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(57) Abstract: An apparatus and method for laser-assisted machining (LAM) of non-monolithic composite bone material is described.
A high intensity focused laser beam conducts bone material removal in extremely short time duration without causing any thermal
(necrosis) and mechanical damage to the material surrounding the bone-laser interaction region. A computer associated with the ap-
paratus for machining bone preferably employs a Multiphysics computational modeling approach which takes into account physical
phenomena such as heat transfer, fluid flow, convection mixing, and surface tension when determining bone target volume, calculating
material properties of the multicomponent and multicomposition composite bone material, determining parameters for the laser-assisted
machining based on the material properties, and performing the laser-assisted cutting/shaping/machining of bone.
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LASER-ASSISTED MACHINING (LAM) OF NON-MONOLITHIC COMPOSITE
BONE MATERIAL

BACKGROUND

[0001] This application claims priority to U.S. Provisional Patent Application Serial
No. 62/352,275, filed on June 20, 2016, U.S. Provisional Patent Application Serial No.
62/429.485, filed on December 2, 2016, and U.S. Provisional Patent Application Serial No.
62/437,167, filed on December 21, 2016, each entitled “Laser-Assisted Machining (LAM) of
Non-Monolithic Composite Bone Material,” and the contents of each are hereby incorporated

by reference in their entireties.

[0002] The present invention relates generally to a system and methods of
cutting/shaping/machining bone material, taking into account its non-monolithic, composite
nature, and more specifically to a system for the process and apparatus for laser assisted

machining (“LAM”) of bone.

[0003] The cutting process forms one of the important bone shaping operations
during orthopaedic surgeries. Today, although the orthopaedic surgery has come a long way
through adaptation/integration of modern tools such as sensors and CAD (computer aided
drawing) based generation of patient specific defined joint design and bone shaping/cutting
parameters, it is still largely conducted by the surgeon using conventional tools such as saw,
ultrasonic cutter, hammer, drill, etc. Such mostly conventional way of surgery is associated
with human and tool attributes that mostly result in potentially increasing the risk of thermal
damage (necrosis). This situation in turn leaves tremendous room for further development of
operating tools and techniques. These further developments are likely to address several
additional collateral adverse effects of orthopaedic surgery such as but not limited to (1)
severe damage of tissues within and surrounding repaired/operated regions, (2) low precision
in final dimensional tolerance on repaired/operated bone, (3) relatively slow surgical
processes, (4) post-surgery tissue trauma, (5) rigorous pain, and (6) in some cases, post-

surgery and related addition of cost.

[0004] Cutting saws and burrs are the traditional tools employed for bone cutting
during orthopaedic surgery. Being a manual operation, it involves human errors and necessity
of skilled surgeons thus making achievement of reproducibility difficult. Apart from these

variabilities, there are other issues associated, such as thermally driven necrosis of tissues
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initiated by temperature rise due to extended period physical contact between the
cutting/shaping tool and bone that leads to friction/abrasion between cutting tool and bone,
along with heavy mechanical loading of bones during conventional mechanical
cutting/shaping/machining. In general, cutting saw blades are much harsher than cutting
burrs, with temperatures of bone rising above 100°C. The reason behind this increase in
temperature is the large contact area of bone with the saw teeth. In addition, there are many
cuts that need to be performed in order to shape the bone. Although the cutting operation
using burr results in moderate temperatures (50-60°C), burr cutting is limited to shallow cuts,

thus not a complete substitute for the cutting saw.

[0005] To address the temperature rise, and avoid associated necrosis, many remedies
have been explored that are mainly focused on (a) change in tool design, (b) improving
method of operation and most prevalent (¢) employing saline cooling. Out of these, (a), and
(b) still require careful operational procedures to achieve lower heat generation. In case of
(c). even though the temperature rise can be controlled, designing an effective cooling system
becomes necessary. For cutting tools, internally cooled tools have been reported to be
superior in terms of heat control than an external spray/mist cooling. Intricately designed
tools and careful temperature and flow rate control are required to achieve low heat
generation. Furthermore, due to the physical contact between the mechanical cutting tools
and bone, a very cautious sterilization process for tools is required to avoid any risk of
infection. Apart from these issues, the conventional bone cutting/shaping/machining also

involves post tissue trauma and rigorous pain and long healing/recovery times.

[0006] Furthermore, as a result of the composite nature of the bone, the direction of
mechanical loading during cutting critically determines the response of bone to cutting.
Factors such as porosity, mineralization, and orientation-diameter-spacing of collagen fibers
of histological structure of bone play a deterministic role in mechanical response. It has been
well documented in the literature that the mechanical response changes drastically depending
upon the orientation of these microstructural features with the loading direction. Thus
anisotropy and heterogeneity of bone structure makes it difficult to predict the exact response
of bone to cutting operation as well as leads to uneven site specific stress concentration and
generation of microcracks and/or cracks. This situation also further leads to unpredictable
facture of the bone in ductile or brittle or mixed (ductile+brittle) manner that in turn leads to

unpredictable cut surface quality (roughness) which holds tremendous bearing on post-
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surgery bone ingrowth and healing characteristics. In light of this situation it is extremely
difficult to design/select cutting parameters (speed, force, feed rate) and cutting saw
parameters (tooth spacing or pitch, tooth size, tooth form) for desired outcome and mostly

remains an art related to skill and experience of the surgeon.
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SUMMARY

[0007] The present disclosure relates to a non-conventional laser-based non-contact
technique for cutting, shaping, and machining bone. The current method takes a radically
different approach to achieve superior cutting/shaping/machining operation. It is based on
employment of extremely short duration non-physical contact high intensity laser beam as the
energy source for cutting/shaping/machining. Such high intensity focused laser beam
conducts bone material removal in extremely short time duration without causing any thermal
(necrosis) and mechanical damage to the material surrounding the bone-laser interaction
region. Furthermore, the laser based bone cutting/shaping/machining technique is highly
amenable to automation and reduction in human intervention and operation time along with
increasing precision in cutting/shaping/machining. These primary advantages are expected to

lead to secondary benefits such as rapid patient recovery and reduction in cost.

[0008] It is evident that conventional cutting techniques, in spite of having short
comings, are still in use. The efforts to improve this operation need to eliminate (a) complex
system arrangements, (b) variabilities introduced by human factor, and (c) physical contact
between the cutting/shaping tool and bone. In light of this, the present novel and non-
conventional laser based non-contact technique for shaping/cutting bone was developed. The
technique is based on employment of extremely short duration non-physical contact high
intensity laser beam as the energy source for shaping/cutting. Such high intensity focused
laser beam allows bone material removal in extremely short time duration. The use of a laser,
in general, wields inherent advantages over the conventional mechanical shaping/cutting
methods such as but not limited to (a) high control over processing parameters, (b) high
precision and repeatability in operation, (b) highly confined/localized heating for minimal
thermal damage in surrounding volume of material, and (d) high speed shaping/cutting
operation. Furthermore, the laser based shaping/cutting method being a non-contact method,
it eliminates risk of mechanical loading and is more likely to eliminate or substantially reduce
associated undesired effects such as cracking of bone material. Furthermore, such novel laser
based bone shaping/cutting technique is highly amenable to automation and reduction in
human intervention and operation time along with increasing precision in shaping/cutting. In
addition, these primary advantages are expected to lead to secondary benefits such as rapid

patient recovery and reduction in cost.
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[0009] Lasers have been previously explored for bone (hard tissue) ablation purposes.
Most of these studies were confined to evaluation of parametric correlations between laser
parameters and resultant morphology of ablated surface (depth of ablation) and ablation rate
(machining rate) along with study of thermal effects (necrosis and microcracks).
Furthermore, some of these studies involved machined hard tissues such as monolithic dental
enamel and, although associated with non-thermal (cold ablation) without collateral damage
to the tissue, they produced very shallow depth (< 1um) and/or low machining rates (< 1
mm’/s) due to use of ultrashort pulse fs or ps lasers. Remaining studies, though they
employed continuous wave (CW) and pulsed CO, Nd:YAG, Ho:YAG, and Er:Y AG lasers for
machining of non-monolithic structural bones, were confined to only shallow drilling and
cutting (< 2 mm depth) operations and observations indicated substantial necrosis of the bone
around the cut region and appeared to generate very low machining rates (1 mm’/s). On the
contrary, in case of orthopaedic surgeries for hard tissue bio implant replacement (knee, hip,
etc), higher machining rates (> 30 mm’/s) with minimal collateral thermal damage to the

structural bone 1s desired.

[0010] The use of lasers, in general, wields inherent advantages over the conventional
mechanical cutting/shaping/machining methods such as but not limited to (a) high control
over processing parameters, (b) high precision and repeatability in operation, (c¢) highly
confined/localized heating for minimal thermal damage in surrounding volume of material,
and (d) high speed cutting/shaping/machining operation. Furthermore, because the laser
based cutting/shaping/machining method is a non-contact method, it eliminates the risks of
mechanical loading and associated undesired effects such as cracking of bone material. It is
worth noting that, a laser being an intense heat source, in laser based operation, heat is not a
byproduct but a vehicle for material removal. Due to its high intensity (energy density),
material within the laser-material interaction region is removed by instantaneously raising its
temperature to melting and/or vaporization temperature with minimally or without thermally
affecting the surrounding region. Based on these advantages, lasers have been previously

explored for bone ablation purposes.

[0011] Bone material removal by laser is challenging due to the diverse
thermophysical properties of the bone constituents. The mineral (hydroxyapatite) has a high
melting point (about 1100°C) whereas organic matrix consisting of collagen experiences the

onset of necrosis at ~ 45 °C and completely carbonizes at > 100 °C after evaporation of water.
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Water plays a critical role in determining the ablation mechanism depending on the
wavelength of the laser used. Some of the wavelengths are strongly absorbed by the water
making it to quickly boil, while others are transmitted through it creating a possibility of
damaging the tissues undemeath. Copper vapor laser (wavelength = 511 nm) and Nd:YAG
laser operating at 532 nm are easily transmitted through water. On the other hand, Er:-YAG
laser (wavelength = 2.940 um) and Nd:YAG laser operated at 2900 nm wavelength are
strongly absorbed by water. Other lasers absorbed by water are CO, lasers (wavelength =
10.6 um), Yb-fiber laser (wavelength = 1.07 um), and Nd:Y AG laser operated at wavelength
of 1.06 pm.

[0012] Ablation mechanism 1is critically influenced by the time of interaction and
power density. For exposures greater than 1 s, the laser is preferably operated in a continuous
wave mode giving rise to photochemical interactions. The time range of 1 min to 1 us gives
rise to thermal interactions. Often for the shorter interaction times, the laser operates in a
pulse mode. The exposure time in the range of 1 ps to 1 ns results in photoablation.
Extremely short exposure durations of the order < 1 ns give rise to plasma-induced ablation

and photodisruption.

[0013] In preferred embodiments of the current methods and systems, Yb-fiber
coupled Nd:YAG laser (1.07 um wavelength) is used to machine a structural bone.
Evaluation focused on a fundamental/basic understanding of laser interaction with bone
material system. Such basic evaluation was attempted with integrated experimental and
computational approach for optimization of the laser process parameters to achieve most

effective removal/ablation (shaping/cutting) of the bone with least possible thermal damage.

[0014] The heat transfer model extends to multi-pass laser processing for larger area
and larger volume material removal (cutting/shaping/machining) and the laser processing is
optimized by a modeling approach to consider the reheating effects. The level-set method is
specifically employed to predict the evolution of solid-liquid-vapor interface. Temporal
tracking of such interface predicts the volume of portion of substrate melted and/or vaporized
and in tum aids to estimate the geometrical dimensions of cut/shaped/machined volume

(depth and width) during laser cutting/shaping/machining of bone.

[0015] Furthermore, the present computational model incorporates the heat transfer,

fluid flow, and structural mechanics boundary conditions corresponding to various physical
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phenomena (Marangoni convection, surface tension, recoil pressure, and structural
deformation) and temperature-dependent bone material properties (thermal conductivity, heat
capacity, elastic modulus, coefficient of thermal expansion, and dynamic viscosity) in order
to assess the temperature (T) profile, associated cooling rate, subsequent surface topography
of cut/shaped/machined region, and resultant thermal stresses in the surrounding region
during multidimensional laser cutting/shaping/machining. Also for higher accuracy and more
realistic computational predictions, the temperature dependent thermophysical properties of
the bone are considered. In order to address the multicomponent and multicompositional
nature of bone, any thermophysical and/or themomechanical property (Mpone) of bone is
estimated using the thermophysical and/or thermomechanical properties Mpinerat, Mwaters
Meoitagen, and Mporosity Of the individual components mineral (hydroxyapatite), water, collagen,

and porosity respectively of the bone following rule of mixture:

Mbone = (Xmineral * Mmineral) + (Xwater * Mwater) + (Xcollagen * Mcollagen) + (Xporosity * Mporosity) (7)

where Xmineral, Xwaters Xcollagens Xporosity are  the volume fractions of mineral, water, collagen,

and porosity respectively.

[0016] Due to the rapid rise in temperature (up to vaporization temperature) in laser
bone-material interaction region, the surrounding region may experience steep thermal
gradient, thereby leading to generation of fracture cracks. To avoid generation of thermal
stress cracking via design of laser processing parameters based on computationally predicted
thermal fields, the model couples solid mechanics interface with a heat transfer interface in
such a way that the thermal field from heat transfer interface acts as a thermal load for the
solid mechanics interface. The temperature-dependent elastic modulus and coefficient of
thermal expansion are assigned to the model to effectively incorporate elastic behavior law.
The temperature history evaluated from the present multiphysics model is used as input to the
thermal stress analysis, which in tum is modeled as elastic-plastic material with isotropic

hardening and temperature dependent yield stress.



WO 2017/223003 PCT/US2017/038196

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The following drawings form part of the present specification and are included
to further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed

description of specific embodiments presented herein.

[0018] FIG. 1 shows a schematic illustration of combinatorial effects of physical
phenomena on evolution of physical attributes/ surface topography (depth, width, and
geometry) of a cut/shaped/machined region of hard tissue or bone and thermal stresses in the

surrounding region.

[0019] FIG. 2 shows a schematic illustration of two-step heat transfer model coupled
with fluid flow model in a computational approach for determination of attributes of a laser
cut/shaped/machined cavity in accordance with exemplary embodiments of the present

disclosure.

[0020] FIG. 3 shows a loop diagram of an integrated approach for prediction of
morphology of a final cut/shaped/machined cavity using heat transfer and fluid flow coupled

models in accordance with exemplary embodiments of the present disclosure.

[0021] FIG. 4 shows a schematic of a cross sectional view of laser machining a

portion of bone material

[0022] FIG. 5 shows SEM micrographs of laser ablated bone showing (a) top surface

and (b) cross section showing depth and width of cut.

[0023] FIG. 6 shows machining rates obtained during laser cutting of bone with

various energy densities.

[0024] FIG. 7A shows an illustration of an example of a laser system for laser-

assisted bone cutting/shaping/machining.

[0025] FIG. 7B shows an enlarged illustration of a bone sample undergoing

cutting/shaping/machining.

[0026] FIG. 7C shows exemplary sequential physical mechanisms utilized in

embodiments of laser based bone cutting/shaping/machining.
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[0027] FIG. 8A shows goveming equations for a computational model used in
accordance with exemplary embodiments of the present disclosure to represent temperature-

dependent material properties of a region of bone.

[0028] FIG. 8B shows the boundary conditions of a computational model used in
accordance with exemplary embodiments of the present disclosure to represent temperature-

dependent material properties of a region of bone.

[0029] FIG. 9A shows a table of bone tissue cutting/shaping/machining rate as a
function of laser energy density in accordance with exemplary embodiments of the present

disclosure.

[0030] FIG. 9B shows a graphic representation of bone tissue
cutting/shaping/machining rate as a function of laser energy density in accordance with

exemplary embodiments of the present disclosure.

[0031] FIG. 9C shows scanning electron microscopy (SEM) surface views of the
width of a laser based bone cut/shaped/machined sample according to exemplary

embodiments of the present disclosure.

[0032] FIG. 9D shows SEM images of cross sectional views (i.e. width and depth) of
laser-assisted bone cut/shaped/machined samples in accordance with exemplary embodiments

of the present disclosure.

[0033] FIG. 10 shows an SEM view of laser cut/shaped/machined bone sample at
5.36 x 10° J/m” laser energy density, showing several cut/shaped/machined regions and the
corresponding elemental composition within these regions in accordance with exemplary

embodiments of the present disclosure.

[0034] FIG. 11 shows temperature profiles at different depths for laser
cut/shaped/machined bone sample at 4.24 x 10° J/m?, according to one process of the present

nvention.

[0035] FIG. 12 shows an automated computer numeric controlled (“CNC™) bone
cutting/shaping/machining system, in accordance with exemplary embodiments of the present

disclosure.
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[0036] FIG. 13 shows a schematic of dumbbell laser beam profile in cross sections
parallel and orthogonal to the beam axis along with laser power intensity distributions within

these sections.

[0037] FIG. 14 shows scanning electron microscopy top view images (a) — (h) of a

laser machined cavity in structural bone with various machining parameters.

[0038] FIG. 15 shows scanning electron microscopy cross sectional view images (a) —

(h) of alaser machined cavity in structural bone with various machining parameters.

[0039] FIG. 16 shows (left) a scanning electron microscopy view of laser machined
bone sample showing various machined regions 1, 2, and 3 and (right) corresponding

elemental composition within machined regions 1, 2, and 3.

[0040] FIG. 17 shows a table with experimental estimates and computational

predictions of attributes of a laser bone machined cavity.

[0041] FIG. 18 shows depth of laser machined cavity in structural bone as a function
of laser fluence for (a) constant scanning speed and variable power and (b) variable scanning

speed and variable power.

[0042] FIG. 19 shows width of laser machined cavity in structural bone as a function
of laser fluence for (a) constant scanning speed and variable power and (b) variable scanning

speed and variable power.

[0043] FIG. 20 shows laser machining rate of structural bone as a function of laser
fluence for (a) constant scanning speed and variable power and (b) variable scanning speed

and variable power.

[0044] FIG. 21 shows thermal fields at various depths below surface and

corresponding evolution of machined cavity in laser machined structural bone.

[0045] FIG. 22 shows heating rate during laser machining of structural bone as a
function of laser fluence for (a) constant scanning speed and variable power and (b) variable

scanning speed and variable power.

10
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[0046] FIG. 23 shows cooling rate during laser machining of structural bone as a
function of laser fluence for (a) constant scanning speed and variable power and (b) variable

scanning speed and variable power.

11
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DETAILED DESCRIPTION

[0047] The present disclosure pertains to methods and apparatus for laser-assisted
machining of bone. In preferred embodiments, the laser-assisted machining of bone utilizes a
multiphysics computational model approach that takes into account the fact that biological
hard tissue/bone is a non-monolithic multicomponent (ceramic + collagen + water + porosity)

material system.

[0048] The current disclosure pertains to methods and apparatus for laser-assisted
machining of bone, taking into account its non-monolithic, composite (multicomponent and
multicomposition) nature. In preferred embodiments, the method includes a step of
determining a bone target volume or target area to be machined. Once the bone target
volume has been determined, a focused laser beam will be used to scan the laser along a
surface area axis of the bone’s target volume at a calculated machining-rate. The method
utilizes a Gaussian shaped, or top-hat, or dumbbell laser beam profile for the bone target.
The focused laser beam will generate intense heat, which will instantaneously evaporate the
liquid layer and other organic (collagen) and inorganic/mineral/ceramic (hydroxyapatite)
components of the bone thereby ejecting a bone residue from the predetermined target bone

volume creating a cut/shaped/machined void in the bone.

[0049] The machining rate of the bone is determined from calculations using
cutting/shaping/machining parameters such as: laser power output; the target bone volume;
the diameter of the focused laser beam; the laser scanning speed; and the residence time. The
laser energy density provides a narrow laser beam with a high power density with little or no

heat affected zones (“HAZ”) on the bone targeted volume.

[0050] In preferred embodiments the choice of lasers used can be selected from those
that generate the focused laser beam having the laser energy density in the range of 2.0 to
12.0 x 10° Jm®. Additionally, the focused laser beam preferably has a wavelength in the
range of 300 nm to 29,400 nm. Lasers are preferably chosen from: a Ti-Sapphire laser, a CO,
laser, an Excimer laser, a YAG laser, an Er-YAG laser, a copper vapor laser, or a Yb-fiber
laser. The laser may be operated in pulse mode or continuous mode in additional preferred
embodiments. The pulse mode operation of the laser allows tailoring of the pulse for desired
parameters (e.g., pulse frequency, pulse shape, and pulse energy distribution) with better
control of input energy in spatial (Gaussian, top hat, and dumbbell) and temporal manners for

enhanced machining characteristics. In addition, a preferred beam diameter or focal spot

12



WO 2017/223003 PCT/US2017/038196

diameter may range from 0.3 mm to 3.0 mm. In addition, in a further preferred embodiment,
a laser may be utilized having a resident time in the range of 0.5 us to 4 ms. These
parameters provide high levels of control during machining and higher dimensional accuracy
and speed. The focused laser beam may generate a heat intensity in the range of 4.2-9.9 x10’

W/m’,

[0051] Additional embodiments may include a vision system (i.e. ScanLab) and a
computer numeric controlled (“CNC”) robotic system that are integrated with the laser for
full automation of selecting the bone target volume and scanning the focused laser beam
along a surface area axis of bone target volume at a machining rate. Further embodiments
may include an apparatus for machining bone, comprising a laser source capable of
delivering a focused laser beam, a dynamic focusing unit for delivering the focused laser
beam to a visualized target site, and a real time controller (“RTC”) capable of simultaneous
processing of visualized target site data and controlling the laser source and controlling the
dynamic focusing unit, wherein the RTC is able to correct laser source output for the purpose
of preventing heat affected zones in the bone target and machining bone in a predetermined

pattern.

[0052] Further embodiments may pertain to a process for laser-assisted machining of
bone. This process may include the steps of observing a region of bone to be
cut/shaped/machined, calculating the temperature-dependent material properties of the region
of bone, determining parameters for laser-assisted machining based on the temperature-
dependent material properties of the region of bone, and performing laser-assisted bone

machining using the determined parameters.

[0053] In certain preferred embodiments, a computer associated with the apparatus
for cutting/shaping/machining bone will employ a multiphysics computational modeling
approach which takes into account physical phenomena such as heat transfer, fluid flow,
convection mixing, and surface tension when determining bone target volume, calculating
material properties of the composite bone material, determining parameters for the laser-
assisted machining based on the material properties, and performing the laser-assisted

machining of bone.

[0054] It is extremely important to control the thermodynamic and kinetic conditions

during laser cutting/shaping/machining as the process involves removal of molten and/or

13
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vaporized material. The level of temperature developed within laser-material (biological hard
tissue/bone) interaction region will define the heating and cooling rates (heat transfer) and
also the mode of material removal (mass transfer). These thermodynamic and kinetic
conditions and associated thermodynamic phenomena have enormous influence on the
evolution of various attributes of the cutting/shaping/machining of biological hard tissue/bone
such as composition, thermal stresses in machined region, machined surface morphology
(roughness), microstructure, and physical defects (porosity, cracking) in cut/shaped/machined
surface region and cutting/shaping/machining rate. As in case of biological hard tissue/bone,
compositional changes, excessive thermal/residual stress (equal or higher than fracture
stress), and porosity cause deterioration of mechanical and chemical properties, so it is
extremely important to avoid generation of thermodynamic and kinetic conditions leading to
these attributes. Similarly for any technical application, the practical aspects of
cutting/shaping/machining such as cut/shaped/machined surface morphology (roughness) and
cutting/shaping/machining rate are also very important. Hence, while avoiding generation of
undesirable attributes, it is also important to control the evolution of desirable attributes by
precise  control over thermodynamic and kinetic conditions during laser
cutting/shaping/machining of biological hard tissue/bone. Therefore, the thermodynamic and
kinetic conditions required to achieve the desired attributes can be achieved through an

integrated computational modeling and experimental approach.

[0055] Computational modeling forms an important facet of the current laser-based
cutting/shaping/machining method. Considering the dynamic nature of the laser
cutting/shaping/machining consisting of very short interaction times ranging from milli- to
pico-seconds, it is extremely difficult to capture/realize various physical phenomena via
measurement of thermodynamic and kinetic parameters during the process. In view of this, a
multiphysics computational modeling approach incorporating physical phenomena such as
heat transfer, fluid flow, convection mixing, surface tension, and the like can be utilized.
Through understanding of correlation among these physical phenomena, the next level of
correlation between these physical phenomena and laser processing parameters provides
better control of laser ablation/removal (cutting/shaping/machining rate) and evolution of
physical attributes (cut/shaped/machined geometry) during bone cutting/shaping/machining
operation. Furthermore, this methodology can be extended to optimization (analysis of

variance - ANOV A) to achieve higher processing efficiency.

14
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[0056] During  multidimensional laser  cutting/shaping/machining,  material
experiences various physical phenomena such as phase transition from solid-to-liquid-to-
vapor and material loss during evaporation. In addition, the material surrounding the
cut/machined/ablated region also experiences the transition dependent effects such as thermal
expansion during heating, recoil pressure during vaporization, and Marangoni convection and
surface tension during solidification. In order to take into account such complex laser
cutting/shaping/machining mechanisms, the present model uses multistep multiphysics
computational modeling approach for multidimensional (1-, 2-, and 3D) laser
cutting/shaping/machining process on a multiphysics finite-element platform. The
computational model based on the multiphysics approach combines heat transfer, fluid flow,
and structural mechanics for thermo-mechanical coupling (temperature and thermal
expansion coefficient) to investigate the combinatorial effects of these physical phenomena
on evolution of physical attributes/ surface topography (depth, width, and geometry) of
cut/shaped/machined region and thermal stresses in the surrounding region as schematically
presented in FIG. 1. The selective governing equations and boundary conditions for a

multiphysics computational model are presented below.

[0057] The cooling rates and temperature evolution are determined by the solution of

the equation governing the heat transfer shown below:

Here, k is the thermal conductivity, C, is the specific heat and # is the density of the
material. The laser track is assigned a heat flux boundary with a moving laser beam defined

by the equation below:

[+ @—;) + (3] = Pt hIr =Ty 1+ eolré 73]

Here, h is heat transfer coefficient, € is emissivity, ¢ is Stefan-Boltzman constant, Ty is
ambient temperature, and Px is the input laser power intensity distribution and it is either P,
or Py or Py, where Py is the three dimensional Gaussian laser beam power intensity
distribution, Py, is the top hat laser beam power intensity distribution, and Pg, is the dumbbell
laser beam power intensity distribution. The moving laser beam with a Gaussian, top hat, and

dumbbell power intensity distributions are expressed below by the respective equations:
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(see Koechner 2005, Willstrand 2013) where Py is laser input power, 1y is the radius of beam

1

at which laser power transverse intensity decreases to o and x, y, z are the Cartesisan

coordinates with y along the axis of the beam and x and z are in the plane orthogonal to the

axis of the beam and the beam intensity distribution is considered axisymmetric in X-z plane.

[0058] In additional preferred embodiments, the laser track is assigned a heat flux

boundary with a moving laser beam defined by the equation below:

_ kK%j N [%Tj . (%Tﬂ =P, +H[T -T,]+eolr* -1}

Here, h is heat transfer coefficient, € is emissivity, Py 1s the three-dimensional Gaussian laser

beam distribution, ¢ is Stefan-Boltzman constant, and Ty is ambient temperature.

[0059] Two important aspects of laser-material interaction that strongly influence the
heat transfer and fluid flow and hence morphological (width and depth) and topographical
(roughness) evolutions in machined sample are energy distribution within the laser beam and
recoil pressure generated by the surface tension and/or vaporized material. The inherently
fundamental Gaussian energy distribution, P, within the moving beam and the corresponding

recoil pressure, P; are given by the equations below, respectively:

(k.TS>
1.69 M,.L
P. = (Pg)\/L_ Vk"II‘ >|only when Ty = T,
v 1+2.2<M' E
v HV
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where P is laser power, x is the distance along the x-axis and ¢ represents the standard
deviation of laser beam intensity. L, is latent heat of vaporization, M, mass of vapor
molecule; and Ts and T, are instantaneous surface and vaporization temperatures

respectively.

[0060] All other surfaces are assigned convective cooling and surface to ambient

radiation boundary conditions given by the following relationship:

_ /{[%T] + [%T] + [%ﬂ =W - 1,)+ eolr - 7]

[0061] Although in the present efforts, only single laser track machining under
various set of laser processing parameters was performed, the present heat transfer model can
be extended to multi-pass laser processing with consideration to the reheating effects that
would be required to machine a large area/volume bone material removal (machining) during
any orthopaedic surgery. Furthermore, the level-set method can be specifically employed to
predict/track the evolution of solid-liquid-vapor interface. Temporal tracking of such
interface predicts the volume of portion of substrate bone melted and/or vaporized and in turn
it assists in estimation of the geometrical dimensions of machined region (depth and width)

during laser machining of bone.

[0062] Furthermore, the present computational model incorporates the heat transfer,
fluid flow, and structural mechanics boundary conditions corresponding to various physical
phenomena (Marangoni convection, surface tension, recoil pressure, and structural
deformation) and bone material properties (thermal conductivity, heat capacity, elastic
modulus, coefficient of thermal expansion, and dynamic viscosity) in order to assess the
temperature (T) profile, associated heating/cooling rate, subsequent surface topography of
machined region during multidimensional laser machining. Due to the paucity of data in the
open literature related to above mentioned thermo-physical properties of bone, only their
constant values mostly at room temperature were considered. However, in order to address
the multicomponent nature of bone (60-70% hydroxyapatite, 10-30% collagen, and 10-20%
water by volume) average thermos-physical properties of bone were estimated using the rule

of mixture and presented in Table 1.
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Table 1
Broperty Fabae for fndividaal Onwpanent Rudenf
Ainorad Collagen | Water | Minbare
{Fvdraxyapatite} Vabue
Density IHG3210 1060 18 32
$373.8.490 §.8% 460 84524
$.602 LT $.17 1414
1481

[0063] In preferred embodiments, laser interaction with substrate material during
machining leads to evolution of surface topography due to rise in the laser-material
interaction region leading to melting and vaporization of the region. The changes in
temperatures within this region are represented by isotherms predicted using finite element
based multiphysics model involving the equations described above. The computational model
based predicted isotherms corresponding to the interfaces between solid substrate-melt zone
and melt zone-vaporized region clearly define surface topography evolved during
cutting/shaping/machining process. Thus the morphology of final cut/shaped/machined
region can be precisely predicted/controlled by controlling spatial and temporal thermal
conditions (laser machining parameters) for generation and removal of melt and vaporized
volumes of the substrate material from the laser-material interaction region based on the

multiphysics model involving the equations above.

[0064] Further, embodiments pertain to computational prediction of evolution of the
final morphology (geometrical attributes such as width and depth) of the
cut/shaped/machined cavity via adoption of a two-step computational heat transfer model
coupled with a fluid flow model as schematically presented in FIG. 2. During
cutting/shaping/machining process, as the temperature rises, material changes its phase from
solid to liquid to vapor. The top portion of material that attains the temperature above
vaporization temperature is consequently removed due to vaporization and vapor recoil
pressure. The portion below vaporized region (molten region) is at the melting temperature
that under the dynamic forces ( recoil pressure, convectional force, gravitational force,
surface tension and the like) experiences partial to complete ejection (depending upon the

magnitude of these forces) and physical deformation before solidification (during cooling)
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and this together with vaporized region generates the final attributes (width and depth) of

cut/shaped/machined cavity.

[0065] Preferred embodiments of the present multiphysics computational model
utilize a two-step approach for multidimensional laser cutting/shaping/machining processes
for bone. An integrated approach for prediction of morphology of the final
cut/shaped/machined cavity using heat transfer and fluid flow coupled models based on the
equations is presented in the loop diagram of FIG. 3. In these embodiments, Step 1 of the
computational model (coupled with heat transfer, structural mechanics, and phase change
kinetics) predicts the geometry of a cut/ablated crater produced via evaporation losses of the
material. In Step 1, the level-set method will be emploved to trace the interfaces between
liquid-solid and vapor-liquid phases so that the elements whose temperature reaches above
the vaporization temperature are excluded from the geometry. The dimensions of
cut/shaped/machined cavity (depth and width) play a significant role in predicting the final
surface profile and associated thermal stresses. Therefore, in Step 2 of the model the crater
geometry predicted from Step 1 is considered as a starting surface profile. The main objective
of Step 2 of the computational model (coupled with the heat transfer, fluid flow, structural
mechanics, and phase change kinetics) is to predict the combinatorial effects of phase change

and associated physical phenomena on the evolving surface topography.

[0066] Both computational prediction and experimental estimation of geometrical
dimensions of machined region (depth and width) using computational modeling efforts and
SEM image based measurements respectively assist in prediction of machining rate during
laser machining of bone under a given set of machining parameters. The machining rate is

considered as the volume of material removed per unit time and expressed as follows:

Machining Rate = (Cross Sectional Area of Machined Cavity)
x (Laser Beam Scanning Speed)

The schematic of computationally predicted and later experimentally confirmed cross
sectional view of machined cavity appeared as a semi-elliptical geometry (FIG. 4). The cross
sectional area of such portion of semi-elliptical geometry can be presented by the equation

below:

T /1
Cross Sectional Area of Machined Cavity = 5 <E Width) x (Depth)
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[0067] Both computational prediction and experimental estimation of width, depth,
and machining rate of machined cavity are helpful for optimization of prediction/estimates

and improvement of the laser based techniques for machining of bone.

[0068] The computational model based approach is likely to greatly help to tailor
and/or fine tune the laser cutting/shaping/machining parameters to suit patient specific
attributes (such as bone properties derived from other tests like MRI/CT scans) for a
successful orthopaedic surgery in clinical environment. This approach is also expected to
minimize the human errors and improve quality of cutting/shaping/machining by choosing
the best laser parameters. Further, integration of this computational process parameter design
approach with non-invasive optical sensing coupled with artificial intelligence based machine
learning for precision control, safety, and localization (described in the subsequent sections)
during laser cutting/shaping/machining of bone is likely to accelerate the development of a
complete system for orthopaedic surgery in clinical environment. Although in certain
embodiments a Er:YAG laser is preferred, preliminarily trials were carried out using
Nd:YAG laser already popular for the machining of metallic and ceramic materials.
Promising results have been shown with localized material removal, as shown in FIG. 5. The

cutting rates were also controllable based on the laser energy density, as shown in FIG. 6.

[0069] Because biological hard tissue/bone is a non-monolithic multicomponent and
multicomposition (ceramic + collagen + water + pores) material system, a given laser of
specific wavelength interacts differently with each component and composition of the
biological hard tissue/bone. Hence to optimize the interaction of laser with various
components and compositions of the bone in terms of thermodynamic and kinetic effects,
lasers that have better absorption characteristics with water are suitable for shaping biological
hard tissue/bone. The lasers in the wavelength range of 1.0 to 2.93 um tend to have better
absorption with water. In light of this, Nd-YAG (1.06 um) and Er-YAG (2.93 um) are
preferable for use during cutting/shaping/machining operations. Various combinations of
input power, beam scanning speed, and operating modes (pulse and continuous) may be used

as such combinations are likely to generate different thermodynamic and kinetic conditions.

[0070] In preferred embodiments, continuous wave Yb-fiber coupled Nd:YAG laser
(wavelength of 1070 nm) machining of structural bone with laser power and scanning speed
ranging from 300W-700W and 110 mm/s-250 mm/s respectively and corresponding laser

fluences in the range of 3.18 J/mm?-8.48 J/mm” resulted in experimentally observed machine
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cavities with depths, widths, and machining rates of the ranges of 136+5 pm-822+4 um,
293+6 pm-935+20 pm, and 8+0.3 mm’/s-113£0.6 mm’/s respectively. A computer model
incorporating various physical phenomena occurring during laser-bone interaction developed
and numerically predicted the depths, widths, and machining rates in the range of 203 um-
516 um, 412 pm-1014 pum, and 13.4 mm’/s-80.3 mm’/s respectively. The computer model
under predicted of depth compared to experimentally observed depth at laser fluences >6
J/mm’ and over predicted width compared to experimentally observed width over the entire
range of laser fluences (3.18 J/mm>-8.48 J/mm?®) which in turn resulted in under prediction of
the machining rate at the laser fluences >4.75 J/mm’ and >5.8 J/mm’ for set of machining
parameters with combinations of constant scanning speed+variable laser power and variable
scanning speed+variable laser power respectively. The computationally predicted high
heating (>10* K/s) and cooling (>10° K/s) rates supported the generation of an extensive
network of microfissures confined to surfaces (with absence of penetration into the substrate)
of bones machined at laser fluences >7.42 J/mm’ of bone. The extent of network of surface
microfissures gradually decreased with decrease in laser fluence. The integration of
experimental and computational efforts allow for identification of an interrelationship among
laser machining parameters and resultant attributes such as depth, width and machining rate

of the machined cavity.

[0071] Terms: It is to be understood that this invention is not limited to particular
examples, which may vary. One having ordinary skill in the art will understand that the
terminology used herein is for the purpose of describing particular embodiments only, and is
not intended to be limiting. In addition, before describing detailed embodiments of the
invention, it will be useful to set forth definitions that are used in describing the invention.
The definitions set forth apply only to the terms as they are used in this patent and may not be
applicable to the same terms as used elsewhere, for example in scientific literature or other
patents or applications including other applications by these inventors or assigned to common
owners. Additionally, when examples are given, they are intended to be exemplary only and
not to be restrictive. In describing and claiming the present invention, the following

terminology will be used in accordance with the definitions set out below.

[0072] It must be noted that, as used in this specification and the appended claims, the

singular forms “a,” “an” and “the” include plural referents unless the context clearly dictates

otherwise.
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[0073] The term “cutting/shaping/machining” and “shaping/cutting” refer to cutting,
shaping, and/or machining and includes cutting, shaping, and machining either individually,

collectively, or in combination.

[0074] The term “multiphysics computational model” as used herein refers to a set of
computational processes used in correlating physical phenomena and laser processing
parameters to control laser ablation/removal (cutting/shaping/machining rate) and evolution
of physical attributes (cut/shaped/machined geometry) during bone

cutting/shaping/machining operations.

[0075] The term “Gaussian laser beam profile” as used herein refers to a beam of
electromagnetic radiation whose transverse electric field and intensity (irradiance)

distributions are well approximated by Gaussian functions.

[0076] The term “top hat laser beam profile” as used herein refers to a beam of
electromagnetic radiation whose transverse electric field and intensity (irradiance)

distributions are constant and uniform over the cross section of the beam.

[0077] The term “dumbbell laser beam profile” as used herein refers to a beam of
electromagnetic radiation whose power intensity distribution is relatively more intense at the

outer regions than in the central region.

[0078] The term “bone” as used herein refers to rigid organs that constitute part of the
endoskeleton of vertebrates. They support and protect the various organs of the body,
produce red and white blood cells and store minerals. Bone tissue is a type of dense
connective tissue. Bones come in a variety of shapes and have a complex internal and
external structure, are lightweight yet strong and hard, and serve multiple functions. Bones
may also be considered for this invention to be synthetic bones or bone replacement material,

including metals and ceramics.

[0079] The term “laser energy density” as used herein refers to a parameter of LAM
calculated as fol