(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2018/067784 Al

12 April 2018 (12.04.2018) WIPOIPCT
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
A61B 17/88 (2006.01) kind of national protection available). AE, AG, AL, AM,
(21) International Application Number: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
PCTIUS2017/055276 CA,CH,CL,CN,CO, CR,CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(22) International Filing Date: HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
05 October 2017 (05.10.2017) KR, KW,KZ, LA LC,LK,LR,LS, LU, LY, MA, MD, ME,
.1e . MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:
62/404,579 05 October 2016 (05.10.2016) US (84) Designated States (unless otherwise indicated, for every
. kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: WAKE FORES.T UNIVERSITY HEALTH GM. KE, LR, LS, MW, MZ, NA, RW. SD, SL. ST, SZ. TZ.
SCIENCES [US/US]; Medlcal Center Boulevard, Win- UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
ston-Salem, North Carolina 27157 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Inventors: BROWN, Philip, J.; 1940 Gaston Street, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Winston-Salem, North Carolina 27013 (US). RICH, An- MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
drea, Morgan; Medical Center Boulevard, Winston-Salem, TR), OAPI(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
North Carolina 27157 (US). VAN GORKOM, Aaron, KM, ML, MR, NE, SN, TD, TG).
Ross; 4980 Hunt Club Road, Apt. C, Winston-Salem, North
Carolina 27104 (US). Published:
. . —  with international search report (Art. 21(3))
(74) Agent: ROTHSCHILD, Cynthia, B. et al.; Kilpatrick
Townsend & Stockton LLP, 1001 West Fourth St., Win-
ston-Salem, North Carolina 27101 (US).
(54) Title: SMART SURGICAL SCREW DRIVER

136

108

wo 2018/067784 A1 |00 00K

Fig. 1

(57) Abstract: Disclosed herein are surgical tool systems and methods of using such to install a tfixator in a biological tissue. The
systems are capable of accurately measuring torque and rotational velocity and providing real time feedback to a user during surgery.



10

15

20

25

WO 2018/067784 PCT/US2017/055276

SMART SURGICAL SCREW DRIVER

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Patent Application No. 62/404,579
entitled “SMART SURGICAL SCREW DRIVER,” filed October 5, 2016, the entirety of which

is hereby incorporated by reference.

FIELD OF INVENTION

The present invention relates generally to surgical instruments.

BACKGROUND

The human musculoskeletal system is composed of a variety of tissues including bone,
ligaments, cartilage, muscle, and tendons. Tissue damage or deformity stemming from trauma,
pathological degeneration, or congenital conditions often necessitates surgical intervention to
restore function. Surgical intervention can include any surgical procedure that can restore
function to the damaged tissue or correct the deformity, which can require the use of fixators
such as screws, nails. However, post-operative loosening of surgical screws, a condition that
affects between 0.5% and 27% of patients, can ultimately lead to failure that requires further
surgical intervention. Many studies have been conducted to better understand properties that
influence screw pullout strength, or the force required to loosen a screw. These studies and even
available related medical products are based on the concept that peak screw insertional torque of
screws 1s a good indicator of successful and unsuccessful screw installation. This is somewhat
debatable, as several studies have shown the correlation is not strong enough. Thus there is a
need for a surgical tool system that takes torque and energy measurements during surgery and
provides real-time feedback to clinicians to ensure the best screw fixation and surgical outcome

for patients.

SUMMARY OF THE INVENTION

Disclosed herein is a surgical tool system comprising a surgical tool configured to
install a fixator in a biological tissue; a first sensor, a second sensor, and a third sensor in

communication with the surgical tool, wherein the first sensor is configured to obtain torque
1
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measurements, and the second sensor configured to obtain one or more rotational acceleration
measurements during the installation, 1.e., tapping and/or insertion of a fixator, and a third sensor
is to receive time measurements. The surgical tool system further comprises a microcontroller
configured to receive measurements from the first and second, third sensors and calculate one or
more torque parameters and one or more one energy-rotation parameter, generate one or more
optimal ranges for the at least one torque parameter and at least one energy parameter. The
surgical tool system disclosed herein further comprises a feedback mechanism configured to
communicate a signal reflecting whether one or more torque parameter and one or more energy-

rotation parameter are within or outside the one or more optimal ranges in real time.

In some embodiments, the system further comprises a power source. In some

embodiments, the second sensor comprises a gyroscope.

In some embodiments, the microcontroller further comprises a means to adjust the tool
such that the one or more torque parameter and one or more energy parameter are maintained
substantially within the one or more optimal ranges. In some embodiments, the first, second, and
third sensors are configured to obtain measurements at a frequency of at least 5, at least 20, at
least 40, or at least 60Hz. In some embodiments, the one or more optimal ranges are generated

based one or more factors selected from age, gender, height, weight, BMI, race, and BMD.

In some embodiments, the feedback mechanism is a visual feedback mechanism or a
tactile feedback mechanism. In some embodiments, wherein the one or more torque parameters
are selected from peak torque and mean torque. In some embodiments, the one or more energy-
rotation parameter comprise total insertional energy and energy density. In some embodiments,
the fixator is a pedicle screw or cortical screw. In some embodiments, the system further

comprises a Bluetooth module for data transmission and storage.

Also provided herein is a method for installing a fixator in a biological tissue, the
method comprising: loading an external fixator to a surgical tool, operating the surgical tool to
start installing the fixator in the biological tissue, measuring one or more torque measurements,
one or more rotational acceleration measurements, and one or more time measurements,

calculating one or more torque parameters, one or more energy-rotation parameters,
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communicating to a user a signal reflecting whether the values of the one or more torque
parameter and the one or more energy parameter fall outside one or more optimal ranges, and
adjusting the operation of the tool such that values of the one or more torque parameters and one
or more energy-rotation parameters are within the one or more optimal ranges, if the values are
outside the optimal ranges, and repeating steps above from measuring to adjusting until the
installation is complete.

In some embodiments, the method comprises, before the step (a) of the method above,
1) tapping with the surgical tool in the location of the biological tissue where a fixator is to be
installed, 11) measuring one or more torque measurements and one or more rotational velocity
measurements during the tapping, 1i1) calculating at least one torque parameter and at least one
energy-rotation parameter during the tapping, and 1v) adjusting tap size if values of the one or
more torque measurements and/or one or more energy-rotation parameter calculated insertional
energy fall outside optimal ranges, or continuing with tapping and installing the fixator if the one
or more torque measurements and one or more energy parameter calculated insertional energy

fall within optimal ranges.

In some embodiments, the measurements are performed at a frequency of at least 10, at
least 12, at least 15, at least 20, or at least 30 times per second. In some embodiments, the signal
is a visual signal or a tactile signal. In some embodiments, the fixator is a pedicle screw or a
cortical screw. In some embodiments, the method further comprises transmitting data from the

tool via a Bluetooth module.

BRIEF DESCRIPTION OF THE DRAWINGS

The present application includes the following figures. The figures are intended to
illustrate certain embodiments and/or features of the invention, and to supplement any
description(s) of the invention. The figures do not limit the scope of the invention, unless the

written description expressly indicates that such is the case.

Figure 1 is an illustration showing an angled cross-sectional view of one embodiment

of a smart driver surgical tool system.

Figure 2 is an illustration showing a direct cross-sectional side-view of the same

embodiment of a surgical tool system as illustrated in Figure 1.
3
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Figure 3 is an illustration showing an external view of one embodiment of a device

core of a surgical tool system (i.e., without the external components).

Figure 4 is an illustration showing two external views of one embodiment of a smart

driver a surgical tool system.

Figure 5 is a block diagram showing the electronic components of the surgical tool
system and how they are connected. For simplicity, the power and Bluetooth connections are not

shown. A filter can be added to improve signal to noise ratio.

Figure 6 is a flow chart of exemplary operations that carry out the embodiments of the

present invention.

DETAILED DESCRIPTION

The following description recites various aspects and embodiments of the present
invention. No particular embodiment is intended to define the scope of the invention. Rather,
the embodiments merely provide non-limiting examples various methods and systems that are at
least included within the scope of the invention. The description is to be read from the
perspective of one of ordinary skill in the art; therefore, information well known to the skilled

artisan is not necessarily included.

1. Definitions

The following terms, unless otherwise indicated, shall be understood to have the

following meanings:

[TP Y

As used herein, the terms “a,” “an,” and “the” can refer to one or more unless

specifically noted otherwise.

Throughout this application, the term “about” is used to indicate that a value includes
the inherent variation of error for the device, the method being employed to determine the value,

or the variation that exists among the study subjects.

2 <

As used herein, the terms “user,” “surgeon,” and “operator” are used interchangeably to

refer to a person who operates the surgical tool system.



10

15

20

25

WO 2018/067784 PCT/US2017/055276

As used herein, the term “pedicle screw” is used to refer to a type of bone screw
designed for implantation into a vertebral pedicle. The term “cortical screw” is used to refer to a
type of bone screws designed for implantation into cortical bone tissue. These screws are used to
correct deformity, and/or treat trauma. Similar to other bone screws, pedicle screws and cortical
screws may be used in instrumentation procedures to affix rods and plates to the spine. The
screws may also be used to immobilize part of the spine to assist fusion by holding bony
structures together. Typical screws are made of Titanium, which is highly resistant to corrosion

and fatigue, and is magnetic resonance imaging (“MRI”)-compatible.

As used herein, the term “real time” 1s used to refer to the instantaneous
communication of measurements from the sensors and values calculated from the measurements,
such as the torque measurements and rotational velocity, to the user during tapping or fixator
insertion procedures. The system disclosed herein is able to provide real time communication to
a user because the sensors take measurements, transmit values, and provide feedback at a very

high frequency to the microcontroller, which then provides the feedback to the user.

As used herein, the term “tap size” is used to refer to the incremental diameter of the

thread cutting tool in preparation for fixator installation into the boney structure

As used herein the term “torque” is used to refer to a measure of the turning force or
moment on an object such as a bolt. The magnitude of torque depends on the force applied, the
length of the lever arm connecting the axis to the point of force application, and the angle

between the force vector and the lever arm.

As used herein, the term “mean torque” is used to refer to average turning force or
moment during a measuring period. The term “peak torque” is used to refer to the maximum

turning force during a measuring period.

As used herein, the term “insertional energy” is used to refer to total amount of energy
or work applied during the tapping or fixator insertion procedure. The value of insertional

energy is the time integral of the instantaneous torque and rotational velocity.

As used herein, the term “energy density” is used to refer to total amount of energy or
work applied during the tapping or fixator insertion procedure divided by the total number of

rotations or the linear distance covered during insertion of the tap or fixator.
5
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As used herein, the term “mean power” is used to refer to the average rate of power
during tapping or the fixator insertion procedure. The value of the mean power is the quotient of

the value of insertional energy divided by the length of time.

As used herein, the term “parameter” is used to refer to any measured or computed
variable reflecting the performance of the fixator installation. The values of the parameters are
derived from the measurements from the sensors. A parameter disclosed herein may be relating
to torque, rotation, time, energy, or any combination or derivative of the four including means,
minimums, and maximums of each property. Torque parameters include instantaneous torque,
mean torque, peak torque, time derived rates of torque. Energy parameters include insertional
energy or work, energy density, power, time derived rates of energy or power. Rotational
parameters include total rotations, rotational velocity, and rotational acceleration. The mean,
maximum, minimum, or median values for any measured or calculated parameter may be

incorporated into calculations to determine optimal ranges for a particular subject.

As used herein, the term “energy-rotation parameter” is used to refer to any parameter

that is an energy parameter or a rotation parameter as described above.

As used herein, the term “optimal range” refers to a range of the values of a parameter
or a combination of parameters, once reached during the installation procedure, can minimize

loosening of a fixator from the biological tissue in which the fixator is installed.

2. Surgical Tool System

This invention provides a surgical tool system that monitors and optimizes the
installation of a fixator to a biological tissue. In addition to the surgical tool, the system
comprises two or more sensors and a microcontroller. The system further comprises a feedback
mechanism that allows real time communication with a user regarding whether optimal
insertional parameters are reached during screw insertion, thus reducing the likelihood of screw

loosening.

a. Surgical tool

The surgical tool of the system disclosed herein can perform tapping in the biological

tissue in which the fixator is to be installed (see the section entitled “Methods™). The tool is also
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configured to engage a fixator such that the fixator remains in contact with the tool during the
installation. A fixator is an external component that can be inserted into the biological tissue. A
fixator is typically used for attachment of implants to bone, bone to bone fixation or for soft
tissue fixation or anchorage. A fixator can be any material that is suitable for use inside a human
body. For example, it can be metal, e.g., stainless steel or titanium, bio-absorbable or plastic. In
preferred embodiments, the fixator is made of materials that are resistant to corrosion and
compatible with MRI. In some embodiments, the fixator is a surgical screw. In some
embodiments, the fixator is a pedicle screw. In some embodiments, the fixator is a cortical
screw. The configuration and size of the screw can vary depending on the person’s age, and
anatomy, as well as the characteristics of the bone structure, for example, the bone mineral
density (BMD). Biological tissues to which the fixator can be installed include, but are not
limited to, bone, ligaments, cartilage, etc. In some embodiments, the biological tissue is bone in

the lumbar, thoracic, or cervical spinal regions.

The surgical tool portion of the system comprises an end bit connector and an adaptor.
The adaptor can be used to load a fixator, e.g., a screw. In some embodiments, the surgical tool
of the system also comprises a ratcheting mechanism, which allows for unidirectional rotation
while preventing movement in the opposite direction. The surgical tool may comprise an
external sheath that encloses functional components within the tool, and may allow a user to
comfortably grip the smart driver surgical tool system. The surgical tool may also comprise an
inner housing compartment that holds other functional components, e.g., microcontroller,

sensors, etc.

b. Sensors

Embodiments of the surgical tool system disclosed herein comprise at least a torque
sensor. The torque sensor may be configured to obtain torque measurements during insertion of
the fixator. The surgical tool system may also comprise a rotational accelerometer. The
rotational accelerometer may be configured to obtain rotational measurements during the tapping
and the insertion of the fixator. A torque sensor, also commonly referred to a torque cell, as
disclosed herein, measures torque and converts the torque value into an electrical signal. A
torque sensor typically comprises one or more strain gauges, which are bonded to a beam or
structural member that deforms when a moment is applied. Deflection induces a strain that

7
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changes its resistance, which can be converted into a calibrated output signal using an electrical

circuit.

The surgical tool system disclosed herein may further comprise at least one sensor that
measures rotational acceleration during the operation of the system which is then later converted
into rotational velocity and rotational displacement. These sensors are commonly referred to as
rotational accelerometers. In some embodiments, the rotational accelerometer is a gyroscope
that can fit inside the surgical tool system. In some embodiments, the gyroscope is a three-axis
gyroscope. In some embodiments, the surgical tool system disclosed herein comprise two, three,
four or more gyroscopes (or rotational accelerometers). In some embodiments the surgical tool

system may contain six accelerometers, three linear and three rotational.

The surgical tool system disclosed herein further comprises at least a third sensor that

measures time when the other torque measurements and rotational measurements are taken.

The sensors disclosed herein can take measurements at a very high frequency. In some
embodiments, the sensors take measurements at least 2, at least 5, at least 6, at least 10, at least
12, at least 13, at least 14, at least 15, at least 20 times, at least 25, at least 30, at least 40 times
per second. In some embodiments, the sensors take measurements between 5 and 60 hz. The
sensors may transmit these measurements to the microcontroller, which may calculate values of
parameters that reflect the performance of the operation, e.g., mean torque, peak torque, mean

rotational velocity, insertional energy, and mean power.

In some embodiments, the sensors disclosed herein are in communication with a
wireless transmitter, e.g., a Bluetooth module, to transmit measurements to a computer, or other

data storage and analyzing device.

c. Microcontroller

Embodiments of the system disclosed herein may comprise a microcontroller, which
can receive the measurements from the sensors. In some embodiments, the microcontroller
comprises a unit that performs analog to digital conversion of the analog sensor signals. In some
embodiments, the microcontroller comprises a unit that receives sensor data and calculates
values of parameters that reflect the performance of the operation, e.g., mean torque, peak

torque, mean rotational velocity, insertional energy, and mean power. In certain embodiments,
8
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the microcontroller produces values of at least one torque parameter and one energy-rotation

parameter.

The microcontroller disclosed herein may be configured to calculate and store optimal
ranges for each parameter. The optimal range of one parameter for tapping is often different
from the optimal range of the same parameter for the fixator insertion procedure. In some
embodiments, the optimal ranges for the parameters are based on existing parameter values
gleaned from previous, successful fixator installations. In some embodiments, these data are
obtained from the same patient or from patients having undergone fixator installation in similar
tissue with similar type of fixators during tapping or fixator insertion procedure. In some
embodiments, these data are derived from patients having similar age and BMD and of same
gender, etc. In some embodiments, the data used to determine the optimal ranges are transmitted
into the microcontroller via a wireless transmitting module, i.e., a Bluetooth. In some
embodiments, these data are stored in the microcontroller of the system. In some embodiments,
the optimal range for a parameter for the fixator insertion procedure is determined based on the
combination of the parameter values obtained during tapping immediately preceding the fixator

insertion and the existing data from previous, successful fixator installations.

In some embodiments, a derived parameter, property I, is calculated based on a
mathematical equation that includes values collected from sensor data including torque,
rotational acceleration, and time. For example, the mathematical equation used to produce
property I includes coefficients for the parameters used in the equation. In some embodiments,
the mathematical equation is a sum of weighted values of the at least one torque parameter and at
least one energy-rotation parameter. In some embodiments, the parameters in the equation
comprise insertional energy. Additionally and/or alternatively, the parameters may comprise
peak torque, mean torque, and insertional energy. In this way, an optimal range for property [
during tapping and an optimal range for property I during insertion of the fixator can be
determined from patient demographic information and experimental correlation analysis between
demographic information, tap and screw insertion sensor output, and screw failure analysis

including toggle strength and pullout strength.

The microcontroller disclosed herein may be configured to compare the value of at

least one torque parameter and one energy-rotation parameter, and all other required parameters
9



10

15

20

25

WO 2018/067784 PCT/US2017/055276

derived therefrom, to optimal ranges to provide feedback to clinicians during the tapping and
insertion of the fixator procedures. In some embodiments, the feedback mechanism is a visual
feedback, e.g., an emission of a light from a screen on the system. In some embodiments, the
feedback is a tactile feedback, e.g., a vibration of the tool system. In some embodiments, if one
or more parameters, €.g., mean torque, falls outside the optimal range, the microcontroller may
provide the feedback to the user. In some embodiments, the microcontroller provides such
feedback when the one or more of the parameter measurements fall outside the optimal ranges.
The microcontroller can be programmed such that the type or intensity of the signals, e.g., color
of LED lights, of the feedback correspond to whether the real time measurements are

approaching, within, leaving, or exceeding the optimal ranges.

In some embodiments, the microcontroller disclosed herein is configured to
automatically adjust the insertion of the fixator into the tissue to maintain parameters within the

optimal ranges.

d. Power Source

In certain embodiments, the surgical tool system comprises a power source. The
surgical tool system can be powered by any electric power source. In some embodiments, the
power source is a battery pack in the system. In some embodiments, the system comprises an RF
(radio frequency) wireless charging coil which allows the system to be re-charged without

removing the battery pack. In some embodiments, the power source is an external power source.

In some embodiments, the system can be switched on or off by operation of a switch or
a push button. In some embodiments, the system is turned on automatically upon a user’s
contact with the system (e.g., picking up the surgical tool system). In some embodiments, lack of

contact by a user for some period of time results in automatic shut down to turn the system off.

e. Wireless transmitting module

In some embodiments, the system disclosed herein provides a wireless transmitting
module, e.g., a Bluetooth module, which may transfer data from the microcontroller and/or
sensors to a computer and/or other data storage or analysis devices. Exemplary transmission
protocols include, without limitation, ISM (b) and FSK modulation or spread spectrum
modulation. The computer or data storage or analysis device may be operably coupled to or

10
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include a visual display. These data can be used for further analysis and performance tracking of
the fixator installed and are also useful in determining optimal ranges for future installations of

similar surgical fixators.

Figure 1 shows an angled cross-sectional view of one embodiment of a smart driver
surgical tool system. An end bit connector 104 may be configured to hold an adaptor 110, which
allows loading of a fixator. Also depicted is a ratcheting mechanism 108 allows for
unidirectional rotation. An LED indicator ring 112 can provide light signals to notify the user
(e.g., surgeon) of the indication whether calculated values resulting from measurements being
detected by sensors are outside of or within the optimal ranges. In the embodiment shown here,
the light is visible to the user through the gap between the ratcheting mechanism and the
compartment 116 that encloses many of the components of the smart driver surgical tool. Those
components can include a torque sensing cell 120, a control circuit board (or microcontroller)
124 which includes a sensor for rotational velocity (or gyroscope), a battery pack 128, a
vibration motor 132 which provides another means to notify a user whether the real time values
resulting from the sensor measurements are outside or within the optimal ranges, and an RF
(radio frequency) wireless charging coil 136 which allows the device to be re-charged without

removing the battery pack.

Figure 2 is an illustration showing a direct cross-sectional side-view of the same
embodiment of a surgical tool system as illustrated in Figure 1. Again, as shown in Figure 1, an
end bit connector 204 may be configured to hold an adaptor 210. A ratcheting mechanism 208
allows for unidirectional rotation. An LED indicator ring 212 can provide light signals to notify
the user (e.g., surgeon) of the indication for calculated values resulting from measurements being
detected by sensors. The light is visible to the user through the gap between the ratcheting
mechanism and the compartment 216 that encloses many of the components of the smart driver
surgical tool. Those components include a torque sensing cell 220, a control circuit board (or
microcontroller) 224 which includes a sensor for rotational velocity (or gyroscope), a battery

pack 228, a vibration motor 232, and an RF charging coil 236.

Figure 3 is an illustration showing an external view of one embodiment of a device
core of a surgical tool system (i.e., without the outermost components). Shown is an end bit

connector 304 configured to hold an adaptor 310, which can be used to load a screw or other
11
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fixator. Again, a ratcheting mechanism 308 allows for unidirectional rotation. A compartment
316 (shown here as translucent such that components inside are visible) may enclose many of the
components of the smart driver surgical tool system. Those components may include a torque
sensing cell 320, a control circuit board (or microcontroller) 324 which includes a sensor for
rotational velocity (or gyroscope), a battery pack 328. The embodiment depicted in Figure 3 does

not include a vibration motor or RF charging coil.

Figure 4 is an illustration showing two external views of one embodiment of a smart
driver a surgical tool system. The functional components in the device core are not visible here.
An end bit connector 404 holds an adaptor 402, which can be used to engage a screw or other
fixator. A ratcheting mechanism 408 allows for unidirectional rotation. An external sheath 450
encloses many functional components and may have a contoured or grooved surface to allow a

user (e.g., surgeon) to comfortably grip the smart driver surgical tool system.

Figure 5 is a block diagram showing an example of how the electrical components of
the surgical tool system are connected. A torque sensor, i.e., Wheatstone Bridge (strain gauges),
take the measurements and the signal is amplified via an INA122. Optionally the signal from the
torque sensor is filtered to reduce signal to noise ratio. The signals from the torque sensor is
transmitted to the microcontroller, which is converted into digital signals via ADC. A rotational
accelerometer, 1.e., gyroscope, equipped with digital filters to reduce signal to noise ratio, is also
transmitted to the microcontroller. The units for calculation of the energy measurements,
generation of optimal ranges for the parameters and comparison between real time values and the
optimal ranges are not shown. The microcontroller comprises a pulse width modulator (“PWM”)
and a pulse width modulator clock (“PWM CLK”), which process the signal corresponding to
the results of the comparison to a vibration motor. The microcontroller may alternatively

comprise a unit (Digital I/O) that process such signal and transmit to LED displays.

Figure 6 is a flow chart showing one embodiment of how the surgical tool system is
used to perform installation of a fixator. Processes depicted include detection of the start and end
of the tapping or fixator operations as well as the sensor data acquisition and processing with

comparison to thresholds stored in memory.

12
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3. Methods
a. Tapping

The present invention provides a method of installing a fixator in a biological tissue
that minimize post-surgery loosening. In some embodiments, the insertion of the fixator is
preceded by tapping. Tapping is a procedure a surgeon uses to drill a hole in the selected tissue
to develop a trajectory of the fixator to be installed. Typically, the user identifies the location
where the fixator is to be installed, and taps the location in the tissue using the surgical tool
system disclosed herein. In some cases, a wire is laid along the trajectory to assist the insertion
of the fixator. During the tapping process, torque measurements and rotational velocity
measurements are taken at a high frequency in order to produce data in real time, 1.e., at 5-60 Hz,
or at least 5, 7, 10, 15, 20, 30 times per second for each, and values of at least one computed
parameter derived from sensor data are calculated at each measurement and compared with one

or more optimal ranges as described above.

b. Insertion of the fixator

Next, the user chooses appropriate screw size based on the size of the tap used and the
depth of the hole in the tissue. Typically, the size of the fixator, for example, a screw, is slightly
larger in diameter than the diameter of the tap used to produce the hole in the tissue. Factors
such as a person’s age, gender, race, BMI, and BMD are considered in choosing the correct size,
depth, and type of fixator. The user then loads the fixator onto the surgical tool to start to operate
the tool and insert the fixator along the prepared trajectory. As in the tapping process, during the
insertion process, torque measurements and rotational velocity measurements may be taken by
two or more sensors with the surgical tool system of the invention, and at least one torque
parameter and at least one energy parameter are calculated. In some embodiments, both the
measurement and the calculations occur at a high frequency, e.g., at least 10, at least 12, at least

15, at least 20, or at least 30 times per second, or for example 5-60 Hz.

C. Feedback and adjustment

In certain embodiments, the real time values of the at least one torque parameter and at
least one energy-rotation parameter (and optionally one or more other derived parameters) may

be compared with one or more optimal ranges. In some embodiments, the one or more optimal

13
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ranges are the optimal ranges for each individual parameters, as described above. In some
embodiments, the one or more optimal ranges is one range for the property I, which is a
composite value that takes into account of at least one torque parameter value and at least one
energy-rotation parameter value and may contain one or more other derived parameters, as
described above. If the real time values of these parameters fall outside the optimal ranges, the
system may provide a feedback notifying the surgeon of such deviation. The feedback can be a
visual feedback, 1.e., providing a visual signal to the user, or a tactile feedback, i.e., providing a
movement, e.g., a vibration, which can be sensed by the user. The user then can adjust the
tapping or insertion operation, for example, adjusting the depth of the insertion and the torque
exerted on the surgical tool until the feedback indicates that torque measurements and energy
measurements are within the optimal ranges. In some embodiments, the user has the option to
activate the feature in the surgical tool system, which automatically adjusts the insertion

operation to maintain the torque and energy parameters within the optimal ranges.

EXAMPLE

The following Example has been included to provide guidance to one of ordinary skill
in the art for practicing representative embodiments of the presently disclosed subject matter. In
light of the present disclosure and the general concentration of skill in the art, those of skill can
appreciate that the following Examples are intended to be exemplary only and that numerous
changes, modifications, and alterations can be employed without departing from the scope of the

presently disclosed subject matter.

Example 1

To accurately measure torque, a design consisting of four semiconductor strain gauges
in a full Wheatstone bridge configuration was created. To maximize strain and produce a strong,
clean signal from the strain gauges, a torque cell for mounting the strain gauges was designed
using Solidworks 2015. Torque values previously recorded during surgical screw insertions were
applied to the cell in a Solidworks FEA. The resulting strain values and properties of the strain
gauges were used to determine the voltage output from the bridge circuit, which was amplified to
an appropriate level (3V) for signal processing. NI Multisim 14.0 was used to simulate analog
circuits and optimize their performance. To measure rotational velocity, which is needed to

calculate energy, a three-axis gyroscope was chosen. The sensors were interfaced with a
14
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microcontroller, which performed 10-bit analog to digital conversion of the strain gauge signal,
analyzed sensor data, and controlled LEDs and vibrating motors to provide feedback to
clinicians. Circuit diagrams and printed circuit board (PCB) layouts were created using EAGLE
7.6. A single 3.6V battery was chosen to power the device. A Bluetooth module was also
incorporated into the design to transfer data from the screwdriver to a computer for further
analysis and performance tracking. Figure S shows how the electronic components are

interfaced together.

Simulated torque cell strains ranged from 30 x 107 to 290 x 10, which corresponded
to a bridge output voltage of 12-115mV. Amplifying the signal to 3V and converting it with a
10-bit analog to digital converter (ADC) resulted in a resolution of 2.9mV. This resolution, and
therefore torque measurement accuracy, could be improved by reducing the reference voltage of
the ADC. At full power consumption with all devices and LEDs on, the battery life was
calculated to be 10.4 hours for a 1.2Ah battery; this should be sufficient to last an entire surgery
because the device will rarely be used at full power. The PCB, sensors and battery all fit inside

the screwdriver, making the device completely wireless.

This surgical screwdriver is designed to contain all necessary sensors, electronics, and
processing components. It is capable of accurately measuring torque and rotational velocity and
then providing real-time feedback to clinicians during surgery. The device will notify the
surgeon when ideal insertional torque and energies are reached during screw insertion, and again
if parameters move outside of optimal ranges, thus reducing the likelihood of screw loosening.

Further prototyping and testing will be performed to optimize device performance.
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WHAT IS CLAIMED:

1. A surgical tool system comprising:
a) a surgical tool configured to install a fixator in a biological tissue;
b) a first sensor, a second sensor, and a third sensor in communication with the surgical
tool,
wherein the first sensor is configured to obtain torque measurements, the second
sensor 1s configured to obtain one or more rotational acceleration measurements, and the
third sensor is configured to obtain time measurements;
c¢) a microcontroller configured to
1) recetve measurements from the first and second, third sensors and calculate at
least one torque parameter, and at least one energy-rotation parameter,
11) generate one or more optimal ranges for the at least one torque parameter and
at least one energy parameter, and
d) a feedback mechanism configured to communicate a signal reflecting whether one or
more torque parameter, one or more energy-rotation parameter, are within or outside the one or

more optimal ranges in real time.

2. The surgical tool system of claim 1, wherein the system further comprises a power
source.
3. The surgical tool system of claims 1 or 2, wherein the second sensor comprises an

accelerometer or a gyroscope.
4. The surgical tool system of any of claims 1-3, wherein the microcontroller further
comprises a means to adjust the tool such that the at least one torque parameter and at least one

energy parameter are maintained substantially within the one or more optimal ranges.
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5. The surgical tool system of any of claims 1-4, wherein the first, second, and third sensors
are configured to obtain measurements at a frequency of at least 5, at least 20, at least 40, or at
least 60Hz.
6. The surgical tool system of any of claims 1-5, wherein one or more optimal ranges are
generated based in part on one or more factors selected from age, gender, height, weight, body
mass index, race, and bone mineral density.
7. The surgical tool system of any of claims 1-6, wherein the feedback mechanism is a
visual feedback mechanism.
8. The surgical tool system of any of claims 1-7, wherein the feedback mechanism is a
tactile feedback mechanism.
9. The surgical tool system of any of claims 1-8, wherein the one or more torque parameters
are selected from peak torque and mean torque.
10. The surgical tool system of any of claims 1-9, wherein the one or more energy-rotation
parameters comprise total insertional energy and energy density.
11. The surgical tool system of any of claims 1-10, wherein the external fixator is a pedicle
SCrew.
12. The surgical tool system of any of claims 1-11, wherein the external fixator is a cortical
SCrew.
13. The surgical tool system of any of claims 1-12, wherein the system further comprises a
Bluetooth module for data transmission and storage.
14. A method for installing a fixator in a biological tissue, the method comprising:

a) loading an external fixator to a surgical tool system according to claim 1,

b) operating the surgical tool system to start installing the fixator in the biological tissue,

17
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C) measuring one or more torque measurements, one or more rotational acceleration
measurements, and one or more time measurements,

d) calculating one or more torque parameters, one or more energy-rotation parameters,

e) communicating to a user a signal reflecting whether the values of the one or more
torque parameter and the one or more energy parameter fall outside one or more optimal ranges,
and

f) adjusting the operation of the tool such that values of the one or more torque
parameters and one or more energy-rotation parameters are within the one or more optimal
ranges, if the values are outside the optimal ranges, and

g) repeating step c) - f) until the installation is complete.

15. The method of claim 14, wherein the method comprises, before the step (a),

1) tapping with the surgical tool in the location of the biological tissue where a fixator is
to be installed,

11) measuring one or more torque measurements and one or more rotational velocity
measurements during the tapping,

111) calculating at least one torque parameter and at least one energy-rotation parameter
during the tapping, and

1v) adjusting tap size if values of the one or more torque measurements and/or one or
more energy-rotation parameter calculated insertional energy fall outside optimal ranges, or

continuing with tapping and installing the fixator if the one or more torque measurements

and one or more energy parameter calculated insertional energy fall within optimal ranges.

18
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16. The method of claim 14 or 15 wherein the measurements are performed at a frequency of
at least 10, at least 12, at least 15, at least 20, or at least 30 times per second.
17. The method of any of claims 14-16, wherein the signal is a visual signal.

18. The method of any of claims 14-17, wherein the signal is a tactile signal.

19. The method of any of claims 14-18, wherein the fixator is a pedicle screw or a cortical
SCrew.
20. The method of any of claims 14-19, wherein the method further comprises transmitting

data from the tool via a Bluetooth module.

19



WO 2018/067784 PCT/US2017/055276

1/6
136
124 |
112
104
110 116 120

108



WO 2018/067784 PCT/US2017/055276
2/6

224

208

228 232



WO 2018/067784 PCT/US2017/055276
3/6

Fig. 3 328



WO 2018/067784 PCT/US2017/055276
4/6

Fig. 4



WO 2018/067784 PCT/US2017/055276
5/6

““““““““““ N
N
o

(riESIStOng

Enege WALEE N

WER gagEs! i
S G
e o l/

: y
BN 1 LME
| !

i} i} H

Microcontioizis ATmega32ig it

Fig. 5



WO 2018/067784 PCT/US2017/055276
6/6

\5.\\}; i Q\_\T S

R e

.

R \ \\\ R




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 17/55276

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61B 17/88 (2017.01)
cPC

- A61B 2090/031, B25B 23/1405, A61B 17/7082, B25B 23/1425, A61B 17/8875

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X US 2015/0351819 A1 (GUSTAFSON); 10 December 2015 (10.12.2015); entire document, 1-2, 14, 16/14
- espacially Fig. 1; Abstract, para. [0025], [0029], |0031], {0032], [0036], (0037}, [0041], [0122], S
Y [0153], [0210], {0211}, [0212], [0215], [0216). 3
A 15, 16/15
Y US 2014/0222012 A1 (TIHE JOHNS HOPKINS UNIVERSITY); 7 August 2014 (07.08.2014); 3
entire document, especially para. [0017].
A US 2010/0057136 A1 (HEIGES et al.); 4 March 2010 (04.03.2010); entire document, especially | 15, 16/15
para. [0060].
A US 5,476,014 A (LAMPE et al.); 19 December 1995 (19.12.1995); entire document. 1-3, 14-16
A US 2005/0131415 A1 (HEARN et al.); 16 June 2005 (16.06.2005); entire document. 1-3, 14-16

D Further documents are listed in the continuation of Box C.

l:] See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the interational filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

14 November 2017

Date of mailing of the international search report

02 JAN 2018

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 17/55276

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

1. D Claims Nos.:

2. D Claims Nos.:

—
3. X Claims Nos.: 4-13, 17-20

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

because they relate to subject matter not required to be searched by this Authority, namely:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

claims.

additional fees.

payment of a protest fee.

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
2. [:I As all searchable claims could be searched without cffort justilying additional fees, this Authority did not invite payment of

3. |—_—, As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - wo-search-report
	Page 28 - wo-search-report

