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A CUTTING MACHINE FOR RESIZING RAW IMPLANTS DURING SURGERY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application Ser. No.
62/155,311 entitled “A Cutting Machine For Resizing Raw Implants During Surgery” filed on
April 30, 2015, the entirety of which is incorporated herein by reference, and to Patent
Cooperation Treaty Application Ser. Nos. PCT/US14/67167 entitled “Cranial Reference Mount”
filed on November 24, 2014, PCT/US14/67174 entitled “Patient-Specific Trackable Cutting
Guides” filed on November 24, 2014, PCT/US14/67504 entitled “Computer-Assisted Face-Jaw-
Teeth Transplantation” filed on November 25, 2014, PCT/US14/67656 entitled “Computer-
Assisted Craniomaxillofacial Surgery” filed on November 26, 2014, PCT/US14/67671 entitled
“Computer-Assisted Planning and Execution System” filed on November 26, 2014,
PCT/US14/67581 entitled “Orthognathic Biomechanical Simulation” filed on November 26,
2014, and PCT/US14/67692 entitled “Real-Time Cephalometry For Craniomaxillofacial
Surgery” filed on November 26, 2014, the entireties of which are incorporated herein by

reference.

Field of the Invention

[0002] This invention relates generally to the field of surgery, particularly cranioplasty and
craniomaxillofacial surgery, and specifically to the field of computer-assisted surgery, although

it is not limited to these fields.

Background of the Invention

[0003] Craniectomies requiring cranioplasty are either decompressive following stroke/trauma

or occur as a result of oncological ablation for masses involving the bony calvarium. In the
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setting of trauma with cerebral edema, stroke with bleeding, or autologous bone flap
osteomyelitic infections requiring removal, delayed cranioplasties are necessary at a secondary
stage. In fact, nearly 250,000 primary brain tumors/skull-based neoplasms are diagnosed each
year resulting in a range of 4500-5000 second-stage implant cranioplasties/year.

[0004] Craniectomy defects following resection of calvarial lesions are most often
reconstructed using on-table manufacturing, similar to all defects in the craniomaxillofacial
skeleton. For tumor ablative surgery—where tumors and/or processes involve the bony
calvarium—cranioplasties are most often performed primarily using suboptimal hand-molding
techniques. Currently, the standard of care is to reconstruct the cranial defects with on-table
manipulation using a varying combination of materials. For example, oncological defects are
commonly reconstructed with “off-the-shelf” materials, as opposed to using a pre-fabricated
customized implant simply because the exact defect size/shape is unknown. As a result, a variety
of materials may be used to reconstruct large cranial defects, including titanium mesh, porous
hydroxyapatite (HA), polymethylmethacrylate (PMMA), and polyether ether ketone (PEEK),
among others.

[0005] Some of these materials can be molded and/or shaped in the operating room to
approximate complex, three-dimensional defects, especially in instances greater than Scm
squared in size. Of note, the most frequently used material next to titanium mesh is liquid
PMMA, which is used alone for small defects and/or in conjunction with titanium mesh for
larger defects. It is affordable, time-tested and easy to use. However, on-table manipulation often
results in some form of craniofacial asymmetry and a post-operative appearance which is
suboptimal. Furthermore, the difficult shaping process may take significant time (i.e., up to 80

minutes), which in turn increases anesthesia, total blood loss, risk for infection, morbidity, and
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all costs associated with longer operative times. In addition, titanium mesh onlay
reconstruction—which is one of the most common methods currently utilized—requires
overlapping and therefore its sharp, irregular edges may easily extrude and/or pierce the scalp
over time, especially in the setting of post-operative irradiation.

[0006] With the advent of computer-aided design/manufacturing (CAD/CAM) and customized
craniofacial implants (CCls), more suited alternatives are becoming available. With CAD/CAM
fabrication, near-perfectly shaped CCIs can be ordered and pre-fabricated based on fine cut
preoperative computed tomography (CT) scans and three-dimensional reconstruction (+/-
stereolithographic models). In fact, recent reports suggest that CCI's have the ability to improve
cosmesis, decrease operative times and enhance patient satisfaction, if altered for exact
reconstruction in real-time during “single-stage” cranioplasty reconstruction.”

[0007] For example, preoperative imaging such as CT may be used to identify the patient
anatomy ahead of time, but the exact defect size following tumor resection is unknown. To
follow true oncological principles and to make sure the surgeon is unrestricted in removing all
concerning areas of disease (thereby decreasing all risk of recurrence), the prefabricated implant
must be able to accommodate the unexpected three-dimensional defect and size, rather than the
defect accommodating the prefabricated implant with use of a cutting guide; this is currently
being done as a suboptimal solution. As such, the pre-operative CT scan images are used to
virtually plan the surgical cuts in an oversized area around the skeletal tumor with excess of
several centimeters based on exact location and to allow the geometric design of the three-
dimensional (3D) CCI to be created in an “oversized” fashion”. In so-called "single-stage
cranioplasty”, the pre-fabricated custom implant with excess dimensions is designed to account

for any additional bone/soft tissue that may become necessary to remove during the surgery (i.c.,
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due to unanticipated local invasion, desire to decrease risk of recurrence and enlargement of
resection limits, an unknown tumor pathology grade until resected and sent for frozen analysis
with pathology, etc.). Therefore, after resecting the bony/soft tissue region of interest, the
surgeon is forced to shave down and modify the oversized CCI to fit exactly within the resected
arca. However, this type of real-time, intraoperative, manual modification of the oversized
custom implant is altogether "labor-intensive", "technically-demanding”, and "time-consuming,”
and is still not perfect for fitting when modified by hand-eye calibration.

[0008] Thus, CAD/CAM technology adds another dimension to the material chosen for
reconstruction, for example, by allowing one to match the contralateral, non-operated side for
ideal contour and appearance. Yet, in the literature, there are only a few case reports where
immediate reconstructions with CCI’s have been performed for benign skull neoplasms
following resection (i.e., meningioma, fibrous dysplasia). While these isolated case reports have
reported favorable results and acceptable outcomes, there is a trend towards decreased operative
times, and less overall surgery by avoiding risk for revision surgery. In cases of malignant
neoplasms involving the bony calvarium, secondary cranioplasty (after surgical margins have
been cleared) is currently advocated. However, as of 2014, there was only one successful case
report of immediate CCI reconstruction following resection of a Ewing sarcoma.

[0009] Historically, cranioplasties with such CClIs can only be performed as second stage
operations during which a clinician, such as a surgeon, ensures that the CCI fits perfectly into the
skull defect. The recent developments by the inventors and others have demonstrated the
feasibility of CCls for “single-stage cranioplasty”, but this involves using a handheld bur to
shave down the pre-fabricated implant artistically. However, as described above, challenges in

both assessing and predicting each tumor-resection deformity pre-surgery still limits the
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applicability of CClIs in this patient population. For example, challenges such as 1) unknown
exact tumor size, 2) unknown growth from time of pre-op CT scan-to-actual day of surgery, and
3) the amount of unknown resection margins needed to minimize local recurrence. For these
cases, the CCI would need to be reshaped/resized intraoperatively in real-time from a size
slightly larger than expected; this process may take between 10—-80 minutes.

[0010] Accordingly, use of a computer-assisted surgical system of an embodiment and a
robot/cutting machine for implant modification may significantly reduce the intraoperative time
used for reshaping/resizing the customized implant. However, with no established
planning/execution systems and/or robots available to assist these single-stage reconstructions, a
technology and/or surgical method that allows surgeons to resize, adjust, modify or trim
alloplastic or bio-engineered implants during surgery to fit the surgical cuts, defects, and/or pre-
existing deformities requiring complex reconstruction, or generally overcome the limitations of

current technology and surgical methods, would be welcome in the art.

SUMMARY

[0011] In an embodiment, there is a method for forming an implant with an autonomous
manufacturing device. The method includes accessing a first computer-readable reconstruction
of a being’s anatomy; accessing a second computer-readable reconstruction of an implant;
accessing a third computer-readable reconstruction comprising the first computer-readable
reconstruction superimposed with the second computer readable reconstruction; generating at
least one computer-readable trace from a point cloud; and forming an implant with an
autonomous manufacturing device, wherein the autonomous manufacturing device forms the
implant into a shape defined by at least one dimension of the computer-readable trace.

[0012] An advantage of at least one embodiment provides an automated resizing/modification



WO 2016/086049 PCT/US2015/062516

process of the custom craniofacial implant (CCI) with improved accuracy and speed by robot
assistance, thereby improving final implant-to-bone relation/position (i.e., reconstructive
outcome). At the same time, this significantly reduces the total operative time and unnecessary
risks related to prolonged anesthesia. Accordingly, practice of such embodiments would save
significant operating room expenses for the hospital associated with prolonged operative times
and will accompany reduced potential for surgery-related complications such as implant-to-bone
malpositioning/misfit, increased blood loss during time for additional/slower implant
modification, accompanying peri-operative morbidity, etc.

[0013] Another advantage of at least one embodiment provides a method for forming an
implant that provides for a much less time-intensive process, thereby significantly decreasing
prolonged operative times/anesthesia requirements, total operating room/surgery-related costs,
and all accompanying morbidity related to prolonged surgery/anesthesia (i.e. decreased blood
loss)

[0014] Additional advantages of the embodiments will be set forth in part in the description
which follows, and in part will be understood from the description, or may be learned by practice
of the invention. The advantages will be realized and attained by means of the elements and
combinations particularly pointed out in the appended claims.

[0015] It is to be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory only and are not restrictive of the invention,
as claimed.

[0016] The accompanying drawings, which are incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and together with the description, serve to

explain the principles of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIGS. 1A-1C provide schematic overviews of a computer-assisted surgical system.
[0018] FIGS. 1D-1H are graphical reconstructions of some components and/or features of the
surgical system of FIGS. 1A-1C.

[0019] FIG. 2 is a flowchart depicting representative steps for executing a method of an
embodiment.

[0020] FIG. 3 is a flowchart depicting representative steps for executing a method of an
embodiment.

[0021] FIG. 4 is a flowchart depicting representative steps for executing a method of an
embodiment.

[0022] FIG. 5 is a flowchart depicting representative steps for executing a method of an
embodiment.

[0023] FIG. 6 illustrates an example tracker digitization. A reference geometry is attached to
the patient (via a cranial mount, for example) and to a digitizer. A tracking unit, such as an
optical tracker, tracks the reference geometries. The digitizer captures the outline of the cut
region.

[0024] FIGS. 7A shows a left-sided, posterior, full thickness skull defect outlined by a cut
region.

[0025] FIG. 7B illustrates a pre-fabricated, custom craniofacial implant (CCI) with over-sized
dimensions designed virtually using pre-operative CT scan images, including a trace provided by
a computer-assisted planning/execution system depicting planned cuts to be made in order to
form a resized CCI, for example, by robot/cutting machine (R/CM) and/or surgeon.

[0026] FIG. 7C shows a resulting single-stage, CCl-based cranioplasty reconstruction
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according to an embodiment with a resized CCI attached to a being’s anatomy with rigid fixation
employing titanium plates/screws, with an exact fit and absent gaps along the periphery of the
“implant-cranial bone interface.”

[0027] FIG. 8 is a pictorial flow chart that illustrates a system and a method for resizing an
implant, for example, using an autonomous manufacturing device, such as a robot/cutting
machine.

[0028] FIG. 9 is an illustration of a representative robotic arm with sufficient degrees of
freedom (DOF) and a cutter attached to its end effector. This cutter may be a rotary mechanical
or a laser cutter. The robot follows the desired path and orientation of each cutting point.

[0029] FIGS. 10A-10B are illustrations of exemplary robots that include a parallel mechanism.
The parallel mechanism may be a hexapod, Stewart, Delta or any other parallel mechanisms that
provides sufficient degrees of freedom (DOF) for resizing all dimensions of the pre-fabricated
custom implant. A mechanical cutting tool or a laser cutter can be used with this robot.

[0030] FIG. 10C is a representative implant forming scheme used by a cutting machine (CM)
with respect to a rotating implant. The CM cuts the edges of the implant layer by layer. Instead
of using a 6 DOF robot and an additional DOF for cutter, the proposed CM in this embodiment
uses a stationary cutting tool. The implant will be attached to a rotating axis. Three additional
DOF will be used to position the cutting device with respect to the implant.

[0031] FIGS. 11A-11D are illustrations of a five-axis laser cutting machine for CCI reshaping
with FIG. 11A showing an overall system view, FIG. 11B showing a CAD model of the system
of FIG. 11A, FIG. 11C showing a close-up view of translational stages used for forming the CCI,
and FIG. 11D showing a two-axis rotary stage used for orienting the CCI during the forming

thereof.
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[0032] FIGS. 12 is a flowchart depicting representative steps for executing a method of an
embodiment.
[0033] FIG. 13 is a flowchart depicting representative steps for executing a method of an
embodiment.
[0034] FIG. 14 is a flowchart depicting representative steps for executing a method of an
embodiment.
[0035] FIG.-15 is a flowchart depicting representative steps for executing a method of an

embodiment.

DESCRIPTION OF THE EMBODIMENTS

[0036] Reference will now be made in detail to the present embodiments, examples of which
are illustrated in the accompanying drawings. Wherever possible, the same reference numbers
will be used throughout the drawings to refer to the same or like parts.

[0037] Notwithstanding that the numerical ranges and parameters setting forth the broad scope
of the invention are approximations, the numerical values set forth in the specific examples are
reported as precisely as possible. Any numerical value, however, inherently contains certain
errors necessarily resulting from the standard deviation found in their respective testing
measurements. Moreover, all ranges disclosed herein are to be understood to encompass any and
all sub-ranges subsumed therein. For example, a range of “less than 10 can include any and all
sub-ranges between (and including) the minimum value of zero and the maximum value of 10,
that is, any and all sub-ranges having a minimum value of equal to or greater than zero and a
maximum value of equal to or less than 10, e.g., 1 to 5. In certain cases, the numerical values as
stated for the parameter can take on negative values. In this case, the example value of range

stated as “less that 10” can assume negative values, e.g. -1, -2, -3, -10, -20, -30, etc.
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[0038] The following embodiments are described for illustrative purposes only with reference
to the figures. Those of skill in the art will appreciate that the following description is exemplary
in nature, and that various modifications to the parameters set forth herein could be made without
departing from the scope of the present invention. It is intended that the specification and
examples be considered as examples only. The various embodiments are not necessarily
mutually exclusive, as some embodiments can be combined with one or more other embodiments
to form new embodiments.

[0039] In cranioplasty, surgeons rebuild or reconstruct portions of the craniomaxillofacial
skeleton to correct deformities (e.g., following trauma) and/or defects created by tumor
extirpation. Preoperative imaging such as CT or MRI identifies the patient anatomy. The surgery
is planned using virtual pre-operative imaging to help identify an area of interest (e.g., the tumor)
requiring reconstruction. Bony cuts are planned and/or created virtually and the implant is
designed to fit into the resected region following planned modification of CCI (and is therefore
oversized by around 1-3 cm along the periphery). In single-stage cranioplasty, the custom
implant has been ordered and delivered with oversized dimensions to account for additional bone
that may be removed during the operation. After resecting the bony region of interest, the
surgeon shaves down the oversized implant to fit into the resected area. In embodiments
described herein, there are methods and devices, including robot assistance, for reducing the time
necessary for reducing the size of an implant for better sizing relative to the removed bone. The
methods rely on the use of a computer-assisted surgery system (here, a “CAS” system) and/or
robotic platform with a 3D scanner.

[0040] A CCI may be either supplied by a third-party vendor, printed with an additive or

subtractive manufacturing device, such as a 3D printer, that receives instructions generated

10



WO 2016/086049 PCT/US2015/062516

provided by a system of the embodiments, as described below, so that a custom implant is
available to the surgeon and placed utilizing three-dimensional feedback from the CAS system to
achieve ideal implant shape/positioning and to align perfectly within the native anatomy. An
embodiment of the CAS system described above can be used to provide the clinician with a
method for automating the resizing/implant modification with both improved accuracy and
significant time reduction by way of a robot/cutting machine, therefore saving substantial
expenses associated with prolonged operative times (at an approximate cost to hospital of
$100/minute for operational expenses during live surgery) and potential surgical complications
related to improper implant-bone defect reconstruction and prolonged anesthesia. Also, the CAS
system can access computer-readable reconstructions of a being’s anatomy, such as computer-
readable files uploaded pre-operatively containing soft tissue and/or skeletal CT scan data, which
may be uploaded ahead of time into a memory of a computer incorporated within the CAS
system, and which can then be utilized to by a clinician attempting to predict a patient’s
appearance during and after surgery. In other words, the geometry of interest (i.e., the bony
defect within the craniomaxillofacial skeleton) is obtained using any available imaging/tracking
modality (e.g., 3D position sensors, optical trackers, electromagnetic tracker, still camera images,
depth sensors, video, etc.). The 3D model of the geometry is then transferred to either a robot or
small machining active mechanism (herein referred to this as Robot/Custom Machine (R/CM))
that holds the implant within a sterile environment—this is similar to a surgeon modifying an
implant by way of “red-light beam” tracer guidance. Next, the 3D geometry obtained from the
patient’s anatomy of interest in real-time following tumor resection (e.g., anatomical defect’s
size/shape) can be transformed onto the preoperative images used to fabricate the original

custom craniofacial implant (CCI) (and, accordingly, the implant) by applying any registration

11
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technique (e.g., point-to-point or point-to-surface registration techniques, such as an Iterative
closest point (ICP) technique). This information is provided in files accessed by, for example, the
R/CM computer and/or CAS system. The R/CM (i.e., robot) will then automatically cut the
implant to the required size intra-operatively with exact dimensions acquired from the patient’s
anatomy of interest. In another embodiment, a master R/CM can be directly used to digitize the
cuts/meshes of anatomy of the interest. This data is then used directly to control a slave R/CM
for resizing the CCI.

[0041] Various ones of R/CM designs may be selected for the resizing procedure related to
“single-stage, implant-based cranioplasty reconstruction” and various other areas within “robot-
assisted craniomaxillofacial surgery”. For example, the R/CM can either be a robotic arm with an
attached cutting tool, a very small parallel robot-like delta and Stewart mechanism robot, or a
CNC machine with 3 or 4 axis of movement. The cutting tool that can be used within may be any
of these aforementioned machines including a mechanical cutter similar to cutters used in
surgery, common machining processes (in lathe or milling machines), and/or a laser cutter.
[0042] At least some embodiments described herein can be used for the immediate surgical
repair of large cranial defects (e.g., >5 cm?). For example, embodiments described herein may be
used for designing, forming, modifying and/or implanting customized craniofacial implants
following benign/malignant skull neoplasm (tumor) resection (i.c., referred to as “single-stage
implant cranioplasty”).

[0043] For example, at least some embodiments provide visualization related to a tumor, the
resulting skull defect, and the reshaped implant for exact positioning. In other words, in an
embodiment, a CAS system can be used for improving both the pre-operative planning and intra-

operative execution of single-stage implant cranioplasties.

12
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[0044] As described above, cranioplasties may be performed to reconstruct large defects
following stroke, trauma, aneurysmal bleeding, bone flap removal for infection, and oncological
ablation. With this in mind, embodiments described herein include a computer-assisted algorithm
that may be used for reconstructing tumor defects with pre- CClIs for an ideal result.

[0045] Accordingly, embodiments described herein may be used by surgeons in performing
single-stage cranioplasty following oncological resection. In other words, embodiments include
algorithms for real-time updates related to single-stage customized implant cranioplasty. For
example, in an embodiment, a CAS system, which is a single, seamless platform capable of
being used for both planning (pre-op use) and navigation (intra-op use), overcomes the
limitations of conventional systems that do either one or the other. In addition, embodiments
include novel hardware such as a rigid cranial reference mount.

[0046] A computer-assisted surgical system, such as the system described herein, may be
utilized for the pre-operative planning and intra-operative execution of a single-stage implant
cranioplasty. For example, in a single-stage implant cranioplasty, the anatomy of a being, which
may be a human being, may include an anatomical feature, such as a diseased portion of the
anatomy that requires removal or replacement with an implant. During a surgical procedure, the
anatomical feature may be separated from the being by cutting away from healthy portions of the
being’s anatomy. Subsequently, an implant, such as a customized craniofacial implant, which
may be fabricated via additive or subtractive manufacturing technology, may be attached near
the healthy portions of the being’s anatomy via an attachment.

[0047] A computer-assisted surgical system, such as the system 100 is depicted in FIGS. 1A-
1G. System 100 may be utilized, for the pre-operative planning and intra-operative execution of

a single-stage implant cranioplasty 100-R instead of (or in addition to) transplantation. For

13
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example, in a single-stage implant cranioplasty, the anatomy of a being 108, which may be a
human being, may include an anatomical feature 111-D, such as a diseased portion of the
anatomy, that requires removal or replacement with an implant 111-i. During a surgical
procedure, the anatomical feature 111-D may be separated from the being 108 by cutting away
from healthy portions 109-R of the being’s anatomy. For example, a custom-made cutting guide
106-D may be used to provide a surgeon with slots that provide access for a cutting tool at
preselecting cutting locations along the being’s anatomy. After cutting sufficiently through the
being’s anatomy at the locations specified by the cutting guide 117-D, the anatomical feature is
removed away from the being. Subsequently, an implant, such as a customized craniofacial
implant 111-I, which may be fabricated via additive or subtractive manufacturing technology,
may be attached near the healthy portions 109-R of the being’s anatomy via an attachment 119-
R.

[0048] System 100 may include a reference unit 105-R, an implant 111-I and a detector 113-R.
The reference unit 105-R may include a first trackable element 101-R. The implant may include
a second trackable element 101-I. The implant 111-I may include an attachment 119-R which
may have a contoured attachment surface 107-R. In addition to, or instead of trackable element
101-R, the attachment 119-R may also include one of a second trackable element 117-R. The
detector may be configured to provide at least one signal 191 corresponding to a detected
location of at least one of the first trackable element 101-R and the second trackable element
117-R. Reference unit 105-R may include a cranial reference mount 103-R that may be attached
to a location 110 of a being’s anatomy to provide a static frame of reference for tracking the

location of first trackable element 101-R.

14
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[0049] The system 100 may further include a cutting guide 106-D having a third trackable
element 117-D, and may be detected by the detector 113-R. Thus, the at least one signal 191
may further correspond to a detected location of at the third trackable element 117-D of the
cutting guide 106-D. The cutting guide 106-D may be a surgical guide assembly having an
attachment device108-D configured to be coupled to a bone. A cut location indicator 110-D may
be coupled to the attachment device. The cut location indicator identifies a location where the
bone is to be cut. The support structure may be configured to have the third trackable element
117-D coupled thereto.

[0050] The system 100 may also include at least one computer 115-R, that receives the at least
one signal 191 from detector 113-R, may also include an additive manufacturing device 187,
which may be in communication with and controlled by the computer 115-R. The computer may
be connected to a display on which computer-readable reconstructions of items, such as the
implant and a being’s anatomy, may be displayed. The at least one signal 191 may be
communicated between the detector and computer via a communications link, which may
include data transmission wires and/or wireless transmissions either of which may be
communicated through a network, such as a LAN or WAN network, including communication
over an intranet or over the internet, including TCP/IP data transfer. The at least one computer
115-R may be selected from a desktop computer, a network computer, a mainframe, a server, or
a laptop. The at least one computer may be configured to access at least one computer readable
reconstruction of at least one object, such as a being’s anatomy, or at least portions of the being’s
anatomy, for example, a first computer readable reconstruction 181 and a second computer
readable reconstruction 185, and a third computer readable reconstruction. The computer

readable reconstruction may include three-dimensional (3D) views, such as those created by
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scanning a patient via, for example, CT scan. At least one display may be connected to the at
least one computer 115-R. The display may be configured to represent the computer readable
reconstruction in a format visible to a user. The first computer may include at least one memory
to store data and instructions, and at least one processor configured to access the at least one
memory and to execute instructions such as instructions included in software files.

[0051] The detector 113-R may be an optical tracker, a magnetic tracker or both an optical
tracker and a magnetic tracker. Optical trackers typically emit and capture light in the invisible
(infrared) electromagnetic spectrum. Trackable fiducials (i.e., the trackable elements) used with
these systems can include passive (i.c., reflective) or active (i.e., those that actively emit infrared
light) markers. Using specific geometries known to the camera, the pose of a reference can be
tracked through a field of view (as indicated by the dash-dotted lines). An example system is the
NDI Polaris available from Northern Digital, Inc. (Ontario, Canada). Magnetic trackers rely on a
magnetic field generator and (typically) a passive coil architecture. The field generator creates a
time-varying field, which induces a current in the passive sensor. This current is measured and,
through a calibration procedure, used to identify up to a 6-dof pose of the sensor. An example
system is the NDI Aurora available from Northern Digital, Inc. (Ontario, Canada).

[0052] One or more of the first trackable clement 101-R, the second trackable element 101-I,
and the third trackable element 117-D, may be an IR reflector or an IR emitter, each of which
may be detachably connected to an attachment surface. As an example, an IR reflector may be a
detachably connected surface, such as a sphere. As an example, an IR emitter may be a light
emitting diode configured to emit infrared light.

[0053] The implant 111-I may be fabricated during a surgical procedure by an additive or

subtractive manufacturing device, or may be a pre-fabricated implant such as a 3™-party sourced
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alloplastic implant, including a customized craniofacial implant (CCI) implant. In an
embodiment, the implant may include a polymer, metal, bioengineered material, or combinations
thereof. For example, the implant may include titanium mesh, porous hydroxyapatite (HA),
polymethylmethacrylate (PMMA), polyether ether ketone (PEEK) and/or combinations thereof.
[0054] The first computer may include at least one memory to store data and instructions, and
at least one processor configured to access the at least one memory and to execute instructions,
such as instructions 200 included in the flow chart in FIG. 2. Instructions 200 may include one or
more of the steps included in the flowchart on FIG. 2. For purposes of providing examples,
some of the steps are described below with reference to components of system 100 from FIGS.
1A-1G.

[0055] In an embodiment, first instructions 200 include accessing a first computer-readable
reconstruction of a being’s anatomy at 201 and accessing a second computer-readable
reconstruction of an implant at 202. The first computer-readable reconstruction of the being’s
anatomy may include a first updatable orientation and the second computer-readable
reconstruction of the implant may include a second updatable orientation.

[0056] During a surgical procedure, such as an implantation of an alloplastic, metal and/or
bioengineered implant onto the craniomaxillofacial anatomy of a patient being’s anatomy (i.c.
head or face), it is useful to track the location of the implant relative to the anatomy of the patient
being before, during and/or after the implantation. Accordingly, a signal—such as signal 191 in
the system 100-- may correspond to a location of the first, second and/or third trackable element
as detected by the detector 113. Thus, the instructions 200 may also include updating the
orientation of the first, second and/or third computer-readable reconstruction of the implant with

an orientation that is updated based on the signal, which may correspond to a physical location of
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the first, second and/or third trackable element, respectively, as sensed by the detector. For
example, at 203, the instructions 200 may also include updating at least one of the first
(updatable) orientation and the second (updatable) orientation. In an example, step 203 may be
initiated by user input, for example, via user interaction with the computer, or by a signal, such
as a signal provided by a detector. As described above, the first orientation and the second
orientation may be updated, for example, on a display connected to the computer, in response to
the at least one signal.

[0057] The instructions 200 may include superimposing a planned cutting plane over portions
of the first computer-readable reconstruction at 204. Other steps may include generating a
second computer-readable reconstruction of an implant at 205 and controlling an additive
manufacturing device at 206 to form an implant. In an example, the second computer-readable
reconstruction of the implant generated at 205 may include a geometry defined by at least one of:
1) an interface between the planned cutting plane and the first computer-readable reconstruction,
and ii) a seclected portion of the computer-readable reconstruction, the selected portion
comprising an anatomical feature of the being’s anatomy, including but not limited to
oncological defect sites, such as a benign/malignant skull neoplasm, large defects following
stroke, trauma, aneurysmal bleeding, bone flap removal for infection, and oncological ablation.
Additionally, the implant fabricated by the manufacturing device at 206 may have dimensions
defined by the geometry of the second computer-readable reconstruction.

[0058] The instructions 200 may also include generating a third computer-readable
reconstruction of a cutting guide at 207 and controlling the additive manufacturing device to
form a cutting guide at 208. In an example, the third computer-readable reconstruction of the

cutting guide may include a geometry defined by an interface between the planned cutting plane
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and the first computer-readable reconstruction, and may also include a third updatable
orientation. Additionally, the cutting guide fabricated by the manufacturing device at 208 may
include selected dimensions of the geometry of the third computer-readable reconstruction.

[0059] The device may be any manufacturing device that fabricates an object based on
instructions, such as computer readable instructions, for example, instructions provided in digital
data, including any device that utilizes additive or subtractive manufacturing technologies, such
as those that fabricate an object from appropriately approved materials for medical use.
Accordingly, the at least one device may be an additive manufacturing device, such as a 3D
printer, or another kind of manufacturing device, including subtractive manufacturing device,
such as a CNC machine. Examples of additive manufacturing technologies may include vat
polymerization (e.g., PROJET® 6000, 7000, 8000 available from 3D Systems Corp., Rock Hill,
SC), materials jetting (e.g., Objet 500 or Eden 250, each available from Stratasys, Ltd., Eden
Prairie, MN), powder binding (e.g., PROJET® 460, 650 available from 3D Systems Corp., Rock
Hill, SC), powder fusion (e.g., EBM® available from Arcam AB, Sweden), material extrusion
(Fortus 250, 400, available from Stratasys, Ltd., Eden Prairie, MN), or any one denoted by the
ASTM F42 committee on additive manufacturing. Accordingly, system 100 may include a
device (not shown) for manufacturing components, such as cutting guides, reference units and/or
the trackable elements, and the device may be connected to the at least one first computer via the
communications link described above. The instructions may also include generating a computer
readable file that contains instructions for manufacturing the cutting guide and/or implant, for
example a computer readable file that contains dimensions of a component, such as a cutting
guide based on the geometry of the third computer-readable reconstruction. The computer-

readable reconstruction of the being’s anatomy may be a computer-readable file created from a
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CT-scan. For example, the computer-readable reconstruction may be a 3D reconstruction of a
patient’s anatomy.

[0060] In an embodiment, there is also a computer-assisted surgical method. The method
includes use of the computer-assisted surgery system, which may provide a user enhanced
implant reconstruction experience, for example, providing a surgeon unprecedented, immediate
visual feedback and allowing single-stage 1implant cranioplasty and all related
craniomaxillofacial reconstruction for scenarios related to skull neoplasms, etc — in situations
where the tumor defect is not known beforehand, but where a customized implant is needed
requiring on-table modification via computer-assisted surgery system guidance.

[0061] Generally, the method can include the following: a) generating and/or accessing a
computer-readable reconstruction of a patient’s anatomy, such as via a preoperative CT scan that
includes an anatomical feature, such as a defect, and constructing a 3D model of the anatomy; b)
preselecting a resection area on the model; ¢) determining implant dimensions (can be a few
millimeters greater than the size of the defect) and fabricating the implant with an additive and/or
subtractive manufacturing device incorporated with the computer-assisted surgery system; d)
designing a trackable cutting guide based on the 3D model and fabricate with an additive and/or
subtractive manufacturing device incorporated with the computer-assisted surgery system; ¢)
attaching a reference unit having a trackable element onto the patient’s anatomy, such as at the
patient’s skull; f) registering the location of the trackable element/reference unit to the computer-
readable reconstruction (preoperative CT scan); g) using the optically trackable cutting guide to
perform bone cuts in the patient; h) using a detector to generate a signal in response to
performing a trace of the defect boundaries, for example, if additional resection is required; 1)

superimposing information corresponding to signals generated by optical digitizer, such as
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signals in response to performing a trace of the defect boundaries, on the computer-readable
reconstruction; j) registering the implant to the computer-readable reconstruction with the optical
digitizer, for example, via tracking a location of a trackable element attached to the implant; k)
tracing cut lines on the implant based on information obtained from the 3D model, such as a size
mismatch between the implant and the defect; 1) attaching the implant to the patient; m)
obtaining a post-operative image of the patient and the attached implant, such as a CT scan.
[0062] The method may include any step or combination of steps included in the flow charts of
FIG. 3-4 and described below. In an example shown in the flow-chart of FIG. 3, with reference
to the features of the system 100 in FIGS. 1A-1H, a method 300 can include attaching a
reference unit that includes a first trackable element to a first anatomical feature of a being’s
anatomy at 301. The method may also include detecting a location of at least the first trackable
clement with a detector at 302, and accessing a first computer-readable reconstruction of the
being’s anatomy at 303. The detector may be detector 113 as described above, and may be
configured to provide at least one signal corresponding to a detected location of at least the first
trackable element. The first computer-readable reconstruction may be first computer-readable
reconstruction 181 and may include a first updatable orientation. Accordingly, the first
updatable orientation may be updated in response to user input and/or the at least one signal such
as signal 191 described above.

[0063] In an embodiment, a method 400 may include all of the steps 300 of FIG. 3 and may
also include any step or combination of steps included in the flow charts of FIGS. 3-5. In an
example shown in the flow chart of FIG. 4, in addition to method 300, method 400 may include
generating a second computer-readable reconstruction of an implant at 401. The second

computer-readable reconstruction may be second computer-readable reconstruction 185 as
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described above, and may include a second updatable orientation, such as an orientation that may
be updated in response to user input and/or the at least one signal, such as signal 191 described
above. The method 400 may also include assessing a size-mismatch between at least one
dimension of a portion of the first computer-readable reconstruction, for example, a portion
corresponding to a selected anatomical feature of the being’s anatomy, and at least one
dimension of the second computer-readable reconstruction at 402. In an example, assessment of
the size-mismatch may be performed via a cephalometric analysis, including a real-time
cephalometric analysis. The method 400 may also include tracing cut lines on the implant based
on the size-mismatch. In an example, the cut lines may be traced on the implant such that an
anatomical discrepancy at an area of removal or reconstruction of the anatomical feature is
minimized. In an example, the anatomical discrepancy may be minimized based on a preselected
tolerance, for example, in instructions provided for fabricating the implant, including instructions
provided in computer-readable files, such as digital data, provided to an implant manufacturing
device. The method 400 may also include attaching the implant to a preselected anatomical
feature at 404, such as to a patients anatomy surrounding oncological defect sites, such as a
benign/malignant skeletal neoplasm, or large defect sites formed following stroke, trauma,
aneurysmal bleeding, bone flap removal for infection, and oncological ablation. After
implantation of the implant at 404, for example, the method can also include obtaining a post
operative image of at least the implant attached to the preselected anatomical feature at 405. For
example, a CT scan may be taken of the patient with implant attached.

[0064] In an embodiment, a method 500 may include all of the steps 300 in FIG. 3, and may
also include any step or combination of steps included in the flow charts of FIGS. 3-5. In an

example shown in the flowchart in FIG. 5, in addition to method 300, method 500 may include
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superimposing a planned cutting plane over portions of the first computer-readable
reconstruction at 501. In an example, the planned cutting plane may be superimposed to bisect
the first computer-readable reconstruction to define at least one portion of the first-computer
readable reconstruction corresponding to at least one diseased anatomical feature of the being’s
anatomy that is to be removed or replaced. Accordingly, the planned cutting plane may be
planned cutting plane as described above, and the first computer-readable reconstruction may be
the first computer-readable reconstruction 181 as described above. The method 500 may also
include accessing a second computer-readable reconstruction of an implant at 502 and
fabricating an implant at 503. The second computer-readable reconstruction may be second
computer-readable reconstruction 185 as described above, and may include a second updatable
orientation, such as an orientation that may be updated in response to user input and/or the at
least one signal, such as signal 191 described above. The implant may be implant 111-I
described above, and may include dimensions that correspond to the geometry of the second
computer readable reconstruction. Additionally, a second trackable element may be provided on
the implant. For example, a second trackable element such as trackable element 101-1 as
described above, may be may be incorporated in the design of the implant as a detachably
connected trackable element, or may be formed separate from the implant and attached to the
implant. It is noted that the at least one signal, such as signal 191, may also correspond to a
detected location of the second trackable element, such as that detected by detector 113. 1t is
also noted that the planned cutting plane may also include a fourth updatable orientation, such as
an orientation that may be updated in response to user input.

[0065] The described method may be utilized during a surgical procedure, such as a surgical

implantation procedure for various forms of craniomaxillofacial surgery including an implant-
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based cranioplasty. The implant may be a custom, 3D craniofacial implant made of either
alloplastic materials or biologic tissue engineered cells as described above for implant 111-I and
a being, such as a recipient being, on whom the surgical procedure is performed.

[0066] During a surgical procedure, such as an implantation of an alloplastic, metal and/or
bioengineered implant onto the anatomy of a patient, it is useful to track the location of the
implant relative to the anatomy of the patient before, during and/or after the implantation.
Accordingly, the signal—such as signal 191 in the system 100—may correspond to a location of
the first, second and/or third trackable element as detected by the detector 113. Thus, the
computer-assisted surgical method of the embodiments may include updating the orientation of
the first, second and/or third computer-readable reconstruction of the implant with an orientation
that is updated based on the signal, which may correspond to a physical location of the first,
second and/or third trackable element, respectively, as sensed by the detector.

[0067] In an example, the computer-assisted surgery surgical system of the embodiments as
described herein can be utilized by a user, such as a surgeon, to quickly and accurately shave
down an oversized CCI. Such an oversized CCI may be designed to the curvature specific only
to the patient’s skull — using information about the intraoperative bony resection following
instantaneous, computer-assisted registration. In an embodiment of a surgical method described
with reference to FIGS. 6-9, a clinician (for example, a surgeon) digitizes points of the removed
anatomical feature, such as a cut region from which bone is removed to correct conditions such
as a tumor, and the anatomical defect is assessed in real-time using the computer-assisted surgery
system. In other words, a computer of the system accesses first computer-readable
reconstruction of a being’s anatomy, which may be preoperative surface models of the skull

(e.g., segmented from CT). Additionally, a computer of the system may access a second
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computer-readable reconstruction of an implant, which may be a surface model of the oversized
pre-fabricated CCI.

[0068]  Asillustrated in FIG. 6, digitization can be achieved through tracking technology such
as an optical (infrared) and/or electromagnetic trackers (detector 113) as in system 100. A
trackable pointer tool 101-D with a digitizer (a trackable element) and/or a reference unit 105-R
can be tracked by the detector 113. As described previously, the tracker may be a detector that
generates signals in response to sensing a trackable element of the trackable pointer tool 101-D
and/or of reference unit 105-R. The trackable pointer tool 101-D can be used for tracing a
geometry of the region of interest 112, the geometry being digitized and converted into a
computer-readable pattern such as a trace. For example, by using a registration between the
patient anatomy and patient model (i.e., a computer-readable reconstruction of the patient’s
anatomy) such as via a location of a static point provided by reference element 105-R, the points
from the digitized trace can be transformed to a patient model. In other words, a as the clinician
traces the geometry of the region of interest 112, the detector 113 detects an orientation and
location of the trackable pointer tool 101-D relative to a location of the reference unit 105-R,
generates signals corresponding to the sensed location of the trackable pointer tool 101-D and/or
reference unit 105-R and sends those signals to a computer which, in turn, generates a computer-
readable reconstruction of the geometry which can be superimposed over a computer-readable
reconstruction of the patient’s anatomy.

[0069] Accordingly, a surgical method can include attaching a reference unit 105-R having a
first trackable element to a first anatomical feature 110 of a being’s anatomy 108; detecting a
location of at least the first trackable element with a detector 113 configured to generate at least

one first signal corresponding to a detected location of at least the first trackable element, the
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generated signal being provided to, for example, a computer 115-R having a memory and a
processor for executing instructions. The method may include accessing a first computer-
readable reconstruction of the being’s anatomy, the first computer-readable reconstruction
comprising a first updatable orientation, wherein the first updatable orientation is updated in
response to the at least one first signal. The method can also include accessing a second
computer-readable reconstruction of an implant, the second computer-readable reconstruction
comprising a second updatable orientation. The method may also include detecting a location of
at least one second trackable element of, for example, the trackable pointer tool 101-D with the
detector 113. The detector may further be configured to generate at least one second signal
corresponding to a detected location of at least the second trackable element of the trackable
pointer tool 101-D, the second generated signal being provided to, for example, and computer
115-R. Thus, the method may also include generating at least one updatable, computer-readable
trace, the trace corresponding to a geometry based on updated location data for the at least one
second trackable element of the trackable pointer tool 101-D. The method also includes
superimposing the least one updatable, computer-readable trace over portions of the second
computer-readable reconstruction of the implant. In an example, a location of the superimposed
computer-readable trace may be manipulated based on user input.

[0070] In addition to the computer 115-R that receives at least one signal from the detector
113, and the system may also include an additive or subtractive manufacturing device 116, such
as an autonomous manufacturing device, for example, an implant material-removal tool such as
a robot/cutting machine (“R/CM”) which may be in communication with and controlled by the
computer 115-R or may have its own onboard memory and process that receives and executes

files from the computer. The computer 115-R may be connected to a display (not shown in FIG.
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6) on which computer-readable reconstructions of items, such as the implant and a being’s
anatomy, may be displayed. Then at least one signal may be communicated between the detector,
the computer, and/or the R/CM 116, via a communications link. The communications link may
include data transmission wires and/or wireless transmissions either of which may be
communicated through a network, such as a LAN or WAN network, including communication
over an intranet or over the internet, such as TCP/IP data transfer.

[0071] The manufacturing device 116 may be any manufacturing device that fabricates an
object based on instructions, such as computer readable instructions, for example, instructions
provided in digital data, including any device that utilizes additive or subtractive manufacturing
technologies, such as those that fabricate an object from appropriately approved materials for
medical use. Accordingly, at least one device may be an additive manufacturing device, such as a
3D printer, or another kind of manufacturing device, including a subtractive manufacturing
device such as a CNC machine. Examples of additive manufacturing technologies may include
vat polymerization (e.g., PROJET® 6000, 7000, 8000 available from 3D Systems Corp., Rock
Hill, SC), materials jetting (e.g., Objet 500 or Eden 250, each available from Stratasys, Ltd.,
Eden Prairie, MN), powder binding (e.g., PROJET® 460, 650 available from 3D Systems Corp.,
Rock Hill, SC), powder fusion (e¢.g., EBM® available from Arcam AB, Sweden), material
extrusion (Fortus 250, 400, available from Stratasys, Ltd., Eden Prairie, MN), or any one denoted
by the ASTM F42 committee on additive manufacturing.

[0072] Accordingly, the manufacturing device 116 of FIG. 6 may be a device for
manufacturing components, such as CCls, and the device may be connected to at least one of the
first computers via the communications link described above. The instructions may also include

generating a computer readable file that contains instructions for manufacturing the implant. For
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example the computer readable file may contain dimensions of a trace, which may define
contours of a resected area on a being’s anatomy, which may be stored as geometric information
in a computer-readable reconstruction of the patient’s anatomy of interest. The manufacturing
device 116 may then construct the implant from raw material or may remove material of a
prefabricated CCI (for example an oversized implant or a block of material) in order to properly
size the implant according to the geometry of the trace.

[0073] For example, FIGS. 7A-7C illustrate together a schematic application of single-stage
cranioplasty reconstruction with CCI and the final result with embedded implant. As shown in
FIG. 7A, the resected skull tumor leaves behind an anatomical feature of interest 112, such as a
defect with varying thickness which is not consistently smooth due to the manual cutting aspect
with craniotome by neurosurgery. A custom craniofacial implant 120 may be designed oversized
and a resizing procedure, such as cutting the implant along a trace line 118 shown in FIG. 1B,
may be required. A manufacturing device, for example, a cutting tool, such as a robot/cutting
machine (“R/CM”), may be utilized for automating the resizing procedure to form a resized
implant 120°. The result of such a single-stage cranioplasty reconstruction according to an
embodiment is shown in FIG. 7C with the resized implant 120’ attached to the being’s anatomy
108 and showing an exact fit and is absent of gaps along the periphery of the “implant-cranial
bone interface” 112°.

[0074] FIG. 8 illustrates a system that can be utilized for automated resizing of an implant
using a machine (e.g., a robot) that can resize the implant from images/movies captured
intraoperatively. For example, in using such a system an infrared optical sensor arrangement 801
(c.g., a 3D sensor attached to an IPAD® (Apple Inc., California)) captures images of an

anatomical feature 802 and creates a computer readable reconstruction 803, such as a 3D image
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file, corresponding to the anatomical feature, a portion of which that may be used for generating
a trace geometry corresponding to, for example, a resected portion of the being’s anatomy. The
trace geometry information, which may be contained in a computer readable file, may be
incorporated with instructions that are read by a controller that controls a manufacturing device
116, such as a robot, for example the robotic arm with attached cutting tool 900 of FIG. 9,
parallel robot 1000 of FIG. 10, a computer-controlled tool, a tool attached to a haptic device, a
parallel robot in which the robot holds, moves and rotates the implant to a desired position and
orientation and wherein the cutting tool position is fixed and only rotates along its axis utilizing a
simple motor. The manufacturing device 116 then executes the instructions to, for example,
resize the implant according to the trace geometry to provide a properly sized implant 120°.

[0075] As discussed above, in a method of an embodiment, an implant may be fabricated
during a surgical procedure with a manufacturing device, such as an additive or subtractive
manufacturing device, for example, a robot/cutting machine, or “R/CM”). Alternatively, in a
method of an embodiment, the implant may be a pre-fabricated implant such as a 3"-party
sourced alloplastic implant, including a an oversized CCI (i.c., may have at least one dimension
that is larger than at least one dimension of the resected surface of the patient’s anatomy). The
implants of the embodiment may also have static and/or dynamic (i.e., real-time) tracking
capabilities included thercon for tracking with a computer-assisted surgical system described
above or may be provided with a trackable element attached thercon and/or produced with
surface indentations/modifications in order to allow enhanced three-dimensional tracking and
implant placement confirmation (as compared to, for example, a virtual plan which may be

modeled virtually during a pre-operation exercise.
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[0076] In an embodiment, the implant may include a polymer, metal, bioengineered material,
or combinations thereof. For example, the implant may include titanium mesh, porous
hydroxyapatite (HA), polymethylmethacrylate (PMMA), polyether ether ketone (PEEK) and/or
combinations thereof. In the case of an oversized implant, the R/CM may be utilized to remove
excess implant material from the oversized implant in order to properly size the implant (i.e., to
resize the implant during surgery in real-time so that its geometry substantially conforms to a
geometry of the resected portion of the being’s anatomy).

[0077] For example, FIG. 9 shows a representative robotic arm 900 as the manufacturing
device 116. An exemplary robotic arm 900 may have sufficient degrees of freedom (DOF) and a
cutter 901 attached to its end effector 903. This may be a rotary mechanical cutter or a laser
cutter. The robotic arm follows a desired path and orientation of each cutting point.

[0078] Alternatively, the manufacturing device 116 may be a parallel robot 1000 such as that
shown in FIG. 10A and FIG. 10B. The parallel robot 1000 in FIG. 10B may also work in
cooperation with a parallel mechanism 1000’ that may be a hexapod, Stewart, Delta or any other
parallel mechanisms that provides sufficient degrees of freedom (DOF) for resizing the implant
120, for example, a nonstationary platform that is configured to advance or retract the implant
material-removal tool toward or away from the holding platform. A cutter 1001, such as a
mechanical cutting tool or a laser cutter can be used with this robotic manufacturing device.
[0079] In another embodiment, the manufacturing device, may be a subtractive manufacturing
mechanism 1050 as shown in FIG. 11. Here the manufacturing device is a cutting machine that
cuts the edges of the implant layer by layer. Instead of using a 6 DOF robot and an additional

DOF for the cutter, the subtractive manufacturing mechanism 1050 in this embodiment uses a
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stationary cutting tool. The implant may be attached to a rotating axis. Three additional DOF
may be used to position the cutting device with respect to the implant 120.

[0080] In yet another embodiment, the implant may be fabricated via the use of a computer-
controlled tool or a tool attached to a haptic device (not shown). For the computer-controlled
tool, the robot is programmed to accurately follow the path using available feedback (e.g.,
encoders combined with forward kinematics, or other external tracking mechanisms). When
using a haptic device, virtual constraints are applied visually or via the haptic device to help a
user, such as the reconstructive surgeon, to maintain the orientation of the cutter while manually
reshaping the implant. In other words, an implant may be resized by removing, for example, via
cutting, excess portions of an oversized implant. In reshaping an implant, cuts may be controlled
through either physical information (e.g., projection of a trace line onto the implant, which is the
least reliable), by some virtual constraints (e.g., not allowing the robot to move in certain
positions), or both.

[0081] In yet even another embodiment, the implant may be fabricated via the use of a parallel
robot (e.g., hexapod, stewart, Delta robot or any other parallel mechanisms), that may include the
mechanism of FIGS. 10A-10B or a robotic arm of FIG. 9. In an example, the robot holds, moves
and rotates the implant to a desired position and orientation. The cutting tool position may be
fixed and may only rotate along its axis utilizing a simple motor.

[0082] In yet another embodiment, the implant may be fabricated via the use of a robot-
assisted laser cutting system, such as a five-axis laser cutting machine 1100 shown in FIG. 11A
(a CAD model 1100’ of the five-axis layer cutting machine 1100 is shown in FIG. 11B). That is,
a laser cutter may be used to shape the CCI while it is attached to a multi-axis robotic system.

FIGS. 11A depict an example five axis laser cutter machinel100 for CCI trimming. This
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example of robot-assisted laser system can provide 5 axis of simultaneous motion to trim the
edges of the CCI with any desired angle. An example design may include translational stages
1101 such as a three cartesian linear stage (XYZ, as shown in FIG. 11C) and a rotary table 1103
such as a two axis rotary stage used for orienting an implant ( as shown in FIG. 11D).

[0083] Returning to the system 100 depicted in FIGS. 1A-1H and FIG. 6, while not
particularly limited, the at least one computer 115-R may be a desktop computer, a network
computer, a mainframe, a server, a handheld computer or a laptop. The at least one computer
115-Rmay be configured to access at least one computer readable reconstruction of at least one
object, such as a being’s anatomy, or at least portions of the being’s anatomy, for example, a first
computer readable reconstruction, a second computer readable reconstruction, and a third
computer readable reconstruction. At least one of the first, second and third computer readable
reconstructions may include three-dimensional (3D) views, such as those created by scanning an
object, such as an implant or a patient via, for example, CT scan. At least one display may be
connected to the at least one computer. The display may be configured to display a visual
representation of the first, second and/or third computer readable reconstruction(s) in a format
visible to a human being. The first computer may include at least one memory to store data and
instructions, and at least one processor configured to access the at least one memory and to
execute instructions, such as any or all of the instructions 1200, 1300, 1400, and 1500
corresponding to steps shown in the flow charts of FIGS. 12-15, respectively.

[0084] Instructions 1600 may include one or more of the steps included in the flowchart on
FIG. 6. For purposes of providing examples, some of the steps are described below with
reference to components shown in the views of FIGS. 1A-1C and/or system views of FIGS. 2A-

2F.
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[0085] In an embodiment, first instructions 1600 include accessing a first computer-readable
reconstruction of a being’s anatomy at 1601 and accessing a second computer-readable
reconstruction of an implant at 1602. In an example, the first computer-readable reconstruction
of the being’s anatomy may be based on information contained in a file created by scanning the
patient, such as via CT scan, and/or the second computer-readable reconstruction of the implant
may be based on information contained in a file created by scanning a prefabricated implant
(such as an oversized CCI) or information contained in a file created by designing an implant
such as in a computer automate design (CAD) file. At 1603, the instructions may also include
accessing a third computer-readable reconstruction comprising the first computer-readable
reconstruction superimposed with the second computer-readable reconstruction. In an example,
step 1603 may be initiated by at least one signal generated by user input, for example, via user
interaction with the computer, or by a signal generated as part of a computer software program.
[0086] The instructions 1600 may also include generating at least one computer-readable trace
at 1604.

[0087] In an embodiment for generating the at least one computer-readable trace, a clinician
(for example, a surgeon) may acquire a point cloud from the removed anatomical feature, such as
a cut region from which an anatomical specimen with disease or deformity exists (i.c., bone, soft
tissue) is removed, and the anatomical defect is assessed in real-time using the CAS system as
compared to its surrounding, unaltered anatomy. Digitization can be achieved through tracking
technology such as an optical (infrared) tracker, or an electromagnetic tracker. A trackable
pointer tool with a digitizer can be used for tracking by an optical/electromagnetic sensor (such
as the sensor in FIG. 2A), and subsequently for digitizing the region of interest as, for example, a

trace. However, such an embodiment is not limited to use of an optical/magnetic tracker or even
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manual digitization where a user manipulates such a pointer tool with a digitizer. For example, a
robotic tool may be utilized as a digitizer (rather than an optical/magnetic tracker).

[0088] By using a registration between the patient anatomy and patient model, the points from
the digitized trace can be transformed to a patient model. Thus, for the embodiments described
herein, a method can include attaching a reference unit having a first trackable element to a first
anatomical feature of a being’s anatomy; detecting a location of at least the first trackable
element with a detector configured to provide at least one first signal corresponding to a detected
location of at least the first trackable element; accessing a first computer-readable reconstruction
of the being’s anatomy, the first computer-readable reconstruction comprising a first updatable
orientation, wherein the first updatable orientation is updated in response to the at least one first
signal; and accessing a second computer-readable reconstruction of an implant, the second
computer-readable reconstruction comprising a second updatable orientation. The method also
includes detecting a location of at least one second trackable element with the detector. The
detector may further be configured to provide at least one second signal corresponding to a
detected location of at least the second trackable element. The method also includes generating at
least one updatable, computer-readable trace, wherein the trace corresponds to an updated
location of the at least one second trackable element, and superimposing the least one updatable,
computer-readable trace over portions of the second computer-readable reconstruction of the
implant.

[0089] In another embodiment for generating a trace, camera images, with or without the use
of a depth/structured light sensor, may be used to generate a 3D point cloud from which cuts are

identified.
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[0090] Additional steps may include controlling a subtractive or additive manufacturing device
at 1605 to form an implant. In an example, the second computer-readable reconstruction of the
implant generated at 1602 may include a geometry defined by at least one of: 1) a shape of a
resected portion of the being’s anatomy represented by first geometric information
corresponding to a resected portion in the first computer-readable reconstruction, and ii) a
selected portion of the first computer-readable reconstruction, the selected portion comprising an
anatomical feature of the being’s anatomy, including but not limited to oncological defect sites,
such as a benign/malignant skull neoplasm, large defects following stroke, trauma, aneurysmal
bleeding, bone flap removal for infection, and oncological ablation. Additionally, the implant
fabricated by the manufacturing device at 1605 may have dimensions defined by the geometry of
the at least one computer-readable trace generated in step 1604.

[0091] In an embodiment, the second-readable reconstruction of the implant and/or the
computer-readable trace may be generated via a system that utilizes a depth or structured light
sensor. Generally, a computer-assisted surgical method can include the following: a) create a
representative 3D point cloud of the patient from signals generated by a 3D sensor; b) register
the 3D point cloud to a preoperative CT model of the patient; ¢) identify bone cuts (such as a
resected area of the patient’s anatomy) using either 3D point cloud information, RGB camera
information, or a combination thereof to generate cut information (such as cut geometry
information); d) provide the cut information, to a robot/cutting machine; ¢) the robot
automatically resizes/reshapes the implant; and f) the implant is attached to the patient.

[0092] In an embodiment a computer-assisted surgical method includes use of the CAS
system, which may provide a user an enhanced implant reconstruction experience, for example,

providing a surgeon unprecedented, immediate visual feedback and allowing single-stage
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implant cranioplasty and all related craniomaxillofacial reconstruction for scenarios related to
skull neoplasms, etc — in situations where the tumor defect is not known beforehand, but where a
customized implant is needed requiring on-table modification via CAS system guidance.
Generally, the method can include the following: a) generating and/or accessing a computer-
readable reconstruction of a patient’s anatomy, such as via a preoperative CT scan that includes
an anatomical feature, such as a defect, and constructing a 3D model of the anatomy; b)
preselecting a resection area on the model; ¢) determining implant dimensions (can be a few
centimeters (cms) greater along the periphery than the size of the anticipated defect) and
fabricate the implant with an additive and/or subtractive manufacturing device; d) attaching a
reference unit having a trackable element onto the patient’s anatomy, such as at the patient’s
skull; e) registering the location of the trackable element/reference unit to the computer-readable
reconstruction (preoperative CT scan); f) using a detector to generate a signal in response to
forming a trace of the defect boundaries, for example, if additional resection is required; g)
superimposing information corresponding to signals generated by optical digitizer, such as
signals in response to forming a trace of the defect boundaries, on the computer-readable
reconstruction; h) forming an implant according to a geometry corresponding to the trace; 1)
tracking the custom implant with respect to pre-operative plan and recipient’s unaltered anatomy,
j) attaching the implant to the patient; and k) obtaining a post-operative image of the patient and
the attached implant, such as a CT scan.

[0093] In another embodiment, a virtual representation of the oversized implant (i.e., a
computer-readable representation of the oversized implant) can be generated and accessed by the
CAS system. A surgeon may then use a marking tool (e.g., sterile marking pen) to outline the

projected points (the trace from the anatomy). The robot then cuts along the outline of the
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projected points and fits the implant into exact place in a less time-intense, labor-intense manner.
Significant time reduction (by up to 90%) and improved implant-to-defect positioning (i.c., less
gap space between implant and surrounding bone) are both significant advantages of this
invention.

[0094] The method may include any step or combination of steps included in the flow charts of
FIG. 6-9 and described below. In an example shown in the flow-chart of FIG. 7, a method 1700
can include generating and/or accessing a first computer-readable reconstruction of a being’s
anatomy at 1701. The method may also include generating and/or accessing a second computer-
readable reconstruction of a custom implant at 1702. The method may also include accessing a
first file containing the first computer-readable reconstruction and first geometric information at
1703 and generating a first image representative of the first computer-readable reconstruction at
1704. The method may also include accessing a second file containing the second computer-
readable reconstruction and second geometric information at 1705 and generating a second
image representative of the second computer-readable reconstruction at 1706. The method 1700
may further include displaying the first image and the second image at 1707, and superimposing
the first image and the second image at 1708. The method may further include fabricating an
implant at 1709, which may be accomplished with an R/CM that receives signals representative
of the dimensions required for the implant.

[0095] In an example, an anatomical discrepancy between the anatomical feature of interest
(such as a resected portion of the being’s anatomy) and the fabricated implant may be minimized
based on a preselected tolerance, for example, in instructions provided for fabricating the
implant, including instructions provided in computer-readable files, such as digital data, provided

to an implant manufacturing device. The methods described herein may also include attaching
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the implant to the preselected anatomical feature of interest, such as to a patients anatomy
surrounding oncological defect sites, such as a benign/malignant skeletal neoplasm, or large
defect sites formed following stroke, trauma, aneurysmal bleeding, bone flap removal for
osteomyelitic infection, or oncological ablation, as depicted, for example in FIG. 1C. After using
the CAS for guidance, the implantation of the implant, for example, the methods of the
embodiments can also include obtaining a post operative image of at least the implant attached to
the preselected anatomical feature. For example, a CT scan may be taken of the patient with
implant attached.

[0096] In an embodiment, a method 1800 depicted by the flowchart in FIG. 8 may include all
or some of the steps 1700 of FIG. 7 and may also include any step or combination of steps
included in the flow charts of FIGS. 6 and FIG. 9. In an example shown in the flow chart of FIG.
8, in addition to some or all the steps of method 1700, method 1800 may include providing an
additive and/or subtractive manufacturing device. The subtractive manufacturing device may
include an implant material-removal tool which may have a trackable element. The trackable
element may not be limited to any external trackable element, the position of which is sensed by
a sensor, but may include embedded encoders that identify the motor position. Embedded
encoders in, for example, a robot/cutting machine more accurately provide positional
information and can be used to ensure that the robot/cutting machine is following the correct
path to resize/reshape an implant. The method may also include tracking a location of the
trackable element with a detector at 1802. The detector may be configured to provide at least one
first signal corresponding to a detected location of the trackable element. At 1803, the method
may also include generating and/or accessing a third computer-readable reconstruction of the

trackable element’s location in real-space. The computer-readable reconstruction may include
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positional information, such as information providing a position of the trackable element relative
to a sensed location sensed by the detector. The method may also include accessing a third file
containing the third computer-readable reconstruction at 1804. The method can further include
comparing the positional information to at least one dimension of the second geometric
information at 1805. The method can further include providing audio, visual or tactile feedback,
the feedback comprising at least one value corresponding to a difference between the positional
information and the second geometric information at 1806. For example, to provide an end user
with feedback, such as to assist a user manually operating a cutting tool to more accurately
remove excess material from an oversized CCl, a comparison can be made between a location of
the cutting tool relative to geometric information of the generated second computer-readable
reconstruction of a custom implant. As such, if the end user moves the cutter to a location on the
actual oversized implant for which should not be removed, the end user may receive indication
that such movement is not optimal.

[0097] Finally, in an embodiment, a method 1900 depicted by the flowchart in FIG. 9 may
include all or some of the steps 1700 of FIG. 7 and may also include any step or combination of
steps included in the flow charts of FIGS. 6 and 8. The method may also include tracking and
accepting user input to change at least one characteristic of the second geometric information.
[0098] The described methods of the embodiments may be utilized during a surgical
procedure, such as a surgical implantation procedure for various forms of craniomaxillofacial
surgery and/or neurosurgery including an implant-based cranioplasty. Accordingly, the implant
may be a custom, 3D craniofacial implant made of cither alloplastic materials or biologic tissue
engineered cells as described above and a being, such as a recipient being, on whom the surgical

procedure is performed.

39



WO 2016/086049 PCT/US2015/062516

[0099] As used herein, to the extent that the terms “coupled,” “connected,” and “connecting” ,
or variants thereof are used in either the detailed description and the claims, such terms are
intended to refer to “in direct connection with” or “in connection with via one or more
intermediate elements or members.” Furthermore, to the extent that the terms “including”,
“includes”, “having”, “has”, “with”, or variants thereof are used in either the detailed description
and the claims, such terms are intended to be inclusive in a manner similar to the term
“comprising.” As used herein, the phrase “at least one of” or “one or more of”, for example, A,
B, and C means any of the following: either A, B, or C alone; or combinations of two, such as A
and B, B and C, and A and C; or combinations of three A, B and C.

[00100] Other embodiments of the invention will be apparent to those skilled in the art from
consideration of the specification and practice of the invention disclosed herein. It is intended
that the specification and examples be considered as exemplary only, with a true scope and spirit

of the invention being indicated by the following claims.
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WHAT IS CLAIMED IS:

1. A method for forming an implant with an autonomous manufacturing device, comprising:

accessing a first computer-readable reconstruction of a being’s anatomys;

accessing a second computer-readable reconstruction of an implant;

accessing a third computer-readable reconstruction comprising the first computer-readable
reconstruction superimposed with the second computer readable reconstruction;

generating at least one computer-readable trace from a point cloud; and

forming an implant with an autonomous manufacturing device,

wherein the autonomous manufacturing device forms the implant into a shape defined by at

least one dimension of the computer-readable trace.

2. The method of claim 1, wherein the implant comprises an oversized implant and forming the
implant comprises causing an implant material-removal tool of the autonomous manufacturing

device to remove excess material from the oversized implant.

3. The method of claim 2, further comprising generating a projected trace from the computer-

readable trace, wherein the projected trace comprises a 2D or 3D projected trace.

4. The method of claim 3, further comprising projecting the projected trace onto the implant.

5. The surgical method of claim 1, wherein the computer-readable trace includes information
for generating signals to virtually constrain a human-guided cutting tool using the autonomous

manufacturing device.

6. The method of claim 5 wherein the human-guided cutting tool using the autonomous

manufacturing device is configured to provide haptic feedback.

7. The method of claim 1, wherein the implant is an oversized implant and forming the implant
comprises the autonomous manufacturing device removing portions of the oversized implant that

are adjacent to a boundary defined by the at least one dimension of the computer-readable trace.
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8. The method of claim 7, wherein the computer-readable trace comprises a geometry defined

by a resected region of a being’s anatomy.

9. The method of claim 1, further comprising fitting the implant onto the being.

10. The method of claim 8, wherein the computer-readable trace comprises a gecometry defined

by a resected region of a being’s anatomy.

11. The method of claim 1, wherein the autonomous manufacturing device comprises a

subtractive manufacturing device.

12. The method of claim 1, wherein the autonomous manufacturing device comprises an
articulating arm and an implant material-removal tool detachably connected to an end of the
articulating arm.

13. The method of claim 1, wherein the autonomous manufacturing device comprises a implant
material-removal tool disposed on a nonstationary platform and a holding platform on which
implant material is attached, wherein the nonstationary platform is configured to advance or

retract the implant material-removal tool toward or away from the holding platform.

14. The method of claim 13, wherein the implant material-removal tool comprises a cutting

surface for cutting implant material.

15. The method of claim 13, wherein the implant material-removal tool comprises a laser for

ablating implant material.

16. The method of claim 13, wherein the holding platform comprises a nonstationary platform.

17. The method of claim 13, wherein the holding platform comprises a stationary platform.
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18. The method of claim 1, wherein the autonomous manufacturing device comprises an implant

material-removal tool.

19. The method of claim 18, wherein the computer-readable trace includes information for
generating signals to virtually constrain a human-guided cutting tool using the autonomous
manufacturing device with the use of at least one of motor encoders, a position trackable element

and/or an electromagnetic trackable element..

20. The method of claim 19, wherein the human-guided cutting tool comprises a haptic device,
wherein the haptic receives signals generated in response to the signals generated by the at least
one of motor encoders, a position trackable element and/or an electromagnetic trackable element

in order to generate a haptic response provided by the human-guided cutting tool.

21. The method of claim 1, the computer-readable trace comprises a virtual or visual

representation of a geometry corresponding to a final shape of a resized implant.

22. The method of claim 1, wherein the implant comprises an oversized implant and forming the
implant comprises activating a cutting tool of the autonomous manufacturing device to remove at
least a portion of the oversized implant at a location on the implant corresponding to a geometry

defined by the computer-readable trace.

23. The method of claim 1, wherein the autonomous manufacturing device comprises multi-axis

laser cutter machine
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