model. On the other hand, response force between solid ob-
jects was developed according to "penalty method" standard
technique [SCBO4]. In the conditioning section, the maxi-
mum force is restricted and routines to improve the percep-
tion, according to the haptic device that is being employed,
are inserted.

Visual Rendering (HR).- In this section, the necessary
operations to create the environment and display it in the
video device are done. Basic deployment techniques are
used and no hardware acceleration is used.

3.2. Calculating collisions and haptic rendering

When haptic devices are incorporated into graphical virtual
environments, it is necessary to send a force to the haptic,
which allows the user to perceive the feeling of interact-
ing with the environment. Due to the presence of solid and
deformable objects in virtual environments, a major prob-
lem for this task is to determine, calculate and generate the
needed force feedback.

Knowing that force feedback must be sent to the haptic
device in a minimum frequency of 1 KHz to update it, this
calculation must be done quickly and accurately.

(© The Eurographics Association 2014.

GPU processing helps during the reduction of computa-
tional time. This feature is used to solve large number of
calculations within the creation of a deformable object using
mass-spring models.

Furthermore, acceptable visual quality during training
sessions in virtual environments is a challenge that need to
be considered; therefore, the graphical presentation needs to
be updated with at least 30 fps.

The current way to generate haptic rendering involves the
development of complete systems, which includes mathe-
matical modeling and application programming. As a re-
sult, a customized modeling should be made. According to
[BS02], the main methods to generate haptic rendering for
deformable objects are based on geometry and/or physical
models. Considering the technological advance in process-
ing power, in this work a method based on physical model-
ing for skin and geometry modeling for the thread was de-
veloped.

3.2.1. Physical basis

A cloth can be considered as a flat array of particles with
a mass connected by springs (Fig. 2, see for example
[WZM*01]). An analysis of the forces on the particles of
the array is discussed. This analysis generates the force that
is going to be sent to the haptic device when the haptic avatar
interacts with the cloth.

Figure 2: Bidimensional particle array that generates the
cloth.

Assuming that the interaction force between each pair of
particles follows Hooke’s law plus a damping term, the force
on particle i caused by particle j can be written as follows:

Fij = —k|Axij|Fij — bvij ey

In equation 1, |Ax;;|, k and b are, respectively, the elonga-
tion from the equilibrium position of the spring connecting
the particles i and j, the force of the spring constant, and
the damping constant. Furthermore, 7;; is the unit vector that
connects particles i an j, and ¥;; is the velocity of particle i
relative to the particle j. When the sphere strikes the cloth,
the N particles that are found in the contact area are dis-
placed in different directions and magnitudes. This behavior
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depends on the direction and magnitude of the force that the
sphere applies on the cloth, which pulls neighbor particles in
the array. The value of N depends on the size of the sphere:
the greater the diameter of the sphere is, the greater the value
of N will be.

The resulting force on the portion of the cloth that is in
contact with the sphere is therefore the vectorial sum of i)
the force applied by the sphere over the region of contact, ii)
the spring forces on each of the N particles from the contact
region due to their N; neighbor particles (8 or 4 depending on
the particle, as it is shown in figure 2), and iii) the weight of
each of the particles of the cloth in the contact region. This
is formulated according to Newton’s Second Law:

Foncioth = Fsphere oncloth

i%ﬁu +§, Wi

i=1 i=1 i=

idcn  (2)

an

In equation 2, the term Zg\i 1 F; ;j represents the force on
particle i produced by its N; neighboring particles; thus the
term ):?;] ():fvz’ 1 F; 1) is the resultant force on all N particles
in the contact region due to their neighboring particles. It
should be noticed that the inner forces between particles of
the contact region cancel each other due to Newton’s third
law. Consequently, only the external forces exerted by neigh-
bor particles that are not on the contact region are consid-
ered. On the other hand, the terms Z?]:] W; and vazl m; rep-
resent, respectively, weight and mass of all the particles of
the cloth that are in contact with the haptic sphere . Finally,
dcy 18 the center of mass acceleration of the contact area.

From equation 2, the force exerted by the sphere on the
cloth is:

N N N
Rpllereonc‘lath = (Zmi)HCM - Z( F”) Z Wi 3

Therefore, the force exerted on the haptic sphere is ob-
tained applying Newton’s Third Law:

N N

N
Fclothonsphere = Z ZFU Z

i=1 i=

Ddcy (4

HMz

Equation 4 represents the force that must be calculated
and modeled for the haptic system. This task may be com-
plicated due to the following reasons:

i) PhysX provides values for average stretching stiffness of
cloths, but it does not provide the values of the constants
k and b.

ii) Since itis a dynamic system, speeds are different for each
particles; moreover, their value decreases as the particles
move away from the contact point. Consequently, the cal-
culation of relative speeds in real time of adjacent par-
ticles ¥;; within the cloth in virtual environments is not
easy.

iii) In the same way as in the case of speeds, calculation of
the accelerations of particles in the array is also compli-
cated. Therefore, dcyy has to be calculated independently.
One possibility would be to manipulate the haptic sphere
at a constant speed and perpendicular to the cloth, without
passing through it. In this case it can be considered that
the center of mass of the portion of cloth in contact will
also move with an approximate constant speed; as a result,
the term dcyy of equation 4 is nullified. However, moving
the haptic sphere with a constant velocity is difficult when
haptic devices are used. The device exerts a reaction force
on the user, whose magnitude depends on the degree of
deformation of the cloth. In particular, it is more difficult
to move the sphere near the ends of the mesh than move
it in the middle. This is due to the fact that the ends of the
mesh are fixed. Moreover, in case that the haptic sphere
is tangentially displaced to the cloth even with constant
speed and without penetrating it, there would be a move-
ment upwards and downwards of the particles in a per-
pendicular direction to the cloth; consequently, the term
dcu # 0.

Accordingly, this paper proposes a simplified method,
which takes advantages of the positions of the particles pro-
vided by PhysX. This enables the calculation of the force
that the cloth exerts on the haptic sphere, as it will be pre-
sented in section 3.2.2. Haptic perception resulting from this
method will be evaluated in later sections.

3.2.2. Simplified method

To solve the problem stated in section 3.2.1, a novel algo-
rithm has been developed. It is based on the addition of mul-
tiple rays emanating from the center of the haptic avatar (rep-
resented as a sphere) in different directions (Fig. 3). Through
these rays, it is possible to calculate the distance between the
haptic avatar and the cloth.

When this contact occurs, the number of rays that inter-
acts with the cloth are calculated and the contact points are
identified. As the sphere is moved against the cloth and for
each ray that interacts with the cloth, the initial position point
and the position of this point in subsequent times, provided
by PhysX, are stored. Thereby, the displacement vector for
these two positions is generated. Subsequently, a weighted
sum of movement vectors is made, which enables the com-
putation of the force to be displayed in the haptic device. The
full method is described in the following paragraphs.

The cloth is represented in PhysX as a particle network in-
terconnected by spring-damper arrangements (Fig. 3). This
cloth has physical properties such as width, length, thickness
and density, as well as qualities of elasticity and breaking ca-

pacity.

Taking into consideration that the user will explore with
a deformable elastic surface, represented as a cloth, the al-
gorithm establishes that the exploration will be made using a
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KN

Figure 3: Deformable particle mesh formed by intercon-
nected springs and dampers, and scanning sphere with rays.

haptic device. The device is represented by a sphere with de-
termined radius in the virtual environment. The exploration
rays allow the measurement of distances for collision detec-
tion and calculation of forces. These rays are originated from
the center of the haptic sphere (Fig. 3).

For each ray, an estimation is made to determine whether
there is contact between the sphere and the cloth. In order to
obtain this value, the distance from the surface of the sphere
to the cloth is calculated. If the distance is less than or equal
to half of magnitude of the thickness of the cloth, then the
algorithm establishes that a contact has occurr and this point
is considered as the initial contact point (P;) (Fig. 4a).

When a ray strikes the deformable surface, the distance
to the nearest point on the cloth is calculated regardless the
beam is incident on a particle of the array or not. Figure 4b
shows the generation of new initial contact points P;; and
P when the sphere is moved. Figure 4c represents current
contact points Py, P, and P3. Then, a series of displacement
vectors, which considers the distance and direction between
the initial contact point P;, and current contact point Py, are
generated (Fig. 4d). Thus, for the n-th contact point:

Ry=Py—Py )
From all the displacement vectors obtained from the rays

that are in contact with the cloth, the sum vector is computed
using equation 6.

M=
=L
S
Il
>l

1+ﬁ2+...+§1v (6)

Finally, the calculation of the haptic feedback force is per-
formed as follows:

N =
3 Yo—1Rn
Rclothoverhaptic =—-a nN (7

In equation 7, a is a factor that depends on the elasticity
of the material, and N is the number of rays that intersect the
cloth area. In this work the value of o is selected such that
there is consistency between the physical effort to move the
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Figure 4: Construction of displacement vectors. a) Initial
contact b) Contact of the following rays c) Movement of the
contact points d) Generation of displacement vectors.

haptic device and the visual perception of the avatar motion
on the screen.

The direction of the resultant vector obtained corresponds
to the sum of the calculated vectors. Consequently, the op-
posite direction is used to send the haptic feedback force to
the user.
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a)

b)

Figure 5: New displacement vector a) Initial contact b)
Sliding c) Vector generation.

If the initial contact point remains fixed, as it is consid-
ered so far, the current point of contact can produce a force
with high magnitude for large displacements, which is not
desired. To ease this situation and improve the haptic per-
ception, a modification of the coordinates of the initial point
of contact is proposed in this work (Eq. 8). This procedure
is made to limit the maximum force that is going to be sent
to the user.

Pl = Pact — (Ry *7) (8)

where:

P/, = New initial point of contact.

Py = Current position of the haptic sphere.

Ry = Displacement vector calculated using equation 5.

r = Constant of maximum distance. This constant is chosen
to limit the magnitude of the maximum force that is going

to be sent to the user.

The recalculation is done according to figure 5, where in
first instance the initial contact is displayed and the initial
point of contact P;; is marked (Fig. 5a). In figure 5b, the
next contact point and the initial contact points for two of the
beams are shown. Finally, figure 5c shows the construction

of the new displacement vector:

Ry=P,— P, )

Considering the case in figure 5, a resultant vector corre-
sponding (Y_, Ry) is constructed for each of the rays. Fi-
nally by using equation 7, the resultant force that will be
sent to the haptic device is obtained. This is the algorithm
that will be implemented in this work, both for movement of
the sphere perpendicular to the cloth or horizontal slipping
on it.

This technique can be used in any environment that sim-
ulates the behavior of a mesh made by particles intercon-
nected by springs. However, this algorithm can be used only
if the following data can be obtained:

i) The contact point of each of the rays emerging from the
haptic sphere.

ii) Closest vertexes to the point of contact.

iii) The positions of each of the above.

The faster these positions are calculated, the better the
haptic response will be. This is justified due to the fact that
the optimum refresh rate of haptic devices is > 1kHz. As
a result, it is recommended that these calculations are per-
formed on the GPU. These features are provided by NVIDIA
PhysX, which is the engine used in this work.

3.3. Thread model

To create a proper thread model, this work used as basis
the technique shown in [LCO06] combined with the ones in
[BLMO4]. This methodology was implemented to achieve
proper interaction in the GPU between the simulated skin
and the thread, which should have a strict control of col-
lision detection. Since PhysX engine was used in this re-
search, an additional mechanism of collision detection was
added. To build the movement of the thread, the "follow the
leader" (FTL) algorithm described [BLMO04] was used. Fig-
ure 6 shows a segment of the thread. In this model particles
are represented by spheres. The line segments connecting the
center of each particle can be appreciated and the cylinders
generated from the particles are observed.

Figure 6: Thread segment made from particles, represented
as spheres.

For collision detection between the thread segments and
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between the thread and other objects, a method based on ge-
ometric properties of line segments, formed by joining the
centers of the particles (Fig. 6), is proposed in this work.

The following paragraphs describe the collision detection
method, which considers the situation shown in figure 7.

Let p, p’, g and ¢’ be centers of four spheres that form the
thread. v and w are vectors made from the points p, p’, g and
g respectively. Finally, A and B are the points on lines pp’
and g4’ that are closest between them.

To achieve this condition, it is necessary that the line
formed between A and B is perpendicular to pp’ and gq’
lines.

Figure 7: Collision of a pair of cylinders that make up the
thread.

To calculate the position of A and B, the following proce-
dure is made. Vectors v and w are defined by:

v=p—p (10

w=q—q an
Therefore,

A=p+1tv (12)

B=g+Mw (13)

where 0 <t <land0<A<I.

At the same time, the condition of perpendicularity is con-
ceived as:

v-(B—A)=0 (14)
w-(B—A)=0 (15)

The condition to consider that a collision between seg-
ments occurred is:

||AB|| < 2r (16)
where r is the radius of each cylinder.
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Developing equations 10-16 and considering the condi-
tion of perpendicularity, equations 17a-17b are obtained.

vi(g+w—p—1v)=0 (17a)
w-(g+Aw—p—1tv)=0 (17b)

Rearranging:
v-wAi—(-v)i=v-(p—q) (18a)
w-wh—(v-wit=w-(p—q) (18b)

Equations 18a and 18b are solved for A and 7 and ac-
cording to the conditions stated above, the values of A and
t should be between 0 and 1 to ensure the collision.

When segments are too close and it is not possible to move
them to avoid a collision, the proposed algorithm consider
that a knot can exist if and only if the following conditions
are met:

a) 10 or more colliding cylinders must exist.
b) Colliding cylinders are in at least two different segments.
¢) Each block contains at least four contiguous cylinders.

The above conditions are met in the example of figure 8,
where two segments of the thread, one green and one red,
are shown. Cylinders ABCDEEF, which are contiguous and
belong to the red segment, are colliding against cylinders
abcde, which are also contiguous and belong to the green
segment.

T o<t

Figure 8: Knot detection example.

It is important to highlight that in order to detect collid-
ing cylinders that belong to different segments, there must
be a distance interval of at least five cylinders between the
segments.

At the time that the possible existence of a knot is de-
tected, the distance of these segments with respect to the skin
(cloth) is evaluated. If the knot comes to a predetermined
distance, it is considered that the knot is getting closer and it
will be fixed. Consequently, the system will immobilize all
segments that forms the knot.

3.4. Surgical tools

In this research, it was necessary to prepare several models
of surgical tools. The models were created using AutoDesk
Maya (Fig. 9). For the initial stage of this research, only the
blunt-nosed thumb forceps, Kelly forceps (needle holder),
and Metzenbaum surgical straight scissor were used.
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Figure 9: Various models of instruments developed to be
used in SutureHap. From left to right: Blunt-nosed thumb
forceps, Standard teeth tissue forceps, Kelly forceps, Met-
zenbaum surgical straight scissor, and curved Metzenbaum
surgical curved scissors.

A curve needle model was created (Fig. 10).This needle
is attached to the suture thread, which is created at the time
of execution without a predefined pattern because it possess
a dynamic behavior.

Figure 10: Model of the suture needle.

To simulate movements in SutureHap, each tweezers
model has been segmented in separated parts, with the pivot
in the right place for the rotation of each piece. In the en-
vironment, the user can rotate them as he/she desired, and
he/she can interact in the virtual environment by opening or
closing of the gripper of each tool.

3.5. Skin model

To render the skin, a deformable mesh based on the repre-
sentation of the cloth was used (Fig. 3). This mesh is placed
in the center of the skin, and it is configured with a certain
width or thickness, which improves skin characteristics. To
achieve different consistencies, the elasticity and damping
parameters are adjusted. To generate the skin, PhysX Nx-
Cloth class is used. In the case of the haptic avatar, a Kine-
matic Actor from PhysX NxActor class is created. A spe-
cial routine was developed to generate and control the rays,
which are used to detect collisions between the haptic avatar
and the skin. Additionally, the subroutine is used to calculate
the feedback force vectors. Finally, to improve the appear-
ance, a similar texture of human skin is added.

4. Evaluation and results

In Figure 11, the graphic appearance of SutureHap and
the sequence of steps required to perform a simple suture
knot. The sequence of steps implemented is mentioned in
[BTB*04], as it follows:

A) Insert the needle into the skin: the needle is inserted into
the skin while the skin is grabbed by the tissue forceps.
In this case the user must take into consideration the path
and position of the needle. The puncturing of the skin by
the needle is provided by PhysX. When the skin elastic-
ity limit is exceeded in a given point contact between the
needle point (simulated as a small haptic sphere) and the
skin, the feedback force that is sent to the haptic device is
set back to zero. An analysis of the rendering forces in-
volved when an haptic sphere goes through a cloth will be
presented in more detail in an upcoming work.

B) Pull the thread: At this point, the needle has pierced both
sides of the wound, and the thread is going through both
holes. The user is pulling the thread with the needle. In
the case of suture-thread the magnitude of force to be sent
to the haptic device is calculated from the difference be-
tween the current length and the ideal length. The direc-
tion of the force is calculated from the vector sum of each
segment of the thread.

C) Preparation of knot: the thread is wounded on the clip
holder; therefore, the loose end of the thread can be
grabbed to create the first knot.

D) Creation of the first knot: a knot is formed and it is closed
near the surface of the skin.

E) Fixed knot in the skin: the knot has been fixed in the skin
and a second knot is being created.

F) Second suture knot: the used is preparing a second knot
by winding the thread on the tweezers.

G) Cutting the thread: after ending the second suture knot
and fixing it, the thread is cut with the scissors.

H) End of the task: the suture point has been finished after
cutting the thread and the user can create a new point.

A series of user tests were performed using the follow-
ing equipment: DELL T7500 Workstation, Intel processor
XEON E5620 at 2.4 GHz, 12 GB RAM, NVIDIA GeForce
9800 GX2 video card, Windows 7 64 bits operating system,
and two Sensable Phantom Omni haptic devices.

These tests were conducted with 12 volunteers from dif-
ferent areas. None of them are related to medical fields, and
all completed undergraduate studies in the areas of mathe-
matics, physics, electronics and computing.

The objective of this test was to evaluate how users appre-
ciate the behavior of SutureHap simulator. The aspect to be
evaluated in this test was the graphics of the system, model-
ing and haptic response.

For this test, the user was located in front of the ma-
chine (Fig. 12). A brief introduction about the use of hap-
tic devices was given, and two videos were shown. The first
video shows how a surgeon performs a simple suture point
in a pigskin. On the other hand, the second video shows the
suture procedure applied in the simulator. Samples of this
video are shown in figure 11. Additionally, users can watch
both videos whenever they want at any time until they are
prepared to use SutureHap.

(© The Eurographics Association 2014.
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Figure 11: Graphic appearance of SutureHap and the se-
quence of steps for a simple suture knot.

Figure 12: Users performing usability tests in SutureHap.

Testing time for each user was approximately one hour,
which was divided into two parts. In the first part the par-
ticipants were instructed to become familiar with the move-
ments of the instruments, the behavior of the thread, behav-
ior of the skin, and the location of the virtual elements. This
approach was implemented to adapt users to 3D simulations.

After performing the test, a questionnaire was applied to
participants. Results obtained from this evaluations states
that 75% felt that the skin is represented correctly, and the
force feedback is consistent with the graphical virtual en-
vironment. Moreover, 66.6% felt that the thread is properly
represented. Consequently, 100% of the participants agreed
or strongly agreed that the distribution of the elements is ap-
propriate, the use of the elements in the environment itself
is intuitive, and they stated that they will recommend the en-
vironment. Finally, from the 100% of users, 50% had used
a virtual environment, and whitin that 50%, only 33.3% had
used a system with tactile feedback.

(© The Eurographics Association 2014.

To conclude the test, an open field was used to ask users
for suggestions or general opinions about SutureHap. Most
of the comments points out the difficulty of perception found
in 3D environments, and it was also stated that the process
was difficult to complete.

5. Conclusion and future work

According to this research, it is considered that virtual learn-
ing laboratories represent an important alternative for stu-
dents to acquire various useful skills is their education. In
the field of medicine, they can help resolve the problems
in medical training originated by current laws. These laws
prohibit the use animals unless same surgical conditions as
the ones used for human beings are implemented, which in-
creases significantly costs in training processes.

The incorporation of haptic devices in virtual environ-
ments increases greatly the ability of students to promote
meaningful learning. They improve the acquisition of skills
and competencies, and through them tactile sensations simi-
lar to real can be send to users. Moreover, haptic devices de-
crease costs and risks within the learning process, and they
provide support to standardize and recreate surgical situa-
tions as often as it is necessary.

Due to the fact that virtual haptic environment possess the
ability to use the same hardware and software in various ex-
periments and the flexibility to modify them, development
of this kind of laboratories applied in the medical field pro-
vides competitive advantages against those that currently ex-
ist until the development of this work. There are studies that
perform suturing operations; however, they do not integrate
all the components that are required for suturing tasks with
haptic feedback in a single environment.

Results obtained in this paper allowed the development of
a virtual environment for suturing training tasks. This was
achieved by using NVIDIA PhysX environment to simulate
the skin as a cloth. Since preliminary testing showed that
users felt the tactile perception closer to real palpable feel-
ings, necessary adjustments were made to provide a human
skin sensation.

According to statements made by users who tested the in-
tegrated system, medical instruments used in the environ-
ment provided near real behavior in appearance and mobil-
ity. Furthermore, the overall system showed a stabilized per-
formance and it responded smoothly during tests. The inter-
action between the thread, generated by geometrical meth-
ods, and the skin, created using physical methods, worked
correctly.

Even though the development of this research indicate that
modifications to approximate reality are needed as future
work, some improvements can be addressed to attain bet-
ter performance levels. Some of these adjustments are: im-
plementing collision handling and haptic feedback between
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medical devices and the various elements that are included in
the environment; for instance, interaction between tools, in-
teraction between the tools and the table, interaction between
tools and fields, etc; however, in order to generate new inter-
actions, the use of haptic devices with full 6 DOF feedback
may be necessary.

Current work is focused on applying environment tests to
medical students, addition of shadows of objects to improve
the perception of the 3D environment, and addition of an
intelligent assistant to assess and help students to enhance
their surgical performance. Future work will be focused on
modification or creation of haptic devices in order to add
real forceps on them, evaluation of adding gravity forces,
and addition of facilities to modify and increase the degree
of difficulty of surgical processes.
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