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ABSTRACT
Minimally invasive surgery (MIS) emerged as a front runner in surgical technology,
especially within the past two decades. Its success can mainly be attributed to fewer
traumas, less blood loss, faster recovery and less hospital stay. To perform a MIS,
surgeons require a different skill set with higher levels of competency. Skills like handeye co-ordination, ambidexterity, depth perception and transferring need to be mastered
before one performs a MIS. To standardize the process of training residents, fellows and
practicing surgeons in these skills, the Society of American Gastrointestinal Endoscopic
Surgeons (SAGES) introduced Fundamentals of Laparoscopic Surgery (FLS) program.
One of the components of this curriculum is the FLS trainer box for practice and training
of these essential skills. This trainer box consists of five tasks that are intended to train
residents in all essential skills needed for a laparoscopic surgery. This trainer box was
thoroughly tested to incorporate all the fundamental skills involved in a laparoscopic
surgery.
In this work we aim at developing and validating Virtual Basic Laparoscopic Skill
Trainer (VBLaST™)-a virtual version of the FLS laparoscopic trainer box. All the tasks
were developed to closely represent the FLS tasks. Force feedback is included as a part
of VBLaST™ simulator. To evaluate the performance, objective scoring has been
incorporated into the simulator design. The advantage of VBLaST™ over FLS trainer
box includes faster feedback and no material costs. Part of the simulator has been
validated. VBLaST™ demonstrated significant face validity and construct validity.
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1. Introduction
1.1 Fundamentals of Laparoscopic Surgery (FLS)
Laparoscopic training is increasingly becoming an important part of the simulationbased curriculum to train surgical residents at many institutions [19]. The Society of
American Gastrointestinal Endoscopic Surgeons (SAGES) recently introduced the
Fundamentals of Laparoscopic Surgery (FLS) training tool box to standardize the
training methodology [20]. The Fundamentals of Laparoscopic Surgery (FLS) skill
training toolbox, based on the McGill Inanimate System for Training and Evaluation of
Laparoscopic Skills (MISTELS) was adopted by the SAGES as the standard to assess
the proficiency levels in laparoscopic surgery. The skill set that FLS trainer box aims at
improving are transferring, precision cutting, placement and securing of ligation loop,
simple suture with intracorporeal knot, and simple suture with extracorporeal knot.
FLS training tool box consists of a box covered by an opaque membrane through
which two 12 mm trocars are placed on either side of a 10 mm zero-degree laparoscope
connected to a video monitor. Inside the box, five pre-manufactured tasks including peg
transfer, pattern cutting, suturing and ligation loop can be performed. The mechanical
tool box shown in Figure 1 is similar to the FLS system and is used in training the same
set of tasks.

Figure 1: FLS trainer box setup
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Disadvantages of FLS trainer box:
1. Materials involved in FLS like the cutting mesh, suture threads need to be
replaced after every trial.
2. No objective quantification of the performance exists
3. Official scores are not immediate as they are sent offsite for final evaluation
In order to overcome the above limitations, a virtual version of the FLS: VBLaST™
has been developed. With VBLaST™ a trainee can perform as many trials as possible
with minimum cost. Also, objective performance results can be viewed at the end of
each task.

1.2 Computer based simulators
Many simulators for minimally invasive surgery have been developed over the past
decade. LAP Mentor™ [25] is a multi-disciplinary laparoscopic surgery simulator that
trains in some basic skills as well as some MIS procedures like Cholecystectomy, gastric
bypass, Sigmoidectomy, incisional hernia repair etc. LAPSIM® [26] simulator also has
basic skills training module. Besides, it also supports procedures like Cholecystectomy,
Anastomosis and various gynecological procedures. LapVR™ is a laparoscopic surgery
simulator developed by Immersion Corp. for training in basic anatomy, basic skills and
many other procedures [27]. LapVR™ system uses custom made laparoscopic tools as a
part of the simulator. Other simulators like KISMET [29] and LOSSO [30] provide
similar features.
While most of the above mentioned simulators are aimed at simulating some
surgical procedure, this work is aimed at developing a virtual version of standard
SAGES approved FLS tasks. VBLaST™ is designed to closely follow FLS tasks in all
aspects, including the interface.
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1.3 Simulation framework
A simulation framework is a collection and integration of generic entries supporting
various common features of surgery simulation. Each of the tasks modeled needs a good
integrated development framework to deal with various modules related to medical
simulator. Few of them are listed below:
1. Physics simulating engine (rigid and deformable models)
2. Efficient rendering with shaders
3. Force feedback to the haptic devices
4. Support to include sensors and other external devices
5. Collision detection
6. Collision response (for both rigid and deformable models)
7. Special simulations like thread and cloth
8. Artificial intelligence within the coding logic
All the above mentioned components have to be merged in an integrated, synergic
environment to make the multi modal simulation possible. Hence, a framework based on
Model-View-Controller (MVC) has been used to integrate the sub tasks. This framework
was developed in C++ using Microsoft Visual Studio. All the sub tasks listed above fall
into one of the three categories.
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Figure 2: Model-Viewer-Controller paradigm for VBLaST™ simulator

1.3.1

Model:

Model is the layer of MVC architecture [36] which holds information required for
rendering, material properties, boundary conditions etc. Since there are different physics
simulation modes like cloth simulation, soft body, thread simulation and rigid body
simulation, there are different sub classes derived from the parent Mesh() class.
Common surface mesh input file formats like .obj and .3ds can be supplied to the
framework. For finite element simulation volume mesh generated from Abacus was used
as input for simulation.

1.3.2

View:

This module runs in a separate thread originated by QGL viewer. It gets the information
form the model and displays on the user screen. Shaders incorporated in the framework
are based on GLSL. Also, keyboard driven debug view has been incorporated.
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1.3.3

Controller:

Controller is the vital part of the simulator which modifies the data in the model based
on the user interaction and following the physical laws. This runs in a separate thread.
This is the part of the simulator that consumes most of the CPU time.
1. Physics simulator: This is the controller where the model is updated based on
the interaction and according to the physical laws. There can be numerous
physics controllers running in the same task. For example, in suturing task,
separate physics simulator threads run for finite element simulation and the
thread update based on follow-the-leader algorithm.
2. Servo loop: Since surgical simulation needs haptic feedback, there is a dedicated
servo loop running that constantly reads the haptic device positions and also
supplies forces to the device which are mostly read from physics thread. This is a
high priority loop because the forces need to be updated at 1000Hz ideally for
better interaction.
3. Collision Response: Collision response is a separate thread that resolves the
collisions, if reported, from the collision detection thread. This process of
resolving might not be physically accurate depending on the complexity. In peg
transfer, impulse based collision response has been implemented.
Collision detection is an auxiliary thread that detects and reports intersection of two
geometric entities. Collision response algorithm query information from collision
detection to resolve the collision.

5

2. VBLaST™ Simulator
2.1 Introduction
Virtual reality-based trainers offer attractive alternatives to the inanimate trainers. They
are capable of providing multidimensional objective performance measures [1-3].
Virtual reality trainers were shown to improve the acquisition of skills as well as the
performance in the operating room [4-12]. The entire evaluation is processed by the
computer and the results can be displayed immediately. The Virtual Basic Laparoscopic
Skill Trainer (VBLaST™) is a virtual reality-based system that is being developed to
allow trainees to perform FLS tasks on the computer [13]. Sections 2.2-2.5 explain
various components of VBLaST™ in detail.
VBLaST™ simulator consists of computational software to simulate FLS tasks and
a physical interface to connect laparoscopic tools to the haptic device to move the tools
for interaction and to provide force feedback to the user. The VBLaST™ is capable of
recreating four FLS tasks consisting of (1) peg transfer, (2) ligation loop, (3) pattern
cutting and (4) intra-corporeal suturing. The computational software aspects of
VBLaST™ can be found in [13]. The overall VBLaST™ system with the physical
interface is shown in Figure 3. It consists of two replaceable instrumented tools [14]
connected to haptic interface devices (PHANTOM® OmniTM from Sensable Inc. [28])
placed in an adjustable frame. A transparent polyurethane sheet covered the top of the
interface where the trocars are placed through a hole or simulated port-site. A platform
was used for subjects with different heights. The instrumented tools consist of the
handles of laparoscopic graspers, scissors and an endoloop tool. The tools connect to the
haptic interface device through a standard audio jack connector. For ligation loop, a
compact string pot attached to the PHANTOM® OmniTM provide sensor input to tighten
the loop around the tube.
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Figure 3: Over all VBLaST™ setup with tool interface and display

2.2 Peg Transfer
The description of the task in accordance to standard guidelines is as follows: A white
pegboard with six pegs arranged as shown in Figure 4 is fastened to the base of the FLS
box. Six rings are initially placed on the left side of the board. The peg transfer exercise
requires you to lift six rings with a grasper, first in your non-dominant (i.e. left) hand,
and transfer the object in mid air to your dominant hand. Then, place each object on a
peg on the right side of the board. There is no importance placed on the color of the
objects or the order in which they are placed. Once all six pegs have been transferred,
the process is reversed. Timing for this task begins when you grasp the first peg and ends
upon release of the last peg. This exercise is timed and a penalty is assessed for any peg
dropped out of the field of view.
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Figure 4: Peg Transfer in FLS

The virtual version implemented in VBLaST™ (see Figure 7) requires modeling
rings as rigid bodies which can be rotated and translated by the alligator jawed tools.
Rigid body dynamics is described below.
The moment of inertia tensor is given by

⎡ I xx
⎢
I = ⎢ I yx
⎢ I zx
⎣

I xy
I yy
I zy

I xz ⎤
⎥
I yz ⎥ Where,
I zz ⎥⎦

I zz = ∑ mi ( xi2 + yi2 )
i

I xx = ∑ mi ( yi2 + zi2 )
i

I xy = I yx = −∑ mi xi yi
i

I yy = ∑ mi ( xi2 + zi2 )
i

I xz = I zx = −∑ mi xi zi
i

I yz = I zy = −∑ mi yi zi
i

The velocity, angular velocity of the center of mass is given by
V=

P
, ω = I −1L
M

Where, V is velocity of center of mass, ω is angular velocity, P is linear momentum, L is
angular momentum and M is the total mass.
The positions and orientations are hence updated as
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p = p + V ⋅ dt and R = R + ω ⋅ dt

Where, dt is the time step size, p is the position of center of mass and R is the
orientation.
There are six rings in total. But running rigid body dynamics, collision detection and
response for all the six rings consumes lot of CPU time. Hence, only one ring is active at
a given instant of time. This ring is colored different (green) from the other inactive
rings. The deactivation of a ring happens when the ring is picked from one peg by a tool,
transferred to the other tool and finally placed on the peg on the other side. This chain of
events are kept track off by the program in order to activate or deactivate a ring.
Various other issues related to peg transfer have been discussed in the following subsections.
2.2.1

Collision detection

Peg transfer only involves non-deformable bodies. Hence, collision detection libraries
dedicated to the rigid body collision detection should be made use off. Freely available
Proximity Query Package (PQP) [16] collision detection library was used for this
purpose. PQP_Distance() routine is used to query the closest points and the distances
for two models at a given configuration.
2.2.2

Collision response

While collision detection reports if one body penetrates another, collision response
algorithms modifies the linear and angular momentum to prevent the rigid bodies to
penetrate each other. The collision response update described above is impulse based
response. The update for collision response is given by
P = P + g ⋅ dt + n ⋅ coff

Where, coff ∝ Vrel , Vrel is the relative velocity of collision and n is the vector joining two
nearest points.

L = L + coff ⋅ ( l × n )
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Where, l is the vector from center of mass to collision point.
2.2.3

God object and Bimanual handling of the ring

In haptics enabled virtual environments, when one interacts with the objects, the forces
are felt. In real, one cannot penetrate a rigid body because of the reaction force generated
due to the interaction would not allow to do so. This reaction force increases
proportional to the force one applies to penetrate the object. But with the force rendering
devices available, it is not possible to generate such high stiff forces. Hence in reality
one can move the haptic tip to penetrate the objects. To overcome this problem, the
virtual representation needs to be restricted to the periphery of the colliding object as
shown in Figure 5. A spring force is rendered proportional to the distance between the
two representations. There are many existing algorithms for implementing god object in
various complex scenarios.

Figure 5: Haptic pointer penetrates the object while the virtual representation stays on the
boundary

In peg transfer task one comes across situations where the above concept needs to
be implemented. For example, when the tool is forced onto the ground or when the
picked ring is dragged against the peg the haptic pointer actually penetrates the body.
Simple god object concept has been implemented in each of these cases. For the ring,
which is a freely movable rigid body, all the states like position, velocity and
orientations have been maintained. Hence velocity is imparted to the virtual
10

representation towards its god position. But since collision response prevents this
movement, it maintains its visual position at the virtual state till the god representation is
released.
2.2.4

Bimanual handling

In peg transfer task one comes across situations where the ring is held with both the
tools. In such cases ring gets pulled by both the tools. Hence appropriate forces should
be rendered on the tools and the correct positions be maintained. It should be noted that
the forces on both the tools is the same.
A simple implementation has been developed to deal with the above described
problem. Figure 6 explains the summary of the implementation. When Tool1 picks the
ring first, the dynamics of the ring is controlled by its position and orientation. Later if
Tool2 picks the ring, the relative positions of the Tool2 w.r.t Tool1 is recorded. If Tool2
tries to pull apart after picking, the virtual position of Tool2 is still maintained at the
global relative position w.r.t Tool1. The force on each of the tools is given by
ur
ur
P god − PTool1
ur
F Tool 2 = ur
ur
P god − PTool1

(

And

)

(P
ur

god

ur
ur
ur
− PTool1 − PTool1 − PTool 2

)

ur
ur
F Tool1 = − F Tool 2

If tool2 picks the ring first the same formula applies with interchanging tool1 and
tool2. It should be noted that the opposing torques are not involved in the above
algorithm since the force rendering devices (PHANTOM® OmniTM) used for VBLaST™
are not capable of torque generation.
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Figure 6: Bimanual handling of ring

2.2.5

Measures recorded

Following are the measures recorded for the peg transfer task
1. Total time taken for the task.
2. Number of pegs dropped out of the board.
Other possible measurements that can be incorporated into the program for other
studies in future are: dexterity comparison for both hands, trajectory of both tools to
study the difference between novice and experts.

12

Figure 7: Peg Transfer in VBLaST™

2.3 Suturing
Suturing is one of the most important tasks of many laparoscopic surgeries. Modeling
this task is quite a challenge because of the number of different modeling procedures
involved. This task demands soft body simulation, suture thread simulation, needle (rigid
body) dynamics, needle-tissue interaction, thread-tissue interaction, knot detection.
Besides these specific tasks, collision detection, modeling tools, shaders are common as
for any surgery task simulation.

Figure 8: Suturing in FLS
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Various other issues related to suturing have been discussed in the following subsections.
2.3.1

Finite Element modeling of suture base

Finite element modeling is common in surgery simulation [34-35]. The suture base is
modeled using linear finite element. For simulation in real-time, static condensation
technique is employed as in [33]. The formulation and reanalysis technique is explained
in the following paragraphs. 3-D linear elasto-static equations on an open domain with
the boundary conditions are

σ ij , j + f i = 0 in Ω
ui = 0 on Γ qi

σ ij n j = hi on Γ h

i

Where,

σ ij are the stress components
fi are the body forces

u ∈ R3 is the displacement field
Note that the prescribed displacement above implies that the base of the model is
fixed (see Figure 9). The Neumann boundary condition in this case is specifically the
force applied by the tool at the picked node which is an unknown. It should also be noted
that Γq ∩ Γh = Γ represents the boundary of the domain. Since, only static analysis is done,
no time terms appear in the governing equations. In quasi-static analysis the
displacement boundary conditions are applied continuously at each cycle to mimic
continuous interaction.
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Figure 9: Tool interaction with the model

The governing equations above are discretized using finite element basis. Volume
co-ordinates have been chosen for the finite element nodal basis as illustrated in Figure
10. Since, volume co-ordinates are linear shape functions satisfying partition of unity,
we can write
x = L1 x1 + L2 x2 + L3 x3 + L4 x4
y = L1 y1 + L2 y2 + L3 x3 + L4 y4
z = L1 z1 + L2 z2 + L3 z3 + L4 z4
L1 + L2 + L3 + L4 = 1

Figure 10: Volume coordinates

Since, these also hold at the nodes of an element, we can derive the shape functions as

Li =

1
( ai + bi x + ci y + di z )
6V

15

Where,
V is the volume of tetrahedron in initial state

x2

y2

a1 = x3
x4

y3
y4

x2 1 z2
1 y2
z3 ; c1 = − x3 1 z3 ; b1 = − 1 y3
1 y4
x4 1 z4
z4
z2

x2
z3 ; d1 = − x3
x4
z4
z2

y2 1
y3 1
y4 1

Other constants are obtained by cyclic permutation of the indices. The strong form can
be cast into a well known weak form using principle of virtual wok as.

a ( w, u ) = ( w, f ) + ( w, h ) Γ
Where,

a ( w, u ) = ∫ w( i , j ) cijkl u( k ,l ) d Ω
Ω

( w, f ) = ∫ wi f i d Ω
Ω

3 ⎛
⎞
( w, h)Γ = ∑ ⎜ ∫ wi hi d Γ ⎟
⎟
i =1 ⎜ Γ h
⎝ i
⎠

{
}
υ = {w w ∈ H , w(1) = q}
δ = u u ∈ H 1 , u (1) = q
1

On approximating the above spaces with finite dimensional counterparts based on
the linear combinations of the shape functions described above, we get the elemental
stiffness matrices.
2.3.2

Reanalysis

As explained above, zero displacements are applied to nodes falling under Γ q . This
boundary condition remains unchanged throughout the simulation.

During the

interaction of tool with the model, the tool applies displacement boundary condition to
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the node that is picked. Let the stiffness matrix before applying the tool displacement
boundary condition be K . Then,

Ku = f and let K −1 = F
If the degree of freedom are rearranged based on the picked node, we can write

⎡ uu ⎤ ⎡ F11
⎢u ⎥ = ⎢ F
⎣ tool ⎦ ⎣ 21

F12 ⎤ ⎡ 0 ⎤
F22 ⎥⎦ ⎢⎣ f tool ⎥⎦

Size of size ( F22 ) = 3n × 3n if n nodes are picked and size of F11 is 3 ( N − n ) × 3 ( N − n ) .

Computing inverse or using iterative solvers to find the solution is prohibitively
expensive. Hence K −1 = F is pre-computed and stored for further use in the program.
Expanding above matrix we get,

uu = F12 ftool
utool = F22 ftool
Or

F22 −1utool = ftool and uu = F12 F22−1utool

Since F22 is small in dimension, its inverse can be computed on-the-fly. It should be
noted that the above techniques’ usage is limited. This technique can only be used if the
interaction is local. Since the needle tissue interaction can be approximated to be local,
above technique can be employed successfully.
3
Suppose if n nodes are in contact with the tool then the force computation is o(n ) while

the displacement computation is o(n( N − n)) . Hence, for haptics applications running
at very high frequency, the above method proves ideal.
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2.3.3

Needle tissue interaction

Needle is a rigid body that needs to be steered inside the soft tissue during the suturing
process. The task is to apply appropriate boundary conditions on the surface nodes to
affect the deformations and forces. It is to be noted that in reality the tool tissue
interaction needs applying the displacement conditions to the internal nodes as well.
Since this involves many complications and cannot be done in real time, only boundary
conditions on the surface nodes are applied.

Nearest point
on needle

Nearest point
on model

Figure 11: Needle is represented as line segments for collision detection. The dotted line joins
nearest point on the model to that on line segment.

The needle is represented with discrete line segments for collision purposes as
shown in Figure 11. Each segment has one dynamic point [32] on it. Further for smooth
interaction when boundary conditions are provided, each segment is divided into five. At
each run of the thread the nearest point on the segment is found. The needle-tissue
interaction in suturing procedure has been divided into four stages based on the
boundary conditions and constraints on the thread. These four stages are shown in Figure
12 and are explained below:
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Stage 1: Needle’s sharp tip enters the tissue.
Stage 2: Needle’s tip emerges from the tissue.
Stage 3: Needle’s blunt end goes inside the tissue when the sharp end is pulled by

the grasper. The thread is also interacting with the tissue.
Stage 4: Needle is out of the tissue. Only the thread is inside the tissue.

When the needle first enters the tissue, the surface triangle which it pierced is
determined from the dynamic point algorithm and recorded. Boundary condition form
the interaction is applied by displacement conditions on the nearest node on the entry
triangle. In essence, the nearest node should follow the point on the needle that is on the
tissue surface. But the component normal to the entry triangle is zeroed.

Figure 12: Various Stages of needle interaction during suturing

In stage 2, when the sharp end pierces out of the tissue, the triangle at exit is
recorded. Since two points on the needle intersect the surface, boundary conditions at
both entry and exit triangles are applied.
19

2.3.4

Thread-tissue interaction

Suture thread is attached to the end of the needle and is meant to hold the tissue in place
after the knot is tied. This is modeled with follow-the-leader algorithm [18]. In followthe-leader algorithm, the nodes away from the node that is being controlled by the user
are moved towards its immediate leader to maintain the same length. This is nonphysical update but is very stable as well as fast for simulating suture thread.
Thread interacts with the base modeled with FEM after stage2 in the suturing
process i.e., in stage3 and stage4. Specifically, thread interacts with the model in two
ways:
Type 1: Thread is only guided through the point where the needle enters or exits.
Type 2: Part of the thread inside the tissue is pulled on either side. Force is imparted

to the user proportional to the resistance the tissue imparts to the thread while it is being
slid through it. These interactions are illustrated in Figure 13.
Following algorithms detail the implementation for both the types of interactions
mentioned above:
Algorithm: Type 1 Interaction
Loop
1. Update thread using FTL 1 & FTL 2
2. Find nearest node to entry/exit triangle
3. Set nearest node’s position to entry/exit triangles centroid

Algorithm: Type 2 Interaction
Loop
1. Update thread using FTL 1 & FTL 2
2. Find nearest node to entry/exit triangle
3. If ( Pulled _ Node − Node _ At _ Exit ) × Gap < PosPulled _ Node − PosNode _ At _ Exit + ε
2
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a. Set the boundary condition of the nearest vertex on the entry/exit triangle to
node i on suture
b. Compute the force on the tool
c. if ftool

2

> F STICTION

i. Reset the boundary condition to follow ( i+1) node
ii. Recalculate and set the force on the tool
d. Else
i. Set the force already calculated
4. Else
a. Set nearest node’s position to entry/exit triangles centroid

After stage 4 is reached, the suture should be tied to make a knot. For this purpose a
simple and real-time knot tying algorithm as proposed in [17] was utilized. This
algorithm is built on follow-the-leader algorithm for simulating the suture thread.
However, complicated knots cannot be identified by the algorithm. After the user closes
the knot onto the tissue, the nodes that form the knot are frozen from any further
moment. A snapshot of the suturing simulation is shown in Figure 14.

Figure 13: Thread tissue interaction. BCs are applied at the periphery to affect the deformation.
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2.3.5

Measures recorded

Since the task is still in development stage, only the timing measures are recorded at
present. A full fledged version of this task should be able to measure the quality of knot,
accuracy of piercing in and out of the tissue, maximum tension exerted on the suture,
correctness of the knot.

Figure 14: Suturing in VBLaST™

2.4 Pattern cutting
Pattern cutting is one of the four tasks that tests accuracy of cutting using laparoscopic
tool. This task involves cutting a cloth mesh in a pre-marked circular marking with the
cutter while holding mesh the grasper for stiffness as shown in Figure 15. The score for
this task is based on the total time for completion and the accuracy of cutting along the
pre-marked circle.
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Figure 15: Pattern Cutting in FLS

This task was modeled using PhysX® -a real time physics engine middleware
supported by NVIDIA® [31]. PhysX® engine has been incorporated into the existing
framework as an additional simulator engine. As illustrated in Figure 16, tasks related to
cloth simulation, cloth tearing, collision detection and collision response are modeled
with PhysX® engine.
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Figure 16: Modified MVC for cutting simulation

2.4.1

The

Modeling in PhysX®:

cloth

required

for

the

simulation

is

created

using

PhysX®

class

NxScene::createCloth(). The descriptors for the cloth that are used are shown in the
Table 1. A square cloth with regular tessellation of about 3200 triangles was created with
appropriate texture. The geometry has two representations: one in PhysX® and the other
in the mesh data structure of the framework. Interface functions have been written to
pass the information from PhysX® to the framework for rendering purposes.
Thickness

0.2

Density

0.5

Bending Stiffness

1.0

Stretching Stiffness

1.0

Damping Coefficient

1.0
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Friction

0.5

Solver Iterations

15

Tear Factor

8.0

Table 1: Cloth descriptors in PhysX® used for simualtion

In PhysX® cloth, tearing is done by splitting the vertex using tearVertex()
functionality. The normal for the split plane is passed as the argument along with the
index of the vertex to be torn. A snapshot of the simulation is shown below in Figure 17

Figure 17: Pattern Cutting in VBLaST™

2.5 Ligation loop
Ligation loop requires accurate placement of pre-tied loop over the appendage like
structure made of sponge. The loop is tightened over the sponge appendage with a
plastic pusher. Then the cutter is introduced and the endo loop is cut off. This task is also
timed like other tasks. Accuracy of the placement of the knot is also a scoring criterion.
Since ligation loop in VBLaST™ is not a part of this work, it is not explained in detail.
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2.6 Tool Interfaces
In surgery simulation the haptic device acts as the interface between the virtual patient
and the trainee. However, the handle on general purpose haptic interface devices such as
those of the PHANTOM® is not customized to look and act as surgical tool handles.
Hence, to develop a realistic training environment it is essential to use realistic tool
handles which has to be either custom developed or purchased separately. Most present
day surgical simulators employ interfaces with many links, encoders and actuators [15]
that increase inertia and are cumbrous to use. Some companies such as Immersion
Medical sell custom interfaces as part of their various surgical simulators while others
use systems such as the Xitact® which adds significantly to the already very expensive
simulators. Development of cost effective, easily built interfaces that mimic the
functionality of actual surgical tools is very much desired.

Figure 18: The PHANTOM® OmniTM haptic interface device with surgical tool interface

As a part of the VBLaST™ simulator simple, cheap and easy-to-use hardware
interfaces for minimally invasive surgical (MIS) simulators with motion sensors for
tooltip opening and closing as well as the rotation of the virtual tool tip about the tool
axis has been developed [23]. The instrumented tool can be easily plugged to the stylus
adapter of a PHANTOM® OmniTM device.
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Figure 19: Instrumented tool showing two potentiometers

2.6.1

Design and Interfacing with the software

Laparoscopic hand tools from AutosutureTM (www.autosuture.com), similar to the one
shown in Figure 18, has been adopted to be interfaced with the PHANTOM® OmniTM
device. The opening and closing of the jaws of the tooltip is controlled by the handle,
therefore 1M-Ohm linear taper rotary potentiometer (from RadioShack®) at the centre
of rotation of the handle to measure the relative angular motion between the two handles
has been attached. The potentiometer case is fixed to one of the handles while the
potentiometer shaft was fixed to the other allowing relative angular motions to be
measured. The potentiometer is used as a variable voltage divider where output voltage
varies by changing the shaft angle.
Another potentiometer has been used to record the rotary motion of the tool tip
about the tool axis. The tool axis is controlled by the wheel as shown in Figure 18,
Figure 19. The potentiometer is carefully placed along the axis of the tool adjacent to it.
Both the potentiometers are carefully glued to prevent any relative motion with respect
to the tool body.
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An Ontrak® Control Systems ADU100 USB data acquisition interface device (see
Figure 19) reads the voltages from the potentiometers, which correspond to the angle
between the two handles or angle of the wheels rotation and feeds to the computer as a
binary string. The surgery simulation code reads the binary string from the serial port on
the computer and determines the appropriate opening of the virtual tooltip and angle
between jaws according to the value read. At the beginning of the simulation, calibration
is performed by asking the user to fully open the instrument and then fully close it.
These two extreme values are stored and during simulation, the angle of opening of the
virtual tooltip is mapped to the voltage reading from the serial port using linear
interpolation. Similar calibration is performed for the tool tip rotation.
The above design of the tool serves for all the tasks except the ligation loop.
Separate interface has been developed for that purpose. The design described above is
cost effective but experience from the validation experiments proved that this design
needs further improvement in terms of ruggedness.
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3. Validation
Validity is the extent to which a measuring instrument measures what it claims to
measure. A method or an instrument is said to be valid if the one who develops it is able
to answer the question “Am I measuring what I meant/claim to measure?”
A measure or a test can be very reliable but not valid. It might me consistently
showing the wrong value in which case its reliability is high but the measurement is not
valid. Hence there is a need to validate a method or instrument. Various validation
methods have been developed over time. Following are the main methods that constitute
the field of validation. All these validations should have some strong base to compare
the outcomes. We use expert’s opinion, standard references in literature as standards to
compare. It should be noted that one validates, not the test, but the interpretation of the
data arising from a specified procedure.

3.1 Types of validation
3.1.1

Face validity

It pertains to checking whether the test/method seems valid on having a look at the
method superficially. This type of validity cannot be taken as final but it is essential to
maintain face validity throughout. It is a subjective judgment. For example, we can look
at a test of math ability and say that it seems like a good test for what it is intended to
test. One can make the validity to have a strong backing by collecting the opinions of
experts in that particular field.
3.1.2

Construct Validity

Here the construct being measured has well defined universe of content. This means that
if what ever definition that one tries to attempt on describing is not sufficient enough to
actually describe it then, construct validity is taken up.
First, theoretical relationship between the concepts is specified. Then the
experimental data should be compared with the general data concerning the construct.
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The correlation thus developed must have a high correlation coefficient in order to
confirm the construct validity of the instrument\method. The empirical evidence must be
interpreted in terms of how it clarifies construct validity of a particular measure.
There are two types of construct validities:
1. Convergent validity: Check is done if the correlation between two constructs
that are related well in theory is strong.
2. Discriminate validity: Check is done if the instrument is measuring a given
different construct under the name of the present construct which it claims to
measure. If two constructs are not so well related in theory, then that should
reflect in the correlation one develops.
3.1.3

Content Validity

In this type of validity, the instrument’s measurement content is checked if it forms a
valid subset of the universe of content of the construct or constructs universal domain. It
tests if the test measure represents all facets of the construct. In content validation, first
the researcher should be able to specify the domain of the content that is related to a
particular measurement. Secondly, one should sample the items of the test so that they
cover all aspects of the measurement. Finally, the sampled items should be put in
testable form.
3.1.4

Criterion-related validity

This type of validity is based on how strong the construct being measured correlates to a
criterion that is external to the instrument/method. For example, one might conclude that
measure of good communication skills of a teacher shows his success in that profession,
only if the test results have high correlation with the feedback from the students. There
are two types of Criterion-related validity namely predictive validity and concurrent
validity.

3.2 Materials and methods
MISTELS have undergone extensive testing in proving face and construct validity.
Therefore, it is essential that VBLaST™ undergoes similar rigorous validation before it
can be widely used by the surgical community. With this goal in mind, the main
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objectives of this study were: (1) to measure the face validity of VBLaST™ as judged by
both experts and non-experts and (2) to measure the construct validity of VBLaST™ in
its ability to differentiate between novice and expert groups [24].
The validation experiment involved subjects performing the three tasks on both
VBLaST™ and FLS in order to compare the level of difference between the novices and
experts. For FLS, a proctor was present to time the tasks and then score each subject. For
VBLaST™, the performance metrics were automatically calculated as soon the subject
concluded the experiment. The performance metrics for VBLaST™ were based on FLS
with a normalized score for each task. Total score was then calculated from the
normalized scores which ranged from minimum 0 to maximum 100.
Subjects were voluntarily recruited for this study at the Beth Israel Deaconess
Medical Center. Before the start of the experiment, each subject was asked to fill out a
brief questionnaire detailing demographic and previous laparoscopic experience (see
Figure 20: Questionnaire for demographic and previous laparoscopic experience). The
subjects were classified into two groups of experts (PGY 5, fellow and practicing
surgeons) and novice (PGY 1-4).
At the start of the experiment, the subjects will be asked to fill in a questionnaire
detailing their demographic and previous laparoscopic information. No personal data
will be collected. The subjects will then be instructed to watch an instructional video
detailing the five basic FLS tasks consists of peg transfer, endoloop, pattern cutting,
intracorporeal and extracorporeal suturing knots. Each subjects will then be given
chance to practice these tasks in both VBLaST™ and FLS trainer box. Once they are
ready, the subjects will be asked to perform two repetitions of five tasks on both the
VBLaST™ and FLS trainer box. The order of the tasks will be kept the same for all the
subjects but the sequence in which the two trainers were presented to each subjects will
be selected randomly. After the experiment, each subject will be asked to fill in a
questionnaire to subjectively rate the different features in VBLaST™ and FLS trainer
box (see Table 2).

The ratings will be expressed in 5-point Likert scale varying from
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very realistic/useful (1) to not realistic/useful (5). A sample of the questionnaire to be
used during the experiment is shown in figure.
The data collected during the experiments will be stored in the hard drive and will
be accessed only by the principal investigators. The statistical analysis will be performed
using the SPSS 14.0 software package. The scores for each question for all the subjects
will be collected individually for both the simulators. The median and range of scores for
each question will be reported for both using VBLaST™ and FLS trainer box as
descriptive statistics.
SPSS 17.0 software was used to perform statistical analysis on the data. For the face
validity, descriptive statistics was obtained for both individual and expert and novice
groups combined for all the five questions. A two-tailed Mann-Whitney exact U test was
used to differentiate the response between the two groups.
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Figure 20: Questionnaire for demographic and previous laparoscopic experience

Not all of the subjects enrolled were included in the final analysis. Also, there was
one subject that did not perform laparoscopy routinely who deviated very far from the
norm. Furthermore, although 50 subjects were enrolled, 11 subjects did not return to
complete the testing due to their schedules.
3.2.1

Face Validation

Face validity is an important measure that will tell us the degree of realism of the
simulator to the actual procedure. The FLS trainer box is the standardized training tool
for laparoscopic skill training. The Virtual Basic Laparoscopic Skill Trainer
(VBLaST™) is a virtual reality-based system that will allow trainees to perform the FLS
tasks on the computer. In order to asses the face validity of VBLaST™, experiments will
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be conducted on both VBLaST™ and the FLS trainer box. The questionnaire for face
validation (shown below in Table 2.) is given to the subjects to fill up.

Sample questionnaire for Face Validation.

Please rate each questions by circling a number. For all the questions the numbers
corresponds to
ÅÆ Very realistic / Useful
Not realistic/ useful
1
2
3
4
5
1 - Degree of overall “realism” to movements of actual 1
laparoscopic surgery
5
2 - Quality of force feedback
1
5
3 - Quality of images
1
5
4 “Realism” of Equipment (“realism of laparoscopic 1
instruments, trocar placement”)
5
5 - Your Trust in the Ability of this Device to Quantify
1
5

2

3

4

2

3

4

2

3

4

2

3

4

2

3

4

Table 2: Questionnaire for face validation

3.2.2

Construct Validation

In order to compare the performance of VBLaST™ and FLS trainer box, subjective
ratings on each of the parameters given by the subjects are compared using a two-tailed
Mann-Whitney exact U-test. This test will be performed by selecting the twoindependent samples test under non-parametric test option. The scores will be the test
variables and the type of the simulator (VBLaST™/FLS trainer box) will be the group
variable. P < 0.05 will be considered significant. We will drop the cases that correspond
to the missing data during the analysis.
For construct validity, descriptive statistics were obtained from the normalized
individual and total scores for both VBLaST™ and FLS. An independent samples t-test
was used to compare the difference in the means between the novice and the expert
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groups for both VBLaST™ and FLS systems. Spearman correlation coefficient analysis
was used to compare FLS and VBLaST™ scores.
3.2.3

Power analysis

Power analysis was performed with α=0.05 and β=0.2 with an effect size of 0.5 for the
difference between the skill levels of juniors and experts group. A total of 17 subjects
were determined as sufficient for each group to detect the difference at 80% power.

3.3 Results
3.3.1

Demographics

There were 22 novices and 17 experts who were included in the analysis. Of the experts,
the years of experience after completing residency training ranged from 0-22 years with
a total mean experience of 9.2 years. There were 27 (69.3%) men and 12 (30.7%)
women who were full participants. Of the novices, 8 (36%) were female. Of the experts,
7 (41%) were women. Five subjects (12.8%) were left-hand dominant but all were able
to utilize the endoloop that was set up on the right-sided trocar.
3.3.2

Face validity

The individual and total face validity scores are shown in Table 3. Overall, the
rating for Question 3 was the highest with a mean score of 3.95 (79%) for the two
groups combined and a mean score of 4.10 (82%) for the expert and 3.82 (76%) for the
novice group respectively. Question 4 got the next highest score with a mean value of
3.67 (74%) for the two groups combined followed by the question 1 with a mean score
of 3.17 (64%) for the two groups combined. Questions 2 and 5 had the lowest ratings
with a mean value of 2.62 (53%) and 2.81 (56%) for the two groups combined. The
Mann-Whitney U test comparing the difference of opinion between expert and novice
groups showed high p values (p > 0.3), suggesting that there is no difference of opinion
between the two groups on all the questions.
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Questionnaire

Total

Expert

Novice

Mean SD

Mean

SD

Mean

SD

M-W
U Test
p value

1. Degree of overall
“realism” to movements of
actual laparoscopic surgery

3.17

.794

3.26

0.933

3.08

.668

0.466

2. Quality of force feedback

2.62

0.882

2.57

0.768

2.65

0.982

0.883

3. Quality of images

3.95

0.909

4.10

0.809

3.82

0.984

0.370

4. “Realism” of Equipment
(“realism of laparoscopic
instruments, trocar
placement”)

3.67

0.874

3.57

0.961

3.73

0.810

0.530

5. Your Trust in the Ability
of this Device to Quantify
Accurate Measures of
Performance

2.81

0.862

2.78

0.917

2.83

0.834

0.758

Table 3: Face validity scores and Mann-Whitney U test results

3.3.3

Construct Validity

The construct validity scores and t-test results are shown in Table 4. For VBLaST™, the
overall scores show that the experts were able to finish the tasks faster and with lesser
errors compared to the novice group. The peg transfer task showed the largest difference
between the two groups (p = 0.014). This level of difference was not significant for the
ligation loop task (p = 0.327). Overall for the total combined score, the difference
between the two groups was significant (p = 0.037).
As expected, the total score for FLS tasks showed significant difference between the
two groups at p = 0.004. Among the three tasks, the pattern cutting task was the most
significant (p = 0.001) to differentiate between the expert and the novice groups for the
sample size of this study. The peg transfer task showed a difference between the two
groups at p= 0.04. Ligation loop task couldn’t differentiate between the two groups with
p = 0.383.
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Scoring Parameter

Expert

Novice

p value

Mean

SD

Mean

SD

Total Score

82.58

16.05

68.77

22.20

0.037

Peg Transfer

78.07

19.31

57.10

29.00

0.014

Ligation Loop

86.98

17.09

80.41

22.74

0.327

Total Score

69.76

13.94

49.13

27.00

0.004

Peg Transfer

80.10

14.26

68.85

17.80

0.040

Ligation Loop

74.86

17.67

67.43

38.01

0.383

Pattern Cutting

54.52

23.88

11.26

47.40

0.001

VBLaST ™

FLS

Table 4: Construct validity scores and t-test results

Spearman Correlation coefficient analysis of VBLaST™ and FLS scores show that
there is a significant correlation between the FLS and the VBLaST™ peg transfer tasks
(Spearman coefficient 0.364, p = 0.023). There was also significant correlation between
the FLS peg transfer task and the VBLaST™ total score (Spearman coefficient 0.363, p
= 0.023).
This study compares the FLS in a box trainer to an equivalent virtual reality trainer
system with haptic feedback for the three tasks: peg transfer, pattern cutting and
endoloop. VBLaST™ is considered highly realistic in portraying the FLS tasks based on
the scores (>70 %) that users provided in answer to the questions related to the quality of
images and the realism of the interface. Moreover, the movements of the virtual
instruments were also very realistic.
The construct validity results show that VBLaST™ was able to differentiate
between the expert and novice groups. Out of two tasks that were used for scoring, the
peg transfer task showed the most significant difference between the two groups.
Significant correlation between the VBLaST™ and FLS peg transfer tasks further
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reinforce that this task was best reproduced in the virtual reality version. It is also
evident that the experts were able to better adapt to the virtual reality workspace range
and motion and were able to finish the tasks much faster. For the ligation loop, larger
compliance in the interface while moving the endoloop tool complicated the positioning
of the loop. This source of error eventually made it impossible to detect any difference
between the expert and the novice groups for this task and also affected the overall total
scores.
In the next phase of the research, a better ligation loop attachment mechanism will
be developed for improved tracking while using the endoloop tool. The pattern cutting
task will also be improved to make it more realistic. The intracorporeal suturing tasks of
the FLS will be included in the next phase. The subjective feedback obtained from this
experiment will be used to further improve the performance of all the VBLaST™ tasks
for the next study.
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4. Conclusion and Future Improvements
A virtual version of FLS trainer box: VBLaST™ has been developed. Various
simulation scenarios like rigid body, soft tissue, thread-tissue interaction, needle-tissue
interaction have been dealt with successfully. To create as realistic environment as
possible interface that is close to the FLS trainer box setup has been designed and used.
Later, the tasks developed are tested for their validity as a training modality. Both face
validity and construct validity tests are performed on peg transfer and ligation loop. Peg
transfer showed that it can differentiate between proficiency levels within the statistical
significance.
Many improvements have been suggested for the existing simulator. Listed below are
the proposed improvements based on feedback from phase-1.
1. Matching physical and virtual work space: As shown in Figure 1 haptic devices
with tool handles attached is placed inside the simulator box frame. Change in the
physical placement of the haptic devices might result in shifting of the virtual
workspace. As a result tools in virtual space might not be visible. To overcome this
problem, a procedure must be incorporated in the program to calibrate the tool
positions when ever the user opts.
2. The suture base in actual FLS is a penrose drain (see Figure 8) but the one that has
been modeled for phase 1 is a base acting as a soft body. To closely mimic the FLS,
this has to be replaced by penrose drain model. Challenges include modeling the thin
rubber and its interaction with the needle and suture thread.
3. Incorporating more evaluation measures in suturing task like quality of knot,
accuracy of piercing in and out of the tissue, maximum tension exerted on the suture,
correctness of the knot.
4. The actual cloth employed in FLS pattern cutting task is stiff and is layered. While
modeling layers of cloth is a daunting task and might not make much difference in
perception, the cloth has to be made stiffer. This might require employing implicit
solvers that can take higher time steps without inducing instability.
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5. The tool interface proved to be very fragile and often break when participants apply
considerable force. The design has to be made more rugged in order to sustain rough
usage.
6. User interface that analyses the scores on-the-fly and report to the user needs to be
developed. Through this interface, the user can choose the task to practice, play back
the video of task performed, keep track of his scores and identify the skill that needs
improvement.
7. Improvement to the ergonomics of the simulator setup is needed.
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