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7) ABSTRACT

The present invention provides a handheld robot for ortho-
pedic surgery and a control method thereof. The handheld
robot of the present invention includes a main body, a grip,
a kinematic mechanism, a tool connector, a tool, a force
sensor and a positioning unit. The handheld robot of the
present invention combines the position/orientation infor-
mation of the tool acquired by the positioning unit with the
force/torque information acquired by the force sensor, and
utilizes the combined information to adjust the position of
the tool so as to keep the tool within the range/path of a
predetermined operation plan. In this way, the precision of
the orthopedic surgery can be enhanced, and the error
occurred during the surgery can be minimized.
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HANDHELD ROBOT FOR ORTHOPEDIC
SURGERY AND CONTROL METHOD
THEREOF

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the priority of Taiwanese patent
application No. 102149096, filed on Dec. 30, 2013, which is
incorporated herewith by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a surgical robot,
and more particularly, to a handheld robot for orthopedic
surgery and the control method thereof. The handheld robot
of the present invention is able to combine the position/
orientation information of a tool acquired by a positioning
unit with the force/torque information acquired by a force
sensor, and is able to utilize the combined information to
compensate the motion of the handheld robot.

2. The Prior Arts

In the field of orthopedic surgery, surgical jigs, computer
aided navigation program or image-guided robotic arm are
commonly used to assist surgeons to position the bones
during the operation, such as an osteotomy, or surgeries that
requires the surgeon to place plant bone plates or bone
screws into patients.

In a surgery where surgical jigs are used to help with the
measuring and the positioning of the cut, surgeons often
need to switch surgical jigs during one operation multiple
times, which can lead to errors in the positioning. In addi-
tion, the use of a surgical jig also depends on factors such as
the familiarity of the surgeon with the surgical jig, the level
of operation technique of the surgeon and clinical experi-
ence of the surgeon. In orthopedic surgeries where computer
aided navigation program is used for positioning, the navi-
gation program guides the surgeon to position/orientate the
cutting block, so as to mount the cutting block on the bones
of the patient. However, in the actual surgeries, surgeons
need to constantly adjust the cutting block manually to
position/orientate the cutting block as instructed by the
navigation program, which complicates the positioning pro-
cess. In recent years, some solutions have been developed
addressing the abovementioned issue. For example, an
adjusting screw can be used fo finely adjust the position/
orientation of the cutting block. However, in the process of
mounting the cutting block with the adjusting screw, the
precision of the result might still be compromised due to the
error occurred during the process of fixing the adjusting
screw.

In orthopedic surgeries with image-guided robotic arms,
medical images and robotics are used for the positioning.
Before the surgery is performed, surgeons would acquire
computer tomography (CT) image first so as to prepare the
surgery by planning the operation path. During the surgery,

first; tite bone of the ;
system is used to monitor if the bone is moving. If the bone
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one of the most commonly used positioning systems in the
medical industry. The optical positioning system utilize an
optical tracker to tack the light-reflecting balls disposed on
the bones and the robotic arm, thereby determining infor-
mation such as the relative position, relative orientation and
relative speed between the robotic arm and the patient.
Subsequently, the image-guided robotic arm use the above
information along with a control method to determine if the
parameters of the patient and the equipment are compliant
with the surgical procedure, and further compensate the
position and orientation of the tool with regard to the patient.
However, due to the response bandwidth of the optical
positioning system, the reaction speed of the robotic arm is
limited, which compromises the precision of the operation.
In addition, blockage is a more serious matter which occurs
quite often in the optical positioning system. When the
light-reflecting balls are blocked by obstacles, the optical
positioning system cannot provide the relative position and
orientation between the bones and the robotic arm. Hence, in
the situation where only optical positioning system is used
to assist with the motion compensation of the robotic arm,
the position of the robotic arm cannot be adjusted in time,
which can endanger the safety of the patient. Furthermore,
compared with the conventional bone cutting tool, the size
of the robotic arm is way too huge, which causes inconve-
niences for the surgeons, and also limits the application
thereof.

On the other hand, in the conventional control methods
for robotic arms that utilizes medical images and positioning
information to compensate the motion thereof, in order to
prevent the tool from damaging the blood vessels, nerves or
soft tissues of the patient, current control methods simply
turn off the motor when the front end of the tool deviates
from the predetermined operation range/path. Such control
methods lack the ability to keep the front end of the tool
within the range/path of the operation plan; therefore, sur-
geons need to control the movement of the robotic arm
manually through out the whole operation process, which
can be very exhausting.

SUMMARY OF THE INVENTION

Based on the above reasons, a primary objective of the
present invention is to provide a handheld robot for ortho-
pedic surgeries. The handheld robot provided by the present
invention is able to combine the relative position/orientation
information between a tool and a bone acquired by a
positioning unit with the force/torque information feedback
by the bone acquired by a force sensor, and is able to utilize
the combined information to compensate the motion of the
handheld robot in a quick and timely manner, so as to keep
the tool within the range/path of a predetermined operation
plan. As a result, the precision of the orthopedic surgery can
be enhanced, and the error occurred during the surgery can
be minimized.

Another objective of the present invention is to provide a
tool specifically designed for further detecting a deviation

141 1 XXl 1 1 L £41.
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present invention, the sensitivity of the motion compensa-

of the patient moved during the operation, the positioning 60 tion of the tool is improved, thereby preventing the tool from

system immediately starts the re-coordination procedure to
ensure the precision and the safety of the operation. Alter-
natively, surgeons can utilize the positioning system to
measure the relative position and orientation between the

deviating from the path of the predetermined operation plan.

For achieving the foregoing objectives, the present inven-
tion provides a handbeld robot for orthopedic surgery. The
handheld robot includes: a main body, a grip, a kinematic

bone and the robotic arm, and further perform precise 65 mechanism, a tool connector, a tool, a force sensor and a

positioning and bone cutting throngh dynamic motion com-
pensation control. Herein, the optical positioning system is

positioning unit. The main body has an inner space. The grip
is connected at a side of the main body. The kinematic
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mechanism has six degrees of freedom and is disposed
inside the inner space of the main body. The kinematic
mechanism at least includes a stationary plate, a mobile plate
and a plurality of actuating units. The actvating units are
mounted on the stationary plate and are connected with the
mobile plate via a plurality of connecting rods. The tool
connector is disposed on the mobile plate. The tool has a
threaded segment and a non-threaded segment, and is con-
nected at the tool connector. The threaded segment has a first
diameter, the non-threaded segment has a second diameter,
and the first diameter is smaller than the second diameter.
The force sensor is disposed between the tool connector and
the mobile plate., The positioning unit is disposed on the
mobile plate for positioning the position and orientation of
the tool. The force sensor measures a force, which is parallel
to an axial direction of the tool, between an object and the
tool, and the force sensor further measures a deviation force
between the tool and the object in coordination with the
difference in the diameters between the threaded segment
and the non-threaded segment. The handheld robot as
described combines a position/orientation information
acquired by the positioning unit with the force/deviation
force information measured by the force sensor, and adjusts
the position and orientation of the tool based on a combined
information.

According to an embodiment of the present invention, the
kinematic mechanism further includes a motor mounting
plate mounted on the stationary plate. In addition, each of
the actuating unit includes: a motor, a coupling, a lead screw
and a slider. The motor is disposed on the motor mounting
plate. The coupling is disposed between the motor and the
motot mounting plate. The lead screw is connected to the
motor. The slider is engaged with the lead screw via a sliding
block, wherein an end of the slider is connected with the
connecting rod via a joint. When the motor drives the lead
screw to rotate, the lead screw also drives the slider to slide
in a linear direction through the sliding block.

According to an embodiment of the present invention, the
positioning wnit is a plurality of light-reflecting balls;
wherein the light-reflecting balls positions the position and
orientation of the tool in coordination with an optical
positioning system. Herein, the positioning unit can also be
other conventional positioning unit, such as an electro-
magnetic positioning system or an inertia measurement unit
aMu).

According to an embodiment of the present invention, the
tool connector includes a spindle motor for driving the tool
to rotate,

According to an embodiment of the present invention,
another force sensor is disposed between the grip and the
main body for measuring the force applied by the user when
operating the handheld robot.

In addition, the presenl invention provides a control
method for controlling the handheld robot for orthopedic
surgery as described above. The control method of the
present invention includes the following steps: preparing an

position/orientation information of a tool, which is disposed
at a front end of the handheld robot, with a positioning unit,
and adjusting the position/orientation of the tool based on
the position/orientation information acquired, so as to keep
the tool within the predetermined range/path of the operation
plan; and measuring a force/torque between the tool and an
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the operation plan. The force/torque measured by the force
sensor includes a deviation force between the tool and the
object.

According to an embodiment of the present invention, the
control method further include a step of combining the
position/orientation information acquired by the positioning
unit with the force/torque information measured by the force
sensor, and adjusting the position/orientation of the tool
based on a combined information.

According to an embodiment of the present invention, the
tool includes a threaded segment and a non-threaded seg-
ment. The threaded segment has a first diameter, the non-
threaded segment has a second diameter, and the first
diameter is smaller than the second diameter.

According to an embodiment of the present invention,
when the robot is used for drilling, the deviation force/torque
includes a force/torque orthogonal to an axial direction of
the tool. In addition, the method further comprises calculat-
ing a drilling force/torque, which is a force/torque parallel to
the axial direction of the tool, to determine if the drilling is
completed.

According to an embodiment of the present invention,
when the robot is used for cutting, the deviation force/torque
includes a force parallel to a normal vector of a cutling
surface, and also includes two torques that are orthogonal to
the normal vector of the cutting surface. In addition, the
method further comprises calculating a cutting force/torque,
which are a force parallel to the cutting surface and a torque
orthogonal to the cutting surface, to determine if the cutting
is completed.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be apparent to those skilled in
the art by reading the following detailed description of a
preferred embodiment thereof, with reference to the attached
drawings, in which:

FIG. 1 is a perspective view of a handheld robot for
orthopedic surgery according to a preferred embodiment of
the present invention;

FIG. 2 is a side view of the handheld robot according to
the preferred embodiment of the present invention;

FIG. 3 is an exploded and perspective view of the
handheld robot according to the preferred embodiment of
the present invention;

FIG. 4A and FIG. 4B are enlarged views of a tool
according to the preferred embodiment of the present inven-
tion, respectively;

FIG. 5 is schematic view illustrating the handheld robot of
the present invention being used in a surgery according to
the preferred embodiment;

FIG. 6 is a schematic view illustrating the handheld robot
of the present invention being used for drilling in a bone
plate fixation surgery, wherein the tool offsets from the path
of a predetermined operation plan;

FIG. 7 is a schematic view illustrating the handheld robot

ath;-aequiring-a——of-the-present-invention-being-nsed-for-drilling-—in-the-bone

plate fixation surgery, wherein the (ool deviates from the
path of the predetermined operation plan with an angle;
FIG. 8 is a schematic view illustrating the handheld robot
of the present invention being used for drilling in an
intramedullary interlocking screw fixation surgery, wherein
the tool offsets from the path of a predetermined operation

object with a force sensor, and adjusting the position/ 65 plan;

orientation of the fool based on the measured force/torque,
50 as 1o keep the tool within the predetermined range/path of

FIG. 9 is a schematic view illustrating the handheld robot
of the present invention being used for drilling in the
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intramedullary interlocking screw fixation surgery, wherein
the tool deviates from the path of the predetermined opera-
tion plan with an angle;

FIG. 10 is a flow chart showing a control method of the
present invention, wherein the position and the orientation
of the tool is adjusted based on the position/orientation
information acquired by a positioning unit;

FIG. 11 is a flow chart showing the control method of the
present invention, wherein the position/orientation of the
tool is adjusted based on the force/torque information
acquired by a force sensor, and the handheld robot of the
present invention is being used for drilling or tightening
bone screws in an operation;

FIG. 12 is a schematic view illustrating the handheld
robot of the present invention being used in an osteotomy;

FIG. 13 is a schematic view illustrating the handheld
robot of the present invention being used in an osteotomy
such as during a total joint replacement surgery, wherein the
tool cuts beyond the range of a predetermined operation
plan;

FIG. 14 is a schematic view illustrating the handheld
robot of the present invention being used in the osteotomy
such as during a total joint replacement surgery, wherein the
tool cuts beyond the range of the predetermined operation
plan;

FIG. 15 is a flow chart showing the control method of the
present invention, wherein the position/orientation of the
tool is adjusted based on the force/torque information mea-
sured by the force sensor, and the handheld robot of the
present invention is being used in an osteotomy;

FIG. 16 is a schematic view illustrating the handheld
robot of the present invention being used to fix a cutting
block; and

FIG. 17 is a flow chart showing the control method of the
present invention, wherein the position/orientation of the
tool is adjusted based on the force/torque information mea-
sured by the force sensor, and the handheld robot of the
present invention is being used to fix a cutting block.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The accompanying drawings are included to provide a
further understanding of the invention, and are incorporated
in and constitute a part of this specification. The drawings
illustrate embodiments of the invention and, together with
{he description, serve to explain the principles of the inven-
tion.

FIG. 1 is a perspective view showing a handheld robot
100 for orthopedic surgery of the present invention. As
shown in FIG. 1, the handheld robot 100 according to a
preferred embodiment of the present invention 100 includes:
a main body 1, a grip 2, a kinematic mechanism 3, a tool
connector, a tool 5, a force sensor and a positioning unit 7.

FIG. 2 is a side view showing the handheld robot 100
according to the preferred embodiment of the present inven-
tion, and FIG. 3 is an exploded and perspective view of the

Trandiield Tobot 100 according To the prefeited embodiment
of the present invention. As shown in FIG. 1~FIG. 3, the
main body 1 has an inner space 10, and the grip 2 is
connected at a side of the main body 1 for a user to grip on.
A button 21 is disposed on the grip 2 for turning on or
turning off the handheld robot 100. The kinematic mecha-
nism 3 has six degrees of freedom, and is disposed inside the
inner space 10 of the main body 1. The kinematic mecha-
nism 3 at least includes a stationary plate 31, a mobile plate
32 and a plurality of actuating units 33. The actuating units
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33 are mounted on the stationary plate 31, and are connected
with the mobile plate 32 via a plurality of connecting rods
34. The structure and actuation method of the kinematic
mechanism 3 will be described in details in the following
sections.

In the preferred embodiment of the present invention, the
kinematic mechanism 3 is a parallel mechanism with six
degrees of freedom. Due to the features of the parallel
mechanism, such as high stability in structure, high rigidity,
zero accumulative error, small inertia and small working
space, the parallel mechanism is best suited for surgical
equipments, which require high accuracy and small working
space.

As shown in FIG. 2 and FIG. 3, the kinematic mechanism
3 according to the preferred embodiment of the present
invention further includes a motor mounting plate 35. The
motor mounting plate 35 is mounted on the stationary plate
31 with a distance therebetween. Each of the actuation unit
33 includes: a motor 331, a coupling 332, a lead screw 333
and a slider 334. The motor 331 is disposed on the motor
mounting plate 35. The coupling 332 is disposed between
the motor 331 and the motor mounting plate 35. The lead
screw 33 is connected to the motor 331 through the motor
mounting plate 35 and the coupling 332. The stider 334 is
engaged with the lead screw 333 via a sliding block 3341,
wherein an end of the slider 334 is connected with the
connecting rod 34 via a joint 36. Herein, the joint 36 has two
degrees of freedom. The other end of the connecting rod 34
is connected with the mobile plate 32 through a joint 37,
which has three degrees of freedom. When the motor 331
drives the lead screw 333 to rotate, the lead screw 333 also
drives the slider 334 to slide in a linear direction through the
sliding block 3341, and further actuates the connecting rod
34. In the preferred embodiment of the present invention,
there are six actuating units 33 in the kinematic mechanism
3. With the above configuration, when the actvating units 33
actuate the connecting rods 34, the mobile plate 32 is driven
to move or rotate to different positions/orientations, thereby
moving the fool 5 to a desired position/orientation.

As shown in FIG. 2 and FIG. 3, the tool connector 4 is
disposed on the mobile plate 32, and the tool 5 is connected
at the tool connector 4. In the handheld robot 100 of the
present invention, tool 5 can be replaced with suitable tools
according to the purpose of each operation. For example, in
an osteotomy, a milling cutter can be used as the tool 5;
when tightening bone screws, a screw driver tool can be
used as the tool 5; and when the handheld robot 100 is used
for drilling, a drill bit can be used as the tool 5. The tool
connector 4 includes a spindle motor 41 for driving the tool
5 to rotate. The force sensor 6 is disposed between the tool
connector 4 and the mobile plate 32 for measuring the
force/torque generated between the tool and the bone during
the operation.

Herein, it is worth mentioning that the tool 5 according to
the preferred embodiment of the present invention has been
designed specifically to enhance the sensitivity of the force

Sensor 0. F1G. 4A s an enlarged view showing a front end
of & milling tool 5« according 1o the preferred embodiment
of the present invention, and FIG. 4B is an enlarged view
showing a front end of a drilling tool 56 according to the
preferred embodiment of the present invention. As shown in
FIG. 4A and FIG. 4B, the milling tool Sa and the drilling tool
5b both include a threaded segment 51 and a non-threaded
segment 52, The threaded segment 51 of the tools has a first
diameter, and the non-threaded segment 52 of the tools has
a second diameter. As can be seen in the figures, the first
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diameter is smaller than the second diameter, and a diameter
difference d' exists between the threaded segment 51 and the
non-threaded segment 52.

Under the situation where normal tools are used, the force
sensor 6 is only able to measure the force that is directly
exerted on the tool by the bones of the patient; in other
words, the force sensor 6 is only able to measure the force
which is parallel to an axial direction of the tool. However,
if the tool offsets or deviates from the path of a predeter-
mined operation plan when the threaded segment drills into
the bones, it is more difficult for force sensor to detect the
deviation force exerted on the tool by the bone with con-
ventional tools, that is, it is more difficult to detect the
force/torque orthogonal to the axial direction of the tool. As
a result, it is more difficult for the force sensor 6 to detect the
situation in which the tool offsets from the path of a
predetermined operation plan, or the situation in which the
tool deviates from the path of a predetermined operation
plan with an angle. With the specially designed tool 5 of the
present invention, the bone of the patient will collide with
the diameter difference d' between the threaded segment 51
and the non-threaded segment 52 when the threaded seg-
ment 51 of the tool 5 drills through the bones, and a
deviation force is generated therebetween. In other words,
the force sensor 6 would detect a force that is orthogonal to
the axial direction of the tool 5, or the force sensor 6 would
detect a torque generated between the bones and the tool 5.
In this way, the sensitivity of the force sensor 6 can be
enhanced.

As shown in FIG. 2 and FIG. 3, the positioning unit 7 is
disposed on the mobile plate 32 for positioning the position
and orientation of the tool 5. The positioning unit 7 can be
any conventional positioning systems, such as an optical
positioning system, an electro-magnetic positioning system
or an inerlia measurement unit. In the preferred embodiment
of the present invention, the positioning unit is a plurality of
light-reflecting balls, which can track the position and ori-
entation of the tool 5 when used with an optical positioning
systen1. In addition, another force sensor 6 can be disposed
between the grip 2 and the main body 1 to further measure
the force exerted by the hand of the user during the opera-
tion.

FIG. 5 is schematic view illustrating the handheld robot
100 of the present invention being used in a surgery accord-
ing (o the preferred embodiment. As shown in FIG. 5, when
the handheld robot 100 of the present invention is in use, a
user holds the handheld robot 100 with his/her hand and
operate on the bones of a patient according to a predeter-
mined operation plan. Because the kinematic mechanism 3
of the handheld robot 100 is a paralle]l mechanism, the size
of the handheld robot 100 is smaller compared to conven-
tional mechanical robotic arms, and the agility of the hand-
held robot 100 is also higher when in use. During an
operation, the handheld robot 100 is used in coordination
with an optical positioning system 71 to track the position-

ing unit 7 disposedom tt ;
the relative position and orientation of the tool 5 with regard
to the bones. In addition, when the tool 5 comes into contact
with the bone of the patient, the force sensor 6 measures the
force and torque between the tool and the bone to further
determine the relative position and orientation of the tool 5
with regard to the bone. In this way, the handheld robot 100
combines the position/orientation information of the tool 5
acquired by the positioning unit 7 with the force/torque
information measured by the force sensor 6, and utilizes the
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combined information to adjust the position of the tool 5 so
as to keep the tool 5 within the range/path of a predeter-
mined operation plan.

With reference to the figures, cases in which the handheld
robot 100 of the present invention is used in different
operations will be explained in details in the following
section.

FIG. 6 and FIG. 7 are schematic views illustrating the
handheld robot 100 of the present invention being used for
drilling in a bone plate fixation surgery; and FIG. 8 and FIG.
9 are schematic views illustrating the handheld robot 100 of
the present invention being used for drilling in an intramed-
ullary interlocking screw fixation surgery. In FIG. 6~FIG. 9,
the user uses the handheld robot 100 of the present invention
to drill with automatic positioning function. In FIG. 6(a),
FIG. 7(a), F1G. 8(a) and FIG. 9(a), before the tool 5 is in
contact with the bone of the patient, the position/orientation
of the tool 5 is adjusted based on the position/orientation
information acquired by the positioning unit 7. FIG. 10 is a
flow chart showing a control method of the present inven-
tion, wherein the position/orientation of the tool 5 is adjusted
with the assistance of the positioning unit 7 before the tool
§ is in contact with the bone. As shown in FIG. 10, the
handheld robot 100 calculates the position/orientation of the
tool 5 based on a predetermined operation plan, and also
based on the relative position/orientation information of the
tool 5 with regard to the bone acquired by the positioning
unit 7. If the position/orientation of the tool 5 needs to be
adjusted, the handheld robot 100 adjusts the position/orien-
tation of the tool 5 through the kinematic mechanism 3, so
1ool 5 can be aligned with the position/orientation according
to the predetermined operation path, thereby achieving
dynamic motion compensation of the tool.

Once the tool 5 is in contact with the bone and the drilling
process is started, a force is exerted on the tool 5 by the bone.
At this moment, if the bone or the hand of the user moves
and causes the tool 5 to deviate from the target position/
orientation, the non-threaded segment 52, to be more exact,
the diameter difference d' between the non-threaded segment
52 and the threaded segment 51 will collide with bone
plates, bone screws or bones, thereby generating a deviation
force. As shown in FIG. 6(5) and FIG. 8(5), when the tool
5 or the bone offsets from the predetermined path in a
direction, a reaction force is generated between the bone and
the tool 5 in a corresponding direction, that is, a force which
is orthogonal to the axial direction of the tool 5 is generated
therebetween. As shown in FIG. 7(b) and F1G. 9(5), when
the tool 5 deviates from the predetermined path 5 with an
angle, a torque is generated between the bone and the tool
5. In the above situations, the force sensor detects and
measures the force/torque which causes the tool 5 to offset/
deviate. The handheld robot 100 then adjust the position/
orientation of tool 5 through the kinematic mechanism 3
based on the information acquired by the force sensor 6, so
as to keep the tool 5 within the path of the predetermined
operation plan, as shown in FIG. 6(c), FIG. 7(c), FIG. 8(c)
and FIG. 9(¢).

e FIG s aflowclart showing thecontrot metiod-of the

present invention, wherein the position/orientation of the
tool is adjusted based on the force/torque information
acquired by the force sensor 6, and the handheld robot 100
of the present invention is being used for drilling or tight-
ening bone screws in an operation. As shown in FIG. 11, the
handheld robot 100 measures the force/torque between the
tool 5 and the bone with the force sensor 6 to help with the
position/orientation compensation of the tool 5. By calcu-
lating the deviation force/torque, the position/orientation of
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the tool 5 is adjusted to minimize the force/torque orthogo-
nal to the axial direction of the tool and between the tool 5
and the bone, 5o as to prevent the tool 5 from deviating or
offsetting from the path of the predetermined operation plan.
The force sensor then measures and calculates the force/
torque exerted by the tool 5 during the drilling process, that
is, the force which is parallel to the axial direction of the tool
5. The force parallel to the axial direction of the tool 5 is
used as a basis for determining if the tool 5 has drilled
through the bone, or, as the basis for determining if the bone
screw has been completely tightened. If the tool 5 has drilled
through the bone or if the bone screw has been completely
tightened, the handheld robot 100 then turn off the spindle
motor 41, so the tool does not damage other tissues.

The force/torque information acquired by the force sensor
6 as described above can be further combined with the
relative information/orientation information of the bone to
the tool 5 provided by the positioning unit 7 (e.g. using the
multirate Kalman filter for data fusion). As a result, the
handheld robot 100 of the present invention is able fo
achieve dynamic motion compensation quickly and accu-
rately, thereby keeping tool 5 within the path of the prede-
termined operation plan.

FIG. 12~FIG. 14 are schematic views showing the hand-
held robot 100 of the present invention being used in an
osteotomy. In FIG. 13(¢) and FIG. 14(a), similar to the
situation in which the handheld robot 100 is used for
drilling, the position/orientation of tool 5 is adjusted based
on the positioning/orientation information provided by the
positioning unit 7 before the tool 5 contacts the bone; in
other words, the conirol method in FIG. 10 is used before
tool 5 contacts the bone of the patient. Once the cutting
begins when the tool 5 contacts the bone, a force is genera-
tion between the tool 5 and the bone. At this moment, if the
bone or the hand of the user moves and causes the tool 5 to
deviate from the target position/orientation, the non-
threaded segment 52, to be more exact, the diameter differ-
ence d' between the non-threaded segment 52 and the
threaded segment 51 will collide with the bone and generate
a devialion force. As shown in FIG. 13(5), when the tool 5
or the bone offsets from the range of the predetermined
operation plan in a direction, a reaction force is generated in
the corresponding direction between the bone and the tool;
that is, the reaction force, which is parallel to the normal
vector of the cutting surface, is generated between the bone
and the tool. As shown in FIG. 14(b), when the tool 5
deviates from (he range of the predetermined operation plan
with an angle, torques are generated between the bone and
the tool §; to be more exact, two torques, which are
orthogonal to the normal vector of the cutting surface, are
generated between the bone and the tool 5. After the force
sensor 6 measures the deviation force/torque, the position/
orientation of tool 5 is adjusted through the kinematic
mechanism, so as to keep tool 5 within the range of the
predetermined operation plan, as shown in FIG. 13(c) and
FIG. 14(c).

FIG. 15 is a flow chart showing the control method of the
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minimize the two toques orthogonal to the normal vectors of
the cutting surface, so as to prevent the tool 5 from deviating
or offsetting from the range of the predetermined operation
plan. In addition, the cutting force measured by the force
sensor, in other words, the force parallel to the cutting
surface and the torques orthogonal to the cutting surface are
used as the basis for determining if tool 5 has complete the
cutting. Referring to FIG. 12, once the tool 5 has passed the
dotted line in FIG. 12 and completed cutting, the handheld
robot 100 then turns off the spindle motor 41 to prevent tool
5 from damaging other tissues of the patient.

Similarly, the force/torque information acquired by the
force sensor 6 as described above can be further combined
with the relative information/orientation information of the
bone with regard to the tool 5 provided by the positioning
unit 7 (e.g. using the multirate Kalman filter for data fusion).
As a result, the handheld robot 100 of the present invention
is able to achieve dynamic motion compensation quickly
and accurately, thereby keeping tool 5 within the range of
the predetermined operation plan.

FIG. 16 is a schematic view illustrating the handheld
robot 100 of the present invention being used to fix a cutting
block 9. First, as shown in FIG. 16(a), the user manually
places the cutting block 9 at certain position/orientation with
regard to the bone of the patient as guided by a medical
image or computer navigation program. During the process,
if the position/orientation of the cutting block 9 is slightly off
from the desired position/orientation, the handheld robot
100 of the present invention can adjust the position/orien-
tation of the screw driver and the bone screw 55 at the front
thereof through the kinematic mechanism 3 based on the
relative position/orientation information of the tool 5 with
regard to the bone, and at the same time guides the fixing
hole 91 of the cutting block 9 to the desired position/
orientation as instructed by the navigation program, as
shown in FIG. 16(4). Once the bone screw 55 enters the
bone, there are two approaches to fix the cutting block 9 with
the handheld robot 100. The first approach to fix the cutting
block 9 is to use the control method for drilling as described
above. The position/orientation of the screw driver is
adjusted through kinematic mechanism 3 based on the
force/torque information provided by the force sensor 6 to
minimize the force/torque orthogonal to the axial direction
of the screw driver. The force/toque measured in the direc-
tion parallel to the axial direction of the screw drive can be
used as the basis for determining if the bone screw 51 has
been tightened. Meanwhile, the handheld robot 100 per-
forms fast and accurate dynamic motion compensation with
the relative position/orientation information of the tool with
regard to the bone provided by the positioning unit 7. Once
the bone screw 51 is tightened as shown in FIG. 16(c), the
handheld robot 100 turns off the spindle motor 41. When
taking the second approach to fix the cutting block 9, the
handheld robot 100 is switched to a manual mode. In the
manual mode, the position/orientation of the screw driver is
no longer adjusted through the kinematic mechanism 3;
instead, the user adjusts the position/orientation of the screw

present invention, wiierein tlie position and the oriemation
of the tool 5 is adjusted based on the force/torque informa-
tion measured by the force sensor 6, and the handheld robot
100 of the present invention is being used in an osteotomy.
As shown in FIG. 15, the handheld robot 100 of the present
invention measures the force/torque between the tool 5 and
the bone for the position/orientation compensation of tool 5.
By calculating the deviation force/torque, the position/ori-
entation of the tool 5 is adjusted to minimize (he force
parallel to the normal vector of the cutting surface, and also

60

65

driver manvaily. I The second approacit, the rest of e
motion can be easily finished manually because the bone
screw 51 has already passed through the fixing hole 91 of the
cutting block 9 and is guided to the correct position/orien-
tation with regard to the bone.

FIG. 17 is a flow chart showing the control method of the
present invention, wherein the position/orientation of the
too] is adjusted based on the force/torque information mea-
sured by the lorce sensor 6, and the handheld robot 100 of
the present invention is being used to fix the cutting block 9.
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As shown in FIG. 17, the handheld robot 100 of the present
invention measures the force/torque between the tool 5 and
the bone to assist with the position/orientation compensation
of tool 5. By calculating the deviation force/torque, the
position/orientation of the tool 5 is adjusted to minimize the
force orthogonal to the axial direction of the screw drivet, so
as to prevent the tool 5 from deviating or offsetting from the
path of the predetermined operation plan. The tighiening
force/torque measured by the force sensor 6, that is, the
force, which is parallel to the axial direction of the screw
driver, is used as the basis for determining if the cutting
block 9 has been completely fixed. Once the cutting block 9
is fixed, the handheld robot 100 then stops the spindle motor
41 to prevent the tool 5 from damaging other tissues.

The present invention utilize the spatial information of the
tool 5 and the bone of the patient provided by the positioning
unit 7 and the force/torque information measured by the
force sensor 6 for data fusion, thereby improving the reac-
tion speed of the motion compensation of the tool 5.
Generally speaking, due to the bandwidth of the optical
positioning system, certain latency is expected in the reac-
tion to the optical positioning system. Therefore, if surgical
equipment only uses the spatial information provided by the
optical positioning system as the basis of the motion com-
pensation of the front tool thereof, the error accunulated
between the spatial information acquired and the actual
spatial information could be too large. In comparison, the
reaction speed of surgical equipment to the force/torque
information is faster; therefore, by utilizing the spatial
information in coordination with the force/torque informa-
tion, the reaction speed of (he surgical equipment can be
enhanced. By using the control method of the present
invention to adjust the position/orientation of the tool at the
front of the surgical equipment, the error between the
acquired spatial information and the actual spatial informa-
tion is greatly reduced, thereby improving the precision of
the operation. In the mean time, the latency in using the
optical positioning system can be reduced, and the blockage
situation, which causes the position of the tool to be unread-
able, in using the optical positioning system can also be
prevented, thereby improving the safety of the operation.

Although the present invention has been described with
reference to the preferred embodiments thereof, it is appar-
ent to those skilled in the art that a variety of modifications
and changes may be made without departing from the scope
of the present invention which is intended to be defined by
the appended claims.

What is claimed is:

1. A handheld robot for orthopedic surgery, comprising:

a main body;

a grip, connected to the main body;

a kinematic mechanism connected to the main body;

a tool connector connected to the kinematic mechanism;

a tool connected (o the tool connector; and

a force sensor configured to measure a deviation force, a

deviation torque, or a combination thereof that deviates
the tool from a predetermined range, a predetermined
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nism to adjust at least one of the position and the
orientation of the tool based on the measured deviation
force, the measured deviation torque, or the combina-
tion thereof, so as to keep the tool within the predeter-
mined range, the predetermined path, or the combina-
tion thereof, of the received operation plan.

2. The handheld robot according to claim 1, further
comprising:

a positioning unit configured to acquire position informa-
tion, orientation information, or a combination thereof,
of the tool, wherein the kinematic mechanism is
capable to adjust at least one of the position and the
orientation of the tool further based on the position
information, the orientation information, or the com-
bination thereof, of the tool, the positioning unit is a
plurality of light-reflecting balls, the light-reflecting
balls position the position and orientation of the tool in
coordination with an optical positioning system.

3. The handheld robot according to claim 1, wherein the
tool connector includes a spindle motor configured to drive
the tool to rotate.

4. The handheld robot according to claim 1, wherein
another said force sensor is disposed between the grip and
the main body.

5. The handheld robot according to claim 1, wherein the
tool has a threaded segment and a non-threaded segment.

6. The handheld robot according to claim 5, wherein the
threaded segment has a first diameter, the non-threaded
segment has a second diameter, and the first diameter is
smaller than the second diameter.

7. The handheld robot according to claim 1, further
comprising:

a positioning unit configured to acquire position informa-
tion, orientation information, or a combination thereof,
of the tool, wherein the kinematic mechanism is
capable to adjust at least one of the position and the
orientation of the tool further based on the position
information, the orientation information, or the com-
bination thereof, of the tool, the positioning unit is an
electro-magnetic positioning system, an inertia mea-
surement unit, or a combination thereof.

8. The handheld robot according to claim 1, wherein the
controller is programmed to acquire position information,
orientation information, or a combination thereof, of the
tool, and adjust at least one of the position and the orienta-
tion of the tool based on the acquired position information,
the acquired orientation information, or the combination
thereof, so as to keep the tool within the predetermined
range, the predetermined path, or the combination thereof, of
the received operation plan.

9. The handheld robot according to claim 8, wherein the
controller is programmed to combine the acquired position
information, the acquired orientation information, or the
combination thereof with the measured deviation force, and
adjust at least one of the position and the orientation of the
tool based on result information of the combining,

path or a combination thereof, wiicrein {he Kinematic
mechanism is capable 1o adjust at least one of the
position and the orientation of the tool based on the
measured deviation force, the measured deviation
torque, or the combination thereof; and

a controller programmed to receive an operation plan with
the predetermined range, the predetermined path, or the
combination thereof, control the force sensor to mea-
sure the deviation force, the deviation torque, or the
combination thereof and control the kinematic mecha-

107 The handield tobot according to claim I, wiereimte

handheld robot is configured to drill, the deviation force, the
deviation torque, or the combination thereof includes a
force, a torque, or a combination thereof orthogonal to an
axial direction of the tool.

11. The handheld robot according to claim 10, wherein the
controller is programmed to calculate a drilling force, a
drilling torque, or a combination thereof which is parallel to
an axial direction of the tool to determine if the drilling is
completed.
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12. The handheld robot according to claim 1, wherein the
handheld robot is configured to cut, the deviation force, the
deviation forque, or the combination thereof includes a force
parallel to a normal vector of a cutting surface and includes
two torques that are orthogonal to the normal vector of the 5
cutting surface.

13. The handheld robot according to claim 12, wherein the
controller is programmed to calculate a combination of a
cutting force and a cutting torque which includes a force
parallel fo a cutting surface and a torque orthogonal to the 10
cutting surface to determine if the cutting is completed.
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