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Abstract—When a tumour is found on the mandible, fibula free-flap
mandibular reconstruction is often performed where the cancerous area
is removed and replaced with the patient’s bone from the fibula and soft
tissue from the calf. Fibula bone segments used to reconstruct the
mandible must closely match the removed sections of the mandible to
ensure the optimal surgical outcome. In the current practice, surgical
design and simulation of the reconstruction based on medical imaging
data, 3D planning, and rapid-prototyped surgical guides ensure that the
surgical plan is accurately followed in the operating room (OR).
However, rapid prototyped guides are time-consuming to manufacture.
As an alternative, haptic virtual fixtures can be used in surgery to
constrain surgical tools to predefined regions or trajectories. The
resulting haptic assistance can guide surgeons during fibula
segmentation to ensure that fibula osteotomies are segments that
correspond to the mandible resection according to the reconstruction
surgical plan. In this paper, the feasibility and repeatability of using
virtual haptic fixtures were tested experimentally on rapid prototyped
fibula models. A haptics-enabled robotic system was used to guide
participants’ hands to the correct position and orientation in space
according to the surgical plan using haptic feedback. The results based
on ten participants cutting fibula replicas suggest that the accuracy
achieved with the system was 3.7mm. Improvement in the registration
process and registration accuracy, extended reach of the robot arms, and
more intuitive virtual fixtures would be required before adoption for
clinical use. However, this paper illustrates a workflow for integrating
haptic feedback into the fibula mandible reconstruction procedure,
identifies obstacles related to clinical implementation, and demonstrates
how haptic feedback can be used as a guidance method to assist users
complete fibula osteotomies.

Index Terms—Cognitive human-robot interaction, Haptics and
haptic interfaces, Human factors and human-in -the-loop, Human
performance augmentation, Medical robots and systems, Surgical
robotics: planning,

I. INTRODUCTION

ead and neck cancer has a devastating impact on a patient’s quality of

life. When a tumour is found on the mandible (lower jaw), the tumour

and affected tissues on the mandible are surgically removed, and a
fibula bone segment and soft tissue from the calf are used to reconstruct the
mandible [1,2]. This is a complicated surgery that needs to be performed
accurately to provide the patient with an optimal functional outcome
following surgery [3].

Surgical design and simulation is a process that allows surgeons to
examine the patient's anatomy and walk through a surgery digitally in
preparation for the actual procedure [3-5]. Patient-specific anatomical
models, cutting and drilling guides, and reconstruction templates allow the
surgical team to translate the virtual pre-surgical plan into the operating room
accurately and effectively, improving the functional outcomes compared to
freehand surgery [3-7]. However, producing physical medical models and
surgical guides for mandible reconstruction surgery can be time-consuming
— in fact, 3D printing surgical guides sometimes takes up to 50 hours. Once
printed, the surgical guides cannot be modified or adjusted. Changes to the
surgical plan may not be accommodated due to time, material and equipment
constraints.

In this study, we explored the possibility of using haptic virtual fixtures as
software-generated physical constraints to perform fibula osteotomies. By
implementing forbidden-region virtual fixtures in fibula osteotomies, the saw

blade attached to a robot and co-manipulated by both the robot and a human
operator was guided into position as defined by the surgical plan. The largest
advantage that virtual fixtures provide over template-based surgery is the
opportunity to re-plan or adjust the surgery, even intra-operatively, without
the need to fabricate new physical cutting, drilling and reconstruction guides.
Such last-minute changes to the surgical plan may be necessary due to the
growth of the cancerous area. Other benefits of virtual fixtures versus 3D-
printed guides include time and cost savings due to the elimination of the
need for 3D printing and sterilization of physical surgical guides. Haptic
virtual fixtures can potentially provide the same high level of precision as
rapid prototyped cutting and drilling guides without the long production time.

Collaboration between a surgeon and robot combines the mental abilities
of a surgeon and the electromechanical abilities of a robot (e.g., high
geometrical precision, repeatability, and accuracy), providing the patient with
the benefits of both modalities to complete tasks with greater precision and
reliability [8]. The purpose of a collaborative robot is not to replace the
surgeon but to augment the surgeon’s skill by enhancing the surgeon’s
dexterity and manipulability [9]. The surgeon remains in control of decision
making, task advancement and gross positioning of the surgical instrument
while the robot acts as a ‘smart tool’ to assist the surgeon by finely
positioning or constraining the movement of a surgical instrument within a
predefined pathway [10].

Haptic virtual fixtures rely on robot control software codes to guide
motion along a desired path or prevent movement into a forbidden region to
provide constraints for safety-critical procedures [8,11]. Haptic virtual
fixtures have been explored as a means to provide guidance for many clinical
interventions including skull base brachytherapy seed placement [9], vein
tracing and membrane peeling in eye phantoms [12], total knee arthroplasty
[13,14], craniofacial osteotomies [15, 16], endoscopic sinus surgery [17], and
cardiac surgery [18]. Virtual haptic fixtures have been shown to increase the
accuracy and safety of clinical procedures.

Our aim is to evaluate the feasibility and repeatability of using haptic
virtual fixtures to assist participants to perform fibula osteotomies for fibula
mandible reconstruction. Previous work has examined the possibility of using
autonomous and teleoperation systems for fibula mandibular reconstructions
with promising results [11,19, 20]. However, the greater the autonomy of a
surgical robot, the greater the risk of injury in the case of system instability
[9]. A fully-autonomous surgical robot operating within a dynamic operating
room (OR) may be unable to interpret and respond to changes in the
environment as competently as a surgeon [21]. A surgeon is capable of
understanding the requirements of a patient and the surgical procedure and
reacting to unexpected obstacles or uncertainties quickly based on years of
training [21]. Discussions regarding collaborative robot-assisted surgery
often centre around the balance between automation and surgeon control in
such a way that patient safety and surgical outcomes are maximized [9].
Consequently, instead of a fully-autonomous robotic system, we developed a
co-manipulated haptics-enabled robotic system that allows the participant to
remain in control of the most safety-critical part of the procedure, the cutting,
while the most accuracy-critical aspect of the procedure, the positioning and
orienting the saw blade in the planned cutting plane, is delegated to the
machine (i.e., the haptics-enabled robotic system).

II. PROPOSED HAPTIC GUIDANCE SURGICAL WORKFLOW

The goal of the haptics-enabled robotic system is to provide
haptic assistance to the surgeon to help the surgeon in positioning and
orienting the saw blade according to the surgical plan, when performing
osteotomies. The proposed haptic assistance is contrasted to two common
surgical workflows and schematically visualized in the flowcharts in Fig. 1.



In the freehand surgery, computed tomography (CT) data is available for
visual inspection and the mandible resection and fibula harvesting are done
without guidance. In a template-guided surgery, CT data is used to create
digital models of the patient’s bony anatomy and a digital patient-specific
surgical plan including cutting planes. A surgical toolkit is 3D printed and
includes models of mandible and fibula, mandible and fibula cutting guides,
and a reconstruction/transfer template to guide the assembly and positioning
of the reconstruction [3,22]. Clinicians at the Institute for Reconstructive
Sciences in Medicine (iRSM) have pioneered template-guided surgery for
fibula mandible reconstruction. Currently, image-guided surgical navigation
offers the opportunity to precisely locate points in the skeletal anatomy and
to depict osteotomy lines and implant positions. The navigation systems are
capable of providing real-time and dynamic visual feedback to the surgeon
by registering the navigation probe to the medical imaging data (e.g., CT
scans). However, angular positioning is difficult to follow based on the
multiplanar view offered by navigation systems. In contrast, a haptic
guidance system coupled with a surgical navigation system has the potential
of facilitating the positioning of the instruments. In Fig 1, the right-most
column shows the proposed way of substituting the 3D-printed templates
with virtual fixtures. The following paragraphs will describe the details of the
envisioned haptic assistance system as part of a virtual surgical guidance
system. However, for evaluation, a reduced system will be used to just assist
in fibula segmentation and not mandible resection or fibula mandible
reconstruction.
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Fig. 1. The workflow of implementing haptic guidance

A. Preoperative Haptic System set up and Registration

A preoperative CT scan will be taken of the patient’s mandible and fibula and
used to generate digital standard tessellation language (STL) models of the
patient’s relevant anatomy; STL 1is the standard file format for
communicating surgical plans. Surgical planning and simulation techniques
are then used to create a surgical plan to reconstruct the mandible using the
fibula as shown in Fig. 1 [3,4]. Planes are used to indicate where cuts will be
made to segment the fibula. Fibula cutting planes are exported as STL file
format from the surgical planning software. To identify these planes once
they are uploaded into the control software for the robotic system, human
interaction is necessary to pre-program the planes in the system before the
surgery. Refer to Fig 2.

B. Haptic Feedback

Haptic feedback was delivered for orientation of the robot arm to ensure
the correct orientation of the blade to the cutting planes. Tactile forces
applied to the robot arm make it difficult for the human operator to overpower
the haptic feedback and hold the blade in the incorrect orientation. A torque
vector was applied by the robot to the user’s hand in order to orient the saw
connected to the robot end-effector parallel to the segmenting plane. The

amount of torque applied is linearly proportional to the difference between
the desired angles and the actual angles of the robot arm. £ is a gain that can
be adjusted to create stiffer or softer virtual fixtures. The gain, k, was set to
10. The & gain was set high so that it would be difficult to change the
orientation of the blade away from the target orientation while avoiding
system instability.
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Fig. 2. The workflow of implementing haptic guidance for the surgeon

Haptic guidance forces were also applied to correct for the position of the
surgical instrument relative to the fibula. A gentle force vector guided the
controller to the position of the active cutting plane while the orientation of
the blade was constrained. The design for the position-correcting haptic
guidance was according to an attracting target plane model: The force
applied was inversely proportional in magnitude to the distance from the
target plane and directed towards the plane (parallel to the normal of the
plane). As the blade came within 0.5 mm of the target plane, the force applied
to the arm was turned off to avoid chattering around the desired position. The
magnitude was scaled so that the translational forces never exceeded 2.5N in
any direction. A torque of at most 0.3Nm was applied to the robot arm to
keep the blade oriented parallel to the cutting plane.
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Experiments

C. Experimental Setup

The haptic assistance system used for this study was implemented using a
high-definition HD-haptics-enabled robot (Quanser, Inc., Markham, Ontario,
Canada) that is controlled in the Quarc/MATLAB software environment.
This robot provides haptic feedback in all 6 degrees of freedom (DOF). A
Synthes electric pen drive including an oscillating surgical saw (Du Puy
Synthes, Switzerland) was attached to the robot using custom 3D-printed
attachments; see Fig. 3. 3D-printed saw attachments allowed the saw blade
to extend beyond the end of the robot wand so that the robot wand did not
impede the movement of the saw during the fibula osteotomy as seen in Fig.
3. Since the HD? gives the position of the middle of the wand, a frame
transformation was needed to find the position of the saw blade tip. The
distance between the two frames was measured using callipers and the
rotation matrix was found using the Euler angles of the wand reported by the
haptic device.

For mandible reconstruction, up to four segments of fibula may be used
depending on the dimensions and shape of the mandible defect. For the
evaluation of the present system, the surgical plan was designed to simulate
a realistic surgical plan; fibula segments were planned to be longer than 20
mm with the first cut 90 mm from the distal end of the fibula according to the
clinical requirements for this procedure. The fibula cutting surgical plan is
shown in Fig 4. (a). The first fibula segment was 24mm in length, the second
segment was 28.5 mm in length, the third segment was 24.9 mm in length,
and the fourth segment was 31.5 mm in length. The digital STL model of the
fibula used to 3D print a physical fibula model was created using CT scan
imaging data of a real patient fibula; a waiver form was obtained to use CT
scan imaging data to create the fibula models used in this study. Fibula
models were printed in a standard white resin (Formlabs Inc., Sommerville,
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Fig. 4 (a) Fibula with cutting planes

Fig. 4 (b) Fibula segment measurements

Fig. 4 (c) Hausdorff heat map comparing longest and shortest
lengths of each fibula

Massachusetts, United States of America) using a Form2 3D printer
(Formlabs Inc., Sommerville, Massachusetts, United States of America).

The 3D printed fibula models were placed in a fibula holder that was
affixed to the table in an orientation parallel to the x-axis of the haptic device.
Manual and visual measurements were taken to rotate the STL about the x-
axis so that the orientation of the digital STL file matched that of the 3D
printed model in reality; this rotation was also applied to the segmenting
plane locations. Since the orientation of the 3D printed model matched
between the 3D model of the surgical plan, an identity rotation matrix was
assumed for the coordinate transformation between the surgical fibula model
{F} and robot coordinate system {R}, refer to Fig. 5. This simplifying
assumption was made to facilitate in the registration process where

unconstrained registration resulted in errors due to the almost cylindrical
shape of the fibula. Since the purpose of this study was to evaluate how
closely the participants were able to follow the cutting plan, the registration
was partly hard-coded in the experimental setup.

The translation between the STL file and rapid prototyped model was
empirically defined by locating three points in both the real world and the
STL coordinate systems {C}, as defined in the robot coordinates {R}, refer
to Fig. 5. The translation between the STL {C} coordinates and the robot
coordinates {R} is taken to be the translation for the first registration point.
The measurements form the other points were used to verify the correct
orientation. The standard deviation for multiple contact points between the
saw blade tip and the 3D printed fibula was 1.3mm in the z-axis, reflecting
the inaccuracies in the registration process.
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Fig. 5. Coordinate systems involved in fibula registration
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D. Experimental Protocol

Ten participants were recruited. Every participant gave written consent
after being informed about the study in line with the Declaration of Helsinki.
The experimental procedure was approved by the University of Alberta
Health Research Ethics Board under study ID Pro0008298. The participants
were trained in using the oscillating saw and the haptic system was described
to them. The participants had varying degrees of experience in surgery; four
participants were familiar with mandible reconstruction surgery of whom one
was a surgical resident while the other six participants had no surgical
experience and were unfamiliar with the procedure. The participants used the
haptics-enabled robotic system and a digital surgical cutting plan to complete
eight osteotomies on 3D-printed fibula models, creating four fibula segments
each. Each participant completed the fibula osteotomies using the same 3D-
printed fibula model, surgical plan, and haptic virtual fixtures. When
performing the fibula osteotomy with haptic assistance, participants were
given a set of instructions for using the haptic assistance system and the
surgical saw.

Results and Analysis

E. Fibula Segment Measurements

The fibula segments created by the participants were collected and
measured using digital calipers Fig 4 (b). The longest and shortest lengths of
each fibula segment were measured and recorded. The recorded lengths were
analyzed using mixed effects modelling [23]. Mixed effect models are used
to analyze fixed and random effects in the same model; for this study, we
analyzed the lengths of the fibula segments as well as the differences between
participants. Lengths were the dependent variables, the segments were fixed
effects and the participants had random intercepts. The residual error was 3.7
mm, reflecting the accuracy of the haptic system to guide participants to
complete fibula osteotomies. The standard deviation between random
intercepts was 2.0 mm, indicating the variability between participants.

F. Digital Visual Presentation

The fibula segments that were most extreme in terms of length were
scanned using a 3D surface scanner (Shapegrabber Inc., Ottawa, Ontario,
Canada) to visualize the variation in fibula segments created by the
participants see Fig. 4 (c). The digital STL files generated from the surface
scan were superimposed over each other to create a Hausdorff surface map
or “heat map” using Geomagic Control (3DSystems Inc., Rock Hill, South
Carolina, United States of America) to visually compare the most extreme
differences of the fibula segments. The heat map was used as a simple visual



illustration rather than a measurement method. Fig. 4 (c) shows how the
longest and shortest fibula segments were digitally superimposed over each
other. The grey area indicates that there is no correspondence between the
superimposed segments because one is shorter than the other, the coloured
area indicates where the segments correspond. Green illustrates where the
segments are closely matched while blue and red illustrate where the
segments deviate from each other.

III. DISCUSSION

Haptic virtual fixtures were created to support fibula osteotomies for
mandible reconstruction surgery. The haptic robotic system and virtual
fixtures developed for this study were suitable tools to support the surgical
saw, access the fibula and register the fibula to the system, and guide the user
to the position of the fibula segmenting planes.

The residual error was 3.7 mm, reflecting the accuracy of the haptic
system to guide participants to complete fibula osteotomies. The standard
deviation between random intercepts was 2.0 mm, indicating the variability
between participants. Differences between the fibula segment lengths created
by the participants using haptic assistance may be attributed to registration
errors. Since this bench-top study did not use any registration posts, any
movement of the fibula holder during the bench top study would create errors
in the fibula registration which would impact fibula segment length.

The requirements of a clinical workspace prevent the haptic system used
in this study from being transferred to the operating room (OR). In the future,
our research will address the following limitations. The HD? haptic device-
based setup and position relative to the surgeon is not the best for use in a
sterile field; the limited workspace of the HD? poses a barrier to patient access
in the OR. Haptic feedback alone is not enough to guide the surgeon; audible
guidance, such as a detractor sound when the saw blade is not in the position
of the segmenting plane, and a pleasant sound that would indicate when the
saw blade is in the segmenting plane is desirable. A robot with better
transferability to the OR is needed for future studies.

IV. CONCLUSION

In this study, 10 participants completed 8 fibula osteotomies on 3D-
printed models with haptic assistance. The results show that the haptic virtual
fixtures used for this study were suitable to operate a surgical saw, access and
register the fibula to the system. The accuracy of the system is not yet
sufficient for clinical use; however, this is a first step towards guiding fibula
osteotomies using haptic virtual fixtures. This study showed the feasibility of
the proposed idea through proof of concept experimentation. Future work
will focus on clinical translation.

ACKNOWLEDGMENT

The authors would like to express their gratitude towards Jumana Joury
for assistance with data collection, Dylan Scott for assistance 3D printing the
anatomical fibula models used in this study and writing a Covenant Health
Research Centre Grant, Synthes for donating the electric pen drive surgical
tool for use in this study, and to Suresh Nayar for allowing us to access a
fibula holder. This research was supported by the Canada Foundation for
Innovation (CFI) under grant LOF 28241 and the Alberta Innovation and
Advanced Education Ministry under Small Equipment Grant RCP-12-021
awarded to Mahdi Tavakoli. This research was supported by a Covenant
Health Research Centre Grant study#13680 awarded to Daniel Aalto.

REFERENCES

[1] Hidalgo DA. Free Fibula Flap: A New Method of Mandible
Reconstruction. Plast Reconstr Surg. 1988;84(1):71-9.

[2] Wallace CG, Chang Y-M, Tsai C-Y, Wei F-C. Harnessing the Potential
of the Free Fibula Osteoseptocutanecous Flap in Mandible
Reconstruction. Plast Reconstr Surg [Internet]. 2010;125(1):305-14.

[3] Logan H, Wolfaardt J, Boulanger P, Hodgetts B, Seikaly H.
Exploratory benchtop study evaluating the use of surgical design and
simulation in fibula free flap mandibular reconstruction. J Otolaryngol
- Head Neck Surg. 2013;42(JUNE):1.

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

Rohner D, Guijarro-Martinez R, Bucher P, Hammer B. Importance of
patient-specific intraoperative guides in complex maxillofacial
reconstruction. J Cranio-Maxillofacial Surg [Internet].
2013;41(5):382-90.

Roser SM, Ramachandra S, Blair H, Grist W, Carlson GW, Christensen
AM, et al. The accuracy of virtual surgical planning in free fibula
mandibular reconstruction: Comparison of planned and final results. J
Oral Maxillofac Surg. 2010;68(11):2824-32.

Hirsch DL, Garfein ES, Christensen AM, Weimer KA, Saddeh PB,
Levine JP. Use of Computer-Aided Design and Computer-Aided
Manufacturing to Produce Orthognathically Ideal Surgical Outcomes:
A Paradigm Shift in Head and Neck Reconstruction. J Oral Maxillofac
Surg [Internet]. 2009;67(10):2115-22.

Papadopoulos-Nydam G, Wolfaardt J, Seikaly H, O’Connell D, Harris
JR, Osswald M, et al. International Journal of Maxillofacial Prosthetics
(1 JMP ) Comparison of speech and resonance outcomes across three
methods of treatment for maxillary defects. Int J Maxillofac Prosthetics.
2017;2-8.

Carriere J, Khadem M, Rossa C, Usmani N, Sloboda R. Surgeon-in-
the-Loop 3-D Needle Steering Through Ultrasound-Guided Feedback
Control. IEEE Robot Autom Lett. 2018;3(1):469-76.

Rossa C, Tavakoli M. Issues in Closed-Loop Needle Steering. Control
Eng Pract. 2017;62(March):246-9.

Restrepo S, Raiola G, Chevalier P, Lamy X, Sidobre D. Iterative Virtual
Guides Programming for Human-Robot Comanipulation. IEEE Int
Conf Adv Intell Mechatronics. 2017;(17):219-26.

Zhu J, Wang J, Wang Y, Li M, Liu X, Guo C. Prospect of robotic
assistance for fully automated brachytherapy seed placement into skull
base: Experimental validation in phantom and cadaver. Radiother
Oncol. 2017;131:160-5.

Becker BC, MacLachlan RA, Lobes LAJ, Hager GD, Riviere CN.
Vision-Based Control of a Handheld Surgical Micromanipulator with
Virtual Fixtures. IEEE Trans Robot. 2013;29(3):674-83.

Davies BB, Jakopec M, Harris SJ, Rodriguez F, Barrett A, Evangelidis
A, et al. Active-Constraint Robotics for Surgery. 2006;94(9):1696-704.
Ho SC, Hibberd RD, Davies BL. Robot assisted knee surgery. IEEE
Eng Med Biol. 1995;95(June):292-300.

Taylor RH, Cutting CB, Kim Y, Kalvin AD, Larose D, Haddad B, et al.
A Model-Based Optimal Planning and Execution System with Active
Sensing and Passive Manipulation for Augmentation of Human
Precision in Computer-Integrated Surgery. In: Experimental Robotics
II Lecture Notes in Control and Information Sciences. Berlin: Springer;
1993.

Burghart C, Keitel J, Hassfeld S, Rembold U, Woern H. Robot
Controlled Osteotomy in Craniofacial Surgery. In: proceedings of the
1st International Workshop on Haptic Devices in Medical Applications.
1999. J. K. Author, “Title of report,” Abbrev. Name of Co., City of Co.,
Abbrev. State, Rep. xxx, year.

Li M, Ishii M, Taylor RH. Spatial Motion Constraints Using Virtual
Fixtures Generated by Anatomy. IEEE Trans Robot [Internet].
2007;23(1):4-19.

Schneider O, Troccaz J. A Six-Degree-of-Freedom Passive Arm with
Dynamic Constraints ( PADyC ) for Cardiac Surgery Application :
Preliminary Experiments. 2002;351(2001):340-51.  Transmission
Systems for Communications, 3rd ed., Western Electric Co., Winston-
Salem, NC, 1985, pp. 44-60.

Schneider O, Troccaz J. A Six-Degree-of-Freedom Passive Arm with
Dynamic Constraints ( PADyC ) for Cardiac Surgery Application :
Preliminary Experiments. 2002;351(2001):340-51.

Kong XZ, Duan XG, Wang YG. An integrated system for planning,
navigation and robotic assistance for mandible reconstruction surgery.
Intell Serv Robot. 2016;9(2):113-21.

Bowyer SA, Davies BL, Rodriguez F. Active Constraints / Virtual
Fixtures : A Survey. IEEE Trans Robot. 2014;30(1):138-57.

Rohner D, Jaquiery C, Kunz C, Bucher P, Maas H, Hammer B.
Maxillofacial reconstruction with prefabricated osseous free flaps: A 3-
year experience with 24 patients. Plast Reconstr Surg.
2003;112(3):748-57.

Pinheiro JC, Bates DM. Mixed-Effect Models in S and S-plus. New
York: Springer-Verlag; 2002. 528 p.



