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Abstract

A survey of 67 experienced orthopedic surgeons indicated that precise portal placement
was the most important skill in arthroscopic surgery. However, none of the currently avail-
able virtual reality simulators include simulation / training in portal placement, including hap-
tic feedback of the necessary puncture force. This study aimed to: (1) measure the in vivo
force and stiffness during a portal placement procedure in an actual operating room and (2)
implement active haptic simulation of a portal placement procedure using the measured in
vivo data. We measured the force required for port placement and the stiffness of the joint
capsule during portal placement procedures performed by an experienced arthroscopic sur-
geon. Based on the acquired mechanical property values, we developed a cable-driven
active haptic simulator designed to train the portal placement skill and evaluated the validity
of the simulated haptics. Ten patients diagnosed with rotator cuff tears were enrolled in this
experiment. The maximum peak force and joint capsule stiffness during posterior portal
placement procedures were 66.46 (+10.76N) and 2560.82(+252.92) N/m, respectively. We
then designed an active haptic simulator using the acquired data. Our cable-driven mecha-
nism structure had a friction force of 3.763 £ 0.341 N, less than 6% of the mean puncture
force. Simulator performance was evaluated by comparing the target stiffness and force
with the stiffness and force reproduced by the device. R-squared values were 0.998 for
puncture force replication and 0.902 for stiffness replication, indicating that the in vivo data
can be used to implement a realistic haptic simulator.

Introduction

Since the 1990s, minimally invasive surgery (MIS), such as arthroscopy, endoscopy, and lapa-
roscopy, has become an important surgical modality. In orthopedic surgery, arthroscopic sur-
gery is now the treatment of choice for surgical management of intra-articular lesions [1].
Because minimally invasive surgical techniques make use of small entry portals to approach
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the lesion, arthroscopy can offer better surgical outcomes in terms of reduced pain, potential
complications, lower risk of infection, and more rapid recovery compared to open surgery [2,
3]. Despite these advantages, it is technically difficult for various orthopedic simulators,
including synthetic models, virtual reality (VR) simulators, and human cadaveric specimens,
to achieve an environment suitable for repetitive and realistic practice of surgical procedures
[4]. Synthetic models replicate the anatomical structure with hard plastic and flexible rubber,
but cannot be reused and have a limited number of pathologic conditions that can be simu-
lated. VR simulators are technologically advanced and can allow for extensive repetition of the
surgical procedure, but they are expensive (USD $110,000 -$167,000) [5]. Human cadaveric
specimens are also expensive (USD $930 -$1,510) [1] and are not reusable. However, orthope-
dic surgeons and residents have previously ranked cadaveric specimens as the best option for
practice surgeries, because they offer a high-fidelity simulation model, compared to a VR sim-
ulator [1, 6]. The high fidelity of cadaveric specimens is primarily dependent on the realistic
simulation environment and the presence of realistic sensory feedback.

Although training with cadaveric specimens is popular, there are several drawbacks. The
sensory feedback may be unnaturally rigid, depending on the preparation of the specimen [7]
and there are limited opportunities for practice. According to a survey that estimated the num-
ber of repetitions necessary to achieve minimal proficiency in MIS, shoulder arthroscopy
required at least 23 repetitions for minimum proficiency [8]. Furthermore, the stakes are high
and surgeons are expected to perform the procedure perfectly every time they operate on a
patient, including the first time they have performed the surgery. Simulation using a cadaveric
model and/or the classic Halstead method (i.e., “See one, do one, teach one.”) cannot provide
enough opportunities for trainees to become proficient. In addition, the reduction in training
hours, public awareness of patient safety, and increased pressure for operating room efficiency
[9, 10] have led to an increased need for realistic and repeatable surgical simulators [11].

To date, practice with a laparoscopic VR simulator has been validated to be able to improve
performance in the operating room and to shorten the learning curve of surgeons [12, 13].
However, the transfer validity of an arthroscopic VR simulator, (i.e., the direct transferability
of skills from virtual simulation to the operating room), has not yet been clarified [14, 15]. To
improve the validity of an arthroscopic simulator, we examined criticisms of a currently avail-
able arthroscopic simulator. The passive haptic device (VirtaMed AG, Ziirich, Switzerland;
SKATS, University of Sheffield, Sheffield, England) which uses a synthetic knee model, showed
face validity for navigation and triangulation [16], but had low scores in terms of the tactile
sensation [17]. Although some VR simulators are equipped with an active haptic force feed-
back system, there were no VR simulators with realistic haptic feedback. The primary obstacle
for implementation of realistic haptic feedback in current simulators is the wide variety of
force characteristics intrinsic to many operations and even variability in the forces used within
stages of a single operation [18, 19]. Additionally, none of the available VR simulators incorpo-
rates training in portal placement, which is the first key skill encountered when performing
arthroscopic surgery [1]. Portal placement has been ranked the highest priority skill that resi-
dents must learn prior to performing actual surgery [20].

Therefore, in this study, we aimed to enhance a shoulder arthroscopic VR simulator
through in vivo data measurement during a portal placement procedure. Although the current
VR simulators can aid the trainee in navigation and triangulation skills [21, 22], more cost-
effective tools, such as box trainers, can also achieve the same goal without the high cost and
technology [23]. The VR simulators, which are much more expensive and technologically
advanced, must be able to provide a highly realistic environment to the trainee, including sim-
ulation of a portal placement procedure. To fulfill this goal, we acquired in vivo biomechanical
data during an actual portal placement procedure in the operating room and implemented an

PLOS ONE | https://doi.org/10.1371/journal.pone.0193736 March 1,2018 2/14


https://doi.org/10.1371/journal.pone.0193736

o @
@ : PLOS | ONE Haptic simulation of shoulder arthroscopy based on In Vivo measurement

active haptic VR force feedback system based on the in vivo data. Finally, we assessed the valid-
ity of the reproduced force and stiffness via laboratory experiments.

Materials and methods
Subjects

Ten patients undergoing arthroscopic shoulder surgery participated in the study, which was
approved by the Institutional Review Board of Samsung Changwon Medical Center to the
rules stated in the Declaration of Helsinki. Written informed consent was obtained from each
patient before surgery. This study were conducted between February 2017 and July 2017. All
participants (Mean age: 59.1 £ 6.4 y; Age range: 44-65 y; 5 female, 5 male) had a small to
medium sized complete rotator cuff tear without frozen shoulder. Passive range of motion
(ROM) tests were conducted one day before the surgery to check whether participants had fro-
zen shoulder. The criteria for excluding frozen shoulder was forward elevation less than 120°,
external rotation (with the arm at the side) less than 30°, or internal rotation at the back lower
than L3 [24]. Tear size was classified by the surgeon using the De Orio and Cofield System
[25].

In vivo data acquisition

All data acquisition was performed by a single surgeon. To acquire the mechanical property
data for the force feedback simulator, we modified an arthroscopic trocar (AR-3375-4001,
Arthrex, Naples, FL USA) by adding a force sensor and position markers between the handle
and shaft of the trocar (Fig 1). A camera (Optitrack, NaturalPoint, Corvalis, OR USA) for
detecting marker positions and a data acquisition box (NI-DAQ USB-6002, National Instru-
ment, Austin, TX USA) were installed in the operating room, distant from the surgical field
(Fig 2). The accuracy of the force sensor (i2a Systems, Daejeon, South Korea) and portable
motion camera was within 1 Newton and 1 mm, respectively. The marker positions and force
data were synchronously acquired at a sampling rate of 100 Hz.

The surgical procedure investigated was placement of a posterior portal, which is the pri-
mary entry portal for shoulder arthroscopy. As soon as the surgeon placed the trocar against

Fig 1. Modified arthroscopic trocar instrument. (al) Position markersl; (a2) Position markers2; (b) Force sensor.

https://doi.org/10.1371/journal.pone.0193736.9001
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Fig 2. In vivo data acquisition procedure. (a) Force transmission module; (b) modified arthroscopic trocar instrument.

https://doi.org/10.1371/journal.pone.0193736.9002

the shoulder capsule in the “soft spot”, specifically between the infraspinatus and teres minor
muscles, we started capturing force and marker position (trocar displacement). Data collection
continued as the surgeon advanced the modified trocar forward into the shoulder capsule, tar-
geting the coracoid process. The total travel distance of the instrument was calculated by the
sum of the dot-product of the two vectors: the norm vector along the trocar shaft and the
norm vector of the trocar movement. During the surgical procedures, the circulating nurse
recorded three times: 1) start of the procedure, 2) puncture time, and 3) end of the procedure
based on a comment from the surgeon. These times were used to confirm three phases of por-
tal placement during data analysis (Fig 3).

Patient safety was the most critical part of this experiment. Patient safety was ensured by
using a thorough sterilization procedure. All instruments that were near the surgical field were
sterilized using ethylene-oxide gas, including the force sensor and position markers. In addi-
tion, after completing a single portal placement procedure, no additional attempts at portal
placement were made. Thus, if either of the two position markers was lost to view during the
surgical procedure, the procedure could not be repeated to obtain valid in vivo displacement
data. Therefore, while obtaining the in vivo stiffness, position data was unable to be obtained
for 5 patients. The position marker(s) was hidden for a portion of time during the procedure,
either by the body of an assistant or it was covered by the surgeon’s hand, or by having the
instrument positioned in such a way that the markers were not visible to the camera during
the procedure. After surgery, no patients had any surgical complications related to the
experiment.

Post-processing of the in vivo data

After obtaining the in vivo force and marker position data, the raw data was low-pass filtered
(cut-off frequency: 5 Hz) to remove high-frequency noise. The time course of the force data
was divided into three phases (Fig 3), based on the times recorded by the circulating nurse

PLOS ONE | https://doi.org/10.1371/journal.pone.0193736 March 1,2018 4/14


https://doi.org/10.1371/journal.pone.0193736.g002
https://doi.org/10.1371/journal.pone.0193736

@° PLOS | ONE

Haptic simulation of shoulder arthroscopy based on In Vivo measurement

80—

Time-Force Graph

T

T

Yortal placement procedure

T T

60 -

B~
=)
T

Axial force(N)
T

(b) -

=20

I
1
|
1
I
!
1
1
1
1
1
|
1
1
1
|
|
|
|
1
1
|
I
|
|
1
1
1
|
|
|
1
1
1
|
|
|
|
1
1
|
|
|
|
1
L

40 L I I | | I I -
20 22 24 26 28 30 32

time(sec)

Fig 3. Phase interpretation for measuring stiffness and puncture force. Phase I represents the preparation period for placing the modified
trocar on the “soft spot”, which is located between infraspinatus and teres minor muscle.; Phase II represents the interval containing the
actual posterior portal placement procedure; Phase III represents the period after portal placement; (a) Trocar insertion point on skin
surface; (b) Set point for puncture on soft spot; (c) Puncture point, in which maximum puncture force is acquired.

https://doi.org/10.1371/journal.pone.0193736.9003

during the portal placement procedure. Phase I is the preparation period for setting the modi-
fied trocar to the shoulder joint capsule, Phase II represents the interval that contains the actual
portal placement procedure, and Phase III represents the state after puncture. Therefore, the
maximum puncture forces during the portal placement procedure were measured from the
force values at the end of Phase II. In order to find the stiffness value of the in vivo shoulder
joint capsule, we used Hooke’s law. This stiffness was replicated with a force feedback system
after the experiment, using the same law:

B(t) = kx() (1)

Where F, k, and x represent the force applied to the trocar handle, the stiffness value during
the portal placement procedure, and displacement of the instrument, respectively. We calcu-
lated the joint capsule stiffness for each patient using a least-squares linear regression model.

Implementation of active haptic force feedback

We have developed an active haptic force feedback system in which the structure is based on a
cable mechanism (Fig 4A and 4B). It can create push-and-pull forces with one servo-motor
without a cable-sagging problem. This system uses one servo-motor (APM-SA01ACN2, LS
Mecapion, Daegu, South Korea), motor-driver (Xenes XSJ-230-06, Copley Controls, Canton,
MA USA), wire cable (2047, Carl Stahl Sava Industries, Riverdale, NJ USA), two clutch bear-
ings (BHFL6, MISUMI, Tokyo, Japan), three ball bearings (6900Z2Z, MISUMI, Tokyo, Japan),
four cable reels, and four mounting structures. Each mounting structure was designed using a
3D CAD program (SolidWorks, Dassault Systémes, Vélizy-Villacoublay, France) and manu-
factured using stainless steel. While the user moves the end effector forward, the posterior
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Fig 4. Implementation of active haptic force feedback system. (A) CAD diagram for representing the cable driven
mechanism. (B) Haptic force feedback system. (a) end effector; (b) servo-motor; (c) cable reel; (d) motor driver; (e)
linear guide.

https://doi.org/10.1371/journal.pone.0193736.9004

cable reel rotates in the counterclockwise direction and the anterior cable reel rotates clock-
wise, because each cable is wound in opposite directions.

In addition, we created a virtual reality (VR) graphic environment for the shoulder joint
and trocar instrument using the 3ds Max (Autodesk, USA) and OpenGL programs. The active
haptic force feedback system was synchronized with the VR computer graphics engine (Fig 5A
and 5B). Any collision between the VR instrument and the shoulder joint capsule was detected
by the OpenGL graphics program. It calculated the distance between the trocar tip and the
shoulder joint capsule based on graphical position data. The varying position of the trocar
was detected by the encoder attached to the motor. When the user pushes the handle of the
simulator, the trocar approaches the VR shoulder joint. When the trocar hits the shoulder
joint capsule in VR, the simulator motor creates a feedback force based on the distance from
the collision point and the in vivo stiffness value. Once the force exceeds the maximum peak
puncture force for portal placement, the simulator suddenly releases the force to zero. The
stiffness is implemented by varying the force according to the travel distance of the trocar. Sys-
tem specifications are detailed in Table 1.

Evaluation of the active haptic force feedback system

To evaluate the haptic system, we carried out two laboratory experiments. First, in the haptic
simulator, minimizing friction force is important since friction force causes error between the
targeted force feedback and the real force felt by the user. To assess the magnitude of the fric-
tion force in the haptic simulator, we attached the same force sensor used for in vivo data
acquisition to the motor and evaluated the displacement using the encoder also attached to the
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Fig 5. Force feedback synchronized with virtual reality graphic environment. (A) Displacement (upper) and force
(lower) graph based on data acquired from haptic device. (B) Virtual reality graphic environment. Phase interpretation
of haptic force feedback simulation: Phase I represents the pre-puncture state for the trocar to contact the shoulder
joint capsule; Phase II shows the conflict of trocar on soft spot (a); Phase III represents the post-puncture state of portal
placement.
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motor. The experiment was conducted ten times by pushing the end-effector swiftly with the
cable attached to the handle. Afterward, the same experiment was carried out with the cable
detached from the handle to measure the friction without the cable. According to the Law of
Conservation of Energy, we assumed that all of the kinetic energy in the simulator handle and
the rotational energy in the cable reel is dissipated by the friction energy. Therefore, by sub-
tracting the two friction forces, we calculated the friction force contributed by the cable alone.
Second, to evaluate the realism of the active haptic force feedback system, we compared the
stiffness and force simulated by the haptic device with the in vivo stiffness and force values.
The force and displacement graphs over time during a simulated portal placement procedure

Table 1. Haptic force feedback device specification.

Degrees of freedom 1

Workspace 30 cm

Maximum force 137.1 Newtons
Moment of inertia (motor) 0.05* 10" Kg - m*
Moment of inertia (cable reel) 34833.32 * 10~° Kg - m*
Encoder 2,048 pulse/Rev

VR data transmission rate (Hz) 100 Hz

Materials Stainless steel

https://doi.org/10.1371/journal.pone.0193736.t001
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are shown in Fig 5A. In Fig 5B, the control force represents the desired force that the trainee
should feel and the measured force represents the actual force the trainee felt, measured using
the force-sensor attached to the handle. The displacement data were measured by the encoder
attached to the motor. With these experimental data, we measured the R-squared values of
force and stiffness replication as validation of the simulation.

Results and discussion

Maximum puncture forces for all ten patients are shown in Fig 6A. Fig 6B demonstrates the in
vivo force-displacement graph for five patients and the mean stiffness for the same five patients
during Phase II. The in vivo mechanical properties obtained during an arthroscopic portal
placement procedure are shown in Table 2. The first row shows the means and standard devia-
tions for puncture force and stiffness, which were used as the default values for the haptic force
feedback simulation. The second row shows the range of the in vivo biomechanical data
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Fig 6. Visualization of acquired in vivo data. (A) Maximum puncture force of ten patients during posterior portal
placement procedure. (B) Force-displacement plot of five patients for calculation of stiffness; (1)—(5) represents force-
displacement plot of five subjects; the solid red line represents mean stiffness.

https://doi.org/10.1371/journal.pone.0193736.9006
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obtained from ten subjects. For evaluation of the haptic force feedback, the range of puncture
force and stiffness were implemented on the haptic device so that the trainee could experience
variable patient conditions.

Prior to implementing the mechanical properties (S1 Table) on the haptic simulator, we
evaluated the performance of the haptic device itself. To evaluate the accuracy of the target
force as implemented using the haptic device, the friction force inherent in the device was
measured. The entire friction force was 3.76 (+0.341) N and the friction force of the linear
guide was 1.91 (£0.12) N. The friction force caused by the cable mechanism was 1.85 (+0.316)
N. The entire friction force, which could cause a force-control error, was less than 6% of the
mean puncture force and was smaller than the JND (just noticeable difference) of human per-
ception [26].

As an evaluation of the system, we also verified the reproduced force and stiffness during
the simulated portal placement procedure. Fig 7A and 7B show the reproduced force and stift-
ness with respect to the target puncture force and stiffness, respectively. R-squared values of
the replicated force and stiffness were 0.998 and 0.902, respectively.

This study focused on the ‘portal placement procedure’ which has been ranked as the first
priority of an arthroscopic simulator. Although no existing simulators have implemented this
procedure, haptic simulation of portal placement is one of the essential training steps for train-
ees, because the iatrogenic nerve or cartilage damage that can occur with inappropriate punc-
ture force are common and dangerous complications of arthroscopic surgery [27, 28]. Our
study is the first approach to measure simulation parameters via in vivo data acquisition in the
operating room and to use those parameters for a haptic simulator.

Realistic force feedback should be based on actual in vivo values. However, few studies have
reported the in vivo mechanical properties of biologic tissues. For example, previously pub-
lished studies have reported the in vivo mechanical properties of porcine liver and stomach
and used a parallelogram-type haptic device (PHANTOM Premium-T, SensAble Technolo-
gies, Inc., Woburn, MA USA) for force and displacement measurement and gave a ramp-and-
hold stimulus to obtain stiffness values while varying the indentation depth and stimulation
frequency [29, 30]. However, during actual surgery, this method is impractical, as it is prohibi-
tively difficult to use additional mechanical devices and to try various indentation forces dur-
ing real surgical procedures. Therefore, we modified an existing surgical instrument for force
measurement and used reflective markers for displacement measurement to allow for minimal
variation from actual surgical techniques. This enabled the sterilization of experimental instru-
ments and in vivo data collection during an actual operation.

We examined the in vivo maximum puncture force during actual portal placement proce-
dures. The maximum puncture force is a critical parameter for determining when to release
the force rapidly during haptic simulation. As a similar approach, Poddler et al. reported the
maximum in vivo puncture force of the prostate capsule with an 18-gauge needle as 5.0 N [31].
Considering that the force used during portal placement is much greater (68.8 N), it would be
more difficult to immediately release the puncture force during an actual surgical procedure.

Table 2. Mechanical properties of the portal placement procedure*.

Puncture Force (N) Stiffness (N/m)
Mean (25td.) 66.46 (£10.76) 2560.82 (£252.92)
Range of in vivo data 43.08-79.58 2301.04-2889.70

* One patient data (Patient 4 in S1 Table) was excluded in calculation of mean (+Std.) and range of in vivo data since

clear evidence of frozen shoulder (severe synovitis) was found in the arthroscopic image.

https://doi.org/10.1371/journal.pone.0193736.t002
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https://doi.org/10.1371/journal.pone.0193736.g007

For example, a novice trainee who has not previously felt the real force or stiffness of the shoul-
der joint capsule during surgery could use too much or too little force, risking complications
for patients [32]. Therefore, the in vivo measurement of the maximum puncture force plays an
important role in haptic simulation. In addition, we measured the stiffness value during the
portal placement procedure. Specifically, the stiffness was measured along the direction from
the “soft spot” to the coracoid process which is neither perpendicular nor parallel to the joint
capsule. However, in the related literature, it is difficult to find stiffness values specific to this
procedure. For example, Bey et al. has reported Young’s modulus of the middle posterior cap-
sule of the glenohumeral joint as 44.9 MPa [33]. This measurement cannot be used for the por-
tal placement procedure for the following reasons. (1) The portal placement procedure not
only involves the shoulder joint capsule but also the other soft tissues (i.e, the fascia and con-
nective tissues between the rotator cuff muscles). In our experiment, we measured the force
and displacement under the deltoid from the “soft spot,” located between the teres minor and
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infraspinatus muscles, to the puncture point of the joint capsule. (2) The angle at which the
shoulder joint capsule is punctured can vary and is often not perpendicular to the shoulder
joint, because the surgeon inserts the trocar aimed toward the coracoid process. Therefore, the
current stiffness result will be more suitable for implementing realistic portal placement simu-
lation. In addition, the in vivo stiffness measured from our experiment can be used as a refer-
ence when creating a realistic model of the shoulder joint including soft tissues and the joint
capsule.

This study includes several limitations. First, the in vivo data measured in this study is lim-
ited to patients with isolated rotator cuff tears. For patients with other combined pathologies,
such as a frozen shoulder, the in vivo forces may differ dramatically. However, the methods for
measurement of in vivo data and subsequent implementation with haptic simulation described
in this paper can be extended to include additional pathologies. Second, the haptic simulator
designed in this study was developed to reflect force in a single degree of freedom (DOF).
More realistic simulation environments could be created by implementing a full six DOFs (3
DOFs for instrument position and 3 DOFs for instrument orientation). Fortunately, currently
available VR simulators, such as the Arthro Mentor (3D Systems, Airport City, Israel) and the
ArthroSim (Touch of Life Technologies (ToLTech), Aurora, CO USA) allow for 6 DOF place-
ment of arthroscopic instruments in three dimensional space. Therefore, we chose to focus on
implementing haptic force feedback and the novel implementation of the portal placement
procedure, which typically involves linear motion. Third, the stiffness data could only be
obtained from five subjects in the current study, due to limitations related to motion capture
in the operating room environment. Patient care and sterilization considerations limited our
ability to collect duplicate trials on the same subjects. However, we chose to accept these practi-
cal limitations, given the added value of obtaining data from actual arthroscopic procedures.
Fourth, the passive ROM test could not perfectly exclude frozen shoulder verified by arthro-
scopic images. Prior to the surgery, the patients with frozen shoulder were excluded according
to the criteria based on passive ROM [24]. However, one patient who did not show frozen
shoulder by the passive ROM criteria clearly showed frozen shoulder determined by clear
synovitis in the arthroscopic image (patient 4 in S1 Table) and two might have frozen shoulder
according to the mild hyperemia in the image (patient number 2 and 8).

Proficiency at arthroscopic surgery is reached through repetition and practice. In this era of
increasing awareness of patient safety concerns and duty hour limitations, surgeons-in-train-
ing must find alternate methods for obtaining the required number of repetitions to reach
competence. Although currently available simulators for orthopedic surgery lag behind those
available to other specialties [34], this study enhances simulations of arthroscopic shoulder
surgery by adding an essential element, a simulated portal placement procedure, and by incor-
porating force feedback based on in vivo data, which should contribute to improving next-gen-
eration active haptic arthroscopic VR simulators.

Conclusions

In previous eras, the training of an orthopedic surgeon mostly depended on the apprenticeship
model. However in the modern era, due to concerns over duty hours and increased awareness
of patient safety issues, the training environment is moving away from the traditional appren-
ticeship model [35, 36]. Particularly due to limitations on duty hours, modern training envi-
ronments must rely on computer simulation (e.g., VR simulators) as essential training tools.
This study enhances currently available simulations of arthroscopic shoulder surgery by add-
ing an essential element, a simulated portal placement procedure, and by incorporating force
feedback based on in vivo data.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193736 March 1,2018 11/14


https://doi.org/10.1371/journal.pone.0193736

@° PLOS | ONE

Haptic simulation of shoulder arthroscopy based on In Vivo measurement

Supporting information

S1 Table. Patient characteristics and acquired in vivo data.
(XLSX)

Acknowledgments

In performing our research, we had to take the help of some respected persons, who deserve
our greatest gratitude. We would like to show our gratitude physician assistance (Mr. Jung
Minkyu), rounding nurses in department of orthopaedic surgery, Samsung Changwon Hospi-
tal, for giving us a great support when we acquire the in vivo data in operating room.

Author Contributions

Conceptualization: Hyung-Soon Park.

Data curation: Sanghoon Chae, Sung-Weon Jung.
Formal analysis: Sanghoon Chae.

Funding acquisition: Hyung-Soon Park.
Investigation: Sung-Weon Jung.

Methodology: Sanghoon Chae, Hyung-Soon Park.
Project administration: Hyung-Soon Park.
Resources: Hyung-Soon Park.

Software: Sanghoon Chae.

Supervision: Hyung-Soon Park.

Validation: Sanghoon Chae.

Visualization: Sanghoon Chae.

Writing - original draft: Sanghoon Chae.
Writing - review & editing: Sanghoon Chae, Sung-Weon Jung, Hyung-Soon Park.

References
1. Randelli P, Cabitza F, Ragone V, Compagnoni R, Akhtar K, editors. Effective Training of Arthroscopic
Skills. Springer Berlin Heidelberg; 2015.
2. BuessE, Steuber K-U, Waibl B. Open versus arthroscopic rotator cuff repair: a comparative view of 96
cases. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2005; 21(5):597—604.

3. Nho SJ, Shindle MK, Sherman SL, Freedman KB, Lyman S, MacGillivray JD. Systematic review of
arthroscopic rotator cuff repair and mini-open rotator cuff repair. JBJS. 2007; 89(suppl_3):127-36.

4. Guttmann D, Graham RD, MacLennan MJ, Lubowitz JH. Arthroscopic rotator cuff repair: the learning
curve. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2005; 21(4):394—400.

5. Gandhi MJ, Anderton MJ, Funk L. Arthroscopic Skills Acquisition Tools: An Online Simulator for Arthros-
copy Training. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2015; 31(9):1671-9.

6. Mabrey JD, Gillogly SD, Kasser JR, Sweeney HJ, Zarins B, Mevis H, et al. Virtual reality simulation of
arthroscopy of the knee. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2002; 18(6):1-7.

7. Madan SS, Pai DR. Role of simulation in arthroscopy training. Simulation in Healthcare. 2014; 9
(2):127-35. https://doi.org/10.1097/SIH.0b013e3182a86165 PMID: 24096921

8. O'Neill PJ, Cosgarea AJ, Freedman JA, Queale WS, McFarland EG. Arthroscopic proficiency: a survey
of orthopaedic sports medicine fellowship directors and orthopaedic surgery department chairs.
Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2002; 18(7):795-800.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193736 March 1,2018 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193736.s001
https://doi.org/10.1097/SIH.0b013e3182a86165
http://www.ncbi.nlm.nih.gov/pubmed/24096921
https://doi.org/10.1371/journal.pone.0193736

@° PLOS | ONE

Haptic simulation of shoulder arthroscopy based on In Vivo measurement

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Philibert I, Friedmann P, Williams WT. New requirements for resident duty hours. Jama. 2002; 288
(9):1112—4. PMID: 12204081

Morris PJ, Leaman AM, Goodman NW, Reilly DT, Coonar AS, Ovens L, et al. No time to train the sur-
geons. British Medical Journal. 2004:1133—4.

Kneebone R, Aggarwal R. Surgical training using simulation. British Medical Journal Publishing Group;
2009.

Aggarwal R, Balasundaram |, Darzi A. Training opportunities and the role of virtual reality simulation in
acquisition of basic laparoscopic skills. Journal of Surgical Research. 2008; 145(1):80-6. https://doi.
org/10.1016/}.jss.2007.04.027 PMID: 17936796

Seymour NE, Gallagher AG, Roman SA, O’brien MK, Bansal VK, Andersen DK, et al. Virtual reality train-
ing improves operating room performance: results of a randomized, double-blinded study. Annals of sur-
gery. 2002; 236(4):458—64. https://doi.org/10.1097/01.SLA.0000028969.51489.B4 PMID: 12368674

Aim F, Lonjon G, Hannouche D, Nizard R. Effectiveness of Virtual Reality Training in Orthopaedic Sur-
gery. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2016; 32(1):224-32.

Frank RM, Erickson B, Frank JM, Bush-Joseph CA, Bach BR, Cole BJ, et al. Utility of modern arthro-
scopic simulator training models. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2014;
30(1):121-33.

McCarthy AD, Moody L, Waterworth AR, Bickerstaff DR. Passive haptics in a knee arthroscopy simula-
tor: is it valid for core skills training? Clinical orthopaedics and related research. 2006; 442:13-20.
PMID: 16394733

Fucentese SF, Rahm S, Wieser K, Spillmann J, Harders M, Koch PP. Evaluation of a virtual-reality-
based simulator using passive haptic feedback for knee arthroscopy. Knee Surgery, Sports Traumatol-
ogy, Arthroscopy. 2015; 23(4):1077-85. https://doi.org/10.1007/s00167-014-2888-6 PMID: 24519617

Dankelman J. Surgical simulator design and development. World journal of surgery. 2008; 32(2):149—
55. https://doi.org/10.1007/s00268-007-9150-z PMID: 17653587

Ward J, Wills D, Sherman K, Mohsen A. The development of an arthroscopic surgical simulator with
haptic feedback. Future Generation Computer Systems. 1998; 14(3):243-51.

Hui Y, Safir O, Dubrowski A, Carnahan H. What skills should simulation training in arthroscopy teach
residents? A focus on resident input. International journal of computer assisted radiology and surgery.
2013; 8(6):945-53. https://doi.org/10.1007/s11548-013-0833-7 PMID: 23535939

Andersen C, Winding TN, Vesterby MS. Development of simulated arthroscopic skills: A randomized
trial of virtual-reality training of 21 orthopedic surgeons. Acta orthopaedica. 2011; 82(1):90-5. https:/
doi.org/10.3109/17453674.2011.552776 PMID: 21281257

Pedowitz RA, Esch J, Snyder S. Evaluation of a virtual reality simulator for arthroscopy skills develop-
ment. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2002; 18(6):1-6.

Colaco HB, Hughes K, Pearse E, Arnander M, Tennent D. Construct Validity, Assessment of the Learn-
ing Curve, and Experience of Using a Low-Cost Arthroscopic Surgical Simulator. J Surg Educ. 2017; 74
(1):47-54. https://doi.org/10.1016/j.jsurg.2016.07.006 PMID: 27720405

Oh JH, Kim SH, Lee HK, Jo KH, Bin SW, Gong HS. Moderate preoperative shoulder stiffness does not
alter the clinical outcome of rotator cuff repair with arthroscopic release and manipulation. Arthroscopy:
The Journal of Arthroscopic & Related Surgery. 2008; 24(9):983-91.

DeOrio J, Cofield RH. Results of a second attempt at surgical repair of a failed initial rotator-cuff repair.
J Bone Joint Surg Am. 1984; 66(4):563—7. PMID: 6707035

Allin S, Matsuoka Y, Klatzky R, editors. Measuring just noticeable differences for haptic force feedback:
implications for rehabilitation. Haptic Interfaces for Virtual Environment and Teleoperator Systems,
2002 HAPTICS 2002 Proceedings 10th Symposium on; 2002: IEEE.

Nottage W. Arthroscopic portals: anatomy at risk. The Orthopedic clinics of North America. 1993; 24
(1):19-26. PMID: 8421611

Stanish WD, Peterson DC. Shoulder arthroscopy and nerve injury: pitfalls and prevention. Arthroscopy:
The Journal of Arthroscopic & Related Surgery. 1995; 11(4):458-66.

Tay BK, Kim J, Srinivasan MA. In vivo mechanical behavior of intra-abdominal organs. IEEE Transac-
tions on Biomedical Engineering. 2006; 53(11):2129-38. https://doi.org/10.1109/TBME.2006.879474
PMID: 17073317

Lim Y-J, Deo D, Singh TP, Jones DB, De S. In situ measurement and modeling of biomechanical
response of human cadaveric soft tissues for physics-based surgical simulation. Surgical endoscopy.
2009; 23(6):1298-307. https://doi.org/10.1007/s00464-008-0154-z PMID: 18813984

Podder T, Clark D, Sherman J, Fuller D, Messing E, Rubens D, et al. In vivo motion and force measure-
ment of surgical needle intervention during prostate brachytherapy. Med Phys. 2006; 33(8):2915-22.
https://doi.org/10.1118/1.2218061 PMID: 16964869

PLOS ONE | https://doi.org/10.1371/journal.pone.0193736 March 1,2018 13/14


http://www.ncbi.nlm.nih.gov/pubmed/12204081
https://doi.org/10.1016/j.jss.2007.04.027
https://doi.org/10.1016/j.jss.2007.04.027
http://www.ncbi.nlm.nih.gov/pubmed/17936796
https://doi.org/10.1097/01.SLA.0000028969.51489.B4
http://www.ncbi.nlm.nih.gov/pubmed/12368674
http://www.ncbi.nlm.nih.gov/pubmed/16394733
https://doi.org/10.1007/s00167-014-2888-6
http://www.ncbi.nlm.nih.gov/pubmed/24519617
https://doi.org/10.1007/s00268-007-9150-z
http://www.ncbi.nlm.nih.gov/pubmed/17653587
https://doi.org/10.1007/s11548-013-0833-7
http://www.ncbi.nlm.nih.gov/pubmed/23535939
https://doi.org/10.3109/17453674.2011.552776
https://doi.org/10.3109/17453674.2011.552776
http://www.ncbi.nlm.nih.gov/pubmed/21281257
https://doi.org/10.1016/j.jsurg.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27720405
http://www.ncbi.nlm.nih.gov/pubmed/6707035
http://www.ncbi.nlm.nih.gov/pubmed/8421611
https://doi.org/10.1109/TBME.2006.879474
http://www.ncbi.nlm.nih.gov/pubmed/17073317
https://doi.org/10.1007/s00464-008-0154-z
http://www.ncbi.nlm.nih.gov/pubmed/18813984
https://doi.org/10.1118/1.2218061
http://www.ncbi.nlm.nih.gov/pubmed/16964869
https://doi.org/10.1371/journal.pone.0193736

@° PLOS | ONE

Haptic simulation of shoulder arthroscopy based on In Vivo measurement

32.

33.

34.

35.

36.

Meyer M, Graveleau N, Hardy P, Landreau P. Anatomic risks of shoulder arthroscopy portals: anatomic
cadaveric study of 12 portals. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2007; 23
(5):529-36.

Bey MJ, Hunter SA, Kilambi N, Butler DL, Lindenfeld TN. Structural and mechanical properties of the
glenohumeral joint posterior capsule. Journal of Shoulder and Elbow Surgery. 2005; 14(2):201-6.
https://doi.org/10.1016/j.jse.2004.06.016 PMID: 15789015

Thomas GW, Johns BD, Marsh JL, Anderson DD. A review of the role of simulation in developing and
assessing orthopaedic surgical skills. The lowa orthopaedic journal. 2014; 34:181. PMID: 25328480

Donaldson MS, Corrigan JM, Kohn LT. To err is human: building a safer health system: National Acad-
emies Press; 2000.

Motola I, Devine LA, Chung HS, Sullivan JE, Issenberg SB. Simulation in healthcare education: A best
evidence practical guide. AMEE Guide No. 82. Medical Teacher. 2013; 35(10):E1511-E30. https://doi.
org/10.3109/0142159X.2013.818632 PMID: 23941678

PLOS ONE | https://doi.org/10.1371/journal.pone.0193736 March 1,2018 14/14


https://doi.org/10.1016/j.jse.2004.06.016
http://www.ncbi.nlm.nih.gov/pubmed/15789015
http://www.ncbi.nlm.nih.gov/pubmed/25328480
https://doi.org/10.3109/0142159X.2013.818632
https://doi.org/10.3109/0142159X.2013.818632
http://www.ncbi.nlm.nih.gov/pubmed/23941678
https://doi.org/10.1371/journal.pone.0193736

