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57 ABSTRACT

The present invention provides a sensorized medical instru-
ment that is suitable for application to, and training and skills
assessment for, a variety of therapeutic, diagnostic, surgical
and medical procedures. It is comprised of a sterilizable sen-
sorized instrument capable of measuring forces in five
degrees of freedom and tip position in six degrees of freedom.
The instrument can be used to perform a variety of tasks
through the integration of interchangeable instrument tips
and handles. The system is capable of providing feedback to
the user regarding critical forces/torques acting on the tissue,
position and orientation of the instrument and its tip near
critical areas within the body, or user performance during
training and skills evaluation.
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SENSORIZED MEDICAL INSTRUMENT

CROSS REFERENCE TO RELATED U.S.
APPLICATIONS

[0001] This patent application relates to, and claims the
priority benefit from, U.S. Provisional Patent Application Ser.
No. 61/006,443 filed on Jan. 14, 2008, in English, entitled
TRAINING AND SKILLS ASSESSMENT SYSTEM FOR
MINIMALLY INVASIVE SURGERY, and which is incorpo-
rated herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to sensorized medical
instruments that are suitable for application to, and training
and skills assessment for, a variety of therapeutic, diagnostic,
surgical and medical procedures.

BACKGROUND OF THE INVENTION

[0003] A type of Minimally Invasive Surgery (MIS), called
endoscopic surgery, refers to the use of long slender instru-
ments and a camera that enter the patient’s body through
small incisions (1 cm in diameter). This type of surgery is also
called laparoscopic surgery when performed in the abdomen,
orthoracoscopic surgery when performed in the thorax. Com-
pared to open surgery, MIS significantly reduces tissue
trauma, post-operative pain and recovery time. Unfortu-
nately, the “fulcrum effect” generated at the entry site causes
a significant reduction in dexterity and reversal of hand
motion, requires higher manipulation forces to overcome the
drag on the instruments, and considerably degrades haptic
feedback (the sense of touch). These limitations result in new
perceptual-motor relationships which reduce performance
and are unfamiliar to the user.

[0004] The minimally invasive access in diagnostic, thera-
peutic and surgical procedures results in limitations that
affect the ability of the user to sense forces applied by the
instrument. In addition, the limited field of view of the oper-
ating site (such as that produced through use of'an endoscopic
camera) may cause the user to become disoriented within the
surgical environment. The ability to detect forces and position
in surgical procedures, combined with suitable feedback to
the user, could mitigate the challenges of MIS techniques.
[0005] Furthermore, the widespread application of MIS is
hindered by the lack of appropriate educational and training
tools. During conventional surgical training, a trainee first
watches a skilled professional doing an operation and then
tries the operation under the guidance of the mentor. This
mode of training is inefficient and the required perceptual-
motor skills therefore take longer than normal to master and
pose a challenge to surgeons interested in acquiring these
skills. A possible solution is to develop training exercises that
can be used to develop the skills necessary, while providing
immediate feedback to the user on their achieved perfor-
mance.

[0006] The ability to sense forces and torques, as well as
position, during MIS would allow the development of sys-
tems that solve these problems by providing real-time feed-
back during medical procedures or during training sessions. A
review of what has been done in the area is presented below.

Force Sensing

[0007] Force sensing systems for minimally invasive sur-
gery have stringent design specifications that have limited
their development. The specifications include the following
[1,2]: the instruments must be less than 10 mm in diameter,
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which considerably restricts the size of the sensors; high
friction at the trocar (entry point) makes it hard to sense from
outside of the body; the fact that different instruments are
used in each procedure means that the instruments must be
versatile; actuation of the gripper requires the sensor to be
hollow; and sterilizability means that the sensor should not be
applied directly to the jaws.

[0008] A few researchers have approached the force sens-
ing issue by incorporating sensors directly onto the gripper. A
laparoscopic tactile sensor with a piezoelectric polymer
PVDF film is proposed in [3]. The tactile sensor has 0.1 N
sensitivity. Reference [4] proposes a tactile sensor attached to
the tip of an endoscope that determines forces by measuring
displacements between a transparent window and the end of
the endoscope using image processing. A two dimensional
mechanical sensor to measure thrust and pull inside instru-
ment jaws is proposed in [5]. The design of a laparoscopic
grasper is proposed in [6], which uses piezoelectric sensors to
detect forces in three degrees of freedom; however, the instru-
ment is quite large for this application (the size of a quarter).
[7] used finite element analysis to evaluate the performance of
a tooth-like sensor. Miniaturization of this device is still
required.

[0009] Some researchers have tried sensing the forces on
the handle of the instrument. The use of a mechanical arm to
hold the instrument is proposed in [1] in which an overcoat
device eliminates forces caused by the trocar. An innovative
measuring instrument intended for the quantitative analysis
of'the laparoscopic operations actually performedis proposed
in [8]. A laparoscopic grasper (95 g) was modified with a
6-axis position sensor (PC Bird) and a mini force torque
sensor (ATT Industrial Automation, total weight 261 g).
Although this system has been designed for training pur-
poses, forces are measures outside of the trocar. A sensorized
instrument used for haptic recording is proposed in [9]. It
serves to record tool tissue interactions from actual proce-
dures for later use in haptic simulators. In [10], a sensorized
grasper was developed with a 6-DOF mini sensor (ATT Indus-
trial Automation), plus another force sensor (a FUTEK
FR1010) on the grasper handle. Finally, in [11], actual mini-
mally invasive surgical tools were modified by adding two
strain gauges onto a sensing module and are used to estimate
the properties of the manipulated tissue. Position sensing is
accomplished using an optical sensing device.

[0010] Other researchers have tried to sense forces directly
on the shaft of the instrument. For example, [12] proposes a
high-accuracy novel 3 DOF miniature force sensor 12.5 mm
in diameterx15 mm long for internal sensing of tip forces.

[0011] Some researchers have tried to incorporate force
sensing into a master-slave setup [1,13,14]. The development
of a master/slave system capable of providing haptic feed-
back is presented in [15].

[0012] The integration of force and position sensing for
training purposes was incorporated into the BlueDRAGON
[16]. Two four bar linkages equipped with position and force
sensors acquire the kinematics and dynamics of two endo-
scopic tools. Position in four of the mechanism joints is
measured via potentiometers, forces and torque are measured
through an ATI mini sensor, and tool tissue interaction is
measured via contact sensors. This system measures manipu-
lation forces, not tool tissue forces. Furthermore, there is no
consideration of the effect that the manipulator would have on
the normal movement of the laparoscopic instruments.
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[0013] In[17], Markov modeling is used together with the
BlueDRAGON to model the complexity of MIS for surgical
skill analysis to obtain an objective quantification of skill
defined as the statistical similarity of a data measured from a
subject with apparently unknown skill level to an expert and
anovice surgeon. A surgical skill evaluation system based on
this work has been patented [18] and is commercially avail-
able as the EDGE system (Simulab Corp., Seattle, Wash.).

Position Sensing

[0014] Research involving the use of electromagnetic,
ultrasound and fluoroscopic tracking has been reported in the
literature [19-25]. Unfortunately, these systems are reported
to be cumbersome and expensive. There has also been sig-
nificant headway made into the realm of optical tracking,
which is readily commercially available. In these studies, the
tracking systems were never utilized during training, and
acted only as an aid to surgeons in the operating room [22].
The accuracy of electromagnetic trackers has been known to
change over time, which could result in a critical error during
surgery [23, 24]. Closely related to magnetic tracking is
sonic-based tracking, which can be very accurate in detecting
instrument movement. The problem with this method is that it
is very sensitive to movement, leading to inaccurate results.
Additionally, the instruments could be out of the “range of
hearing” of the sensor, so careful sensor placement is integral
to the functionally of the system [26].

[0015] Ideally, a solution to the problem of surgical instru-
ment tracking in three-dimensional space would use only the
images acquired by the endoscope. Unfortunately, the current
techniques deployed to track surgical instruments using digi-
tal image processing are insufficient for medical users, as they
do not provide any depth perception from the endoscopic
image.

[0016] The bulk of current research into real time surgical
instrument tracking using digital image processing without
the use of large sensor arrays or bulky equipment utilizes
markers (usually in the form of LED’s) placed on the instru-
ment, to determine the position of the instrument in space.

[0017] Position tracking for surgical training purposes,
deals mostly with the development of surgical simulators.
These, however, do not incorporate three dimensional
aspects, making minimally invasive surgery difficult to learn.
There has also been some research into virtual reality simu-
lations for surgical training using tracking. A team processed
endoscopic images into three dimensions to create surgical
simulations [27]. The major drawback to this technique is that
it is primarily for texture mapping in virtual reality simulators
and is not feasible for real time instrument tracking.

Active Marker Based Tracking

[0018] One group [28] used two blinking LED’s embedded
on the instrument, which alternated turning on and off at a
frequency identical to the endoscope. An algorithm was then
implemented to detect light changes in the endoscopic
images, and an expression for the two-dimensional orienta-
tion of the instrument was derived. The reason active markers
were used was that lighting inside a human cavity is unpre-
dictable, due to varying textures of organs and uneven back-
ground lighting. The problem with this method is that it only
offers a two dimensional orientation of the instrument.
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[0019] Another team [29] tried to solve the three-dimen-
sional problem. LEDs were mounted on the surgical instru-
ment and set to blink at the endoscope frequency; lasers were
mounted on the tool and a projection was produced onto the
tissue surface. Four points were projected onto the organ
surface to minimize error, and from this data the position of
the surgical instrument was found using a similar algorithm to
the one presented in [28]. The additional information that the
laser projection provided was enough to derive a formula for
the estimated depth of the surgical instrument. The drawback
of this approach is that the markers used on the system are
active, the algorithm only works because the LEDs or lasers
blink. The reason that passive markers are desirable over
active ones is that active markers add a power requirement to
the surgical tools, and any added weight/wiring to the instru-
ment is undesirable.

Visual Servoing

[0020] One team [30] utilized color image segmentation in
their design to detect the surgical instrument from a digital
image. They present a study of laparoscopic images and vid-
eos, and compiled color information. Other groups [26, 30,
31] tracked the shape of the instrument moving through tis-
sue. The images were processed by analyzing individual pix-
els and comparing them to create general shapes. These
shapes were then further analyzed, and an algorithm was
established to determine which shape was the instrument. The
results from this image analysis were carried over to the next
image, to speed up processing time. Results have shown that
the initial processing time had a delay of approximately three
seconds. Some drawbacks to this technique were that the
team was not concerned about positioning of the instrument,
and often the tool was only detected as a blurred image.

[0021] Most other servoing research has been utilizing
optical tracking systems, known as “outside in” systems [21],
meaning that they track the movement of the surgical device
by plotting it relative to externally placed sensors whose
location in space is already known. This solution is feasible
for three-dimensional tracking within a training environment,
but its practical uses for surgery are limited at best. There are
several commercially available optical tracking systems
which are “inside out” systems, meaning that the object being
tracked is embedded with markers, and its position relative to
other known sensors is measured. This solution is more fitting
for a surgical setting, although the use of external hardware is
undesirable.

Passive Markers

[0022] Researchers have tried to use passive marking sys-
tems in combination with servoing algorithms to accurately
track surgical tools [32]. The researchers used color segmen-
tation of digital endoscopic images, and analyzed them in
hue-saturation (H-S) instead of Red-Green-Blue (RGB) for-
mat. From this, a color was selected which did not appear on
any of the H-S maps. This color (a light blue) was then used
to mark the surgical instrument. The result of these experi-
ments is very promising, although the precision of the algo-
rithm is not ideal.
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SUMMARY OF THE INVENTION

[0023] The present invention provides a slender, steriliz-
able sensorized instrument capable of measuring tip forces in,
but not limited to, five degrees of freedom and tip position in,
but not limited to, six degrees of freedom.

[0024] The present invention is very advantageous in that it
provides these sensing abilities, while maintaining the size,
weight, balance, functionality, and sterilizability characteris-
tics of conventional medical instruments. This configuration
allows the instrument to be used in all of the environments
where the use of conventional instruments have become stan-
dard, including, but not limited to, live animals and humans.
[0025] The instrument can be used to perform a variety of
tasks through the integration of interchangeable instrument
tips and handles. The system is capable of providing feedback
to the operator regarding position of the instrument (e.g., its
proximity to critical structures) and the forces being gener-
ated at the tool tip. This information can be used in many
different ways to enhance the medical procedure, for example
it could serve to warn the operator of potentially unsafe oper-
ating practice, or it could be used to provide real-time feed-
back on user performance. Furthermore, the data measured
by the instrument may be recorded for subsequent evaluation
or for use in training. The design of the instrument enables
quantitative feedback to be provided during real procedures
(e.g., surgery, therapy or diagnosis in animals or humans),
offering a significant benefit over other training systems that
must rely on simulated (physical or virtual) environments.
The ability to record force and position profiles of experts
performing real procedures allows the development of train-
ing environments that employ the use of virtual fixtures in
which support is provided to the user in varying degrees,
depending on their demonstrated abilities.

[0026] Thus the present invention provides a sensorized
instrument system, comprising:

[0027] a) an instrument with an interchangeable handle, a
shaft assembly operably connected at a proximal end portion
to the interchangeable handle and attached at a distal end
portion to an interchangeable tool, said interchangeable
handle, shaft assembly and interchangeable tool operably
connected so that the interchangeable handle controls actions
of the interchangeable tool, said shaft assembly being con-
figured to rotate the tool with respect to the interchangeable
handle;

[0028] b) said instrument capable of accommodating tools
for surgical, diagnostic, therapeutic and general medical pro-
cedures;

[0029] c) force/torque sensing means incorporated into the
shaft assembly and positioned to provide measurement of
kinesthetic or tactile forces/torques in, but not limited to, 5
degrees of freedom (DOFs), said force/torque sensing means
being positioned and configured to measure kinesthetic and/
or tactile forces/torques acting on the interchangeable tool
that interacts with tissue;

[0030] d) first position sensing means for tracking position
and orientation in 6 degrees of freedom (DOFs) ofa tool tip of
the interchangeable tool;

[0031] e) second position sensing means for tracking an
open/close angle of the interchangeable tool tip;

[0032] f) a means of sealing the sensing elements so as to
allow the instrument to be sterilized;

[0033] g) a computer system incorporating appropriate
hardware, software, and algorithms, connected to said sens-
ing means and said first and second position sensing means,
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said computer system configured to integrate acquired kines-
thetic or tactile force/torque and position information when a
user is performing medical procedures;

[0034] h) said computer system configured to record
forces/torques applied to the instrument and a tool tip position
for subsequent analysis and/or integration into other medical
and/or training systems; and

[0035] 1) said computer system configured to provide feed-
back to a user of the instrument regarding the instrument
position and forces being exerted on tissue undergoing
manipulation.

[0036] The present invention also provides a sensorized
instrument system, comprising:

[0037] a) a hand-held minimally invasive instrument with
an interchangeable handle, an inner shaft attached at a proxi-
mal end to the interchangeable handle and attached at a distal
end to an interchangeable tool, said interchangeable handle,
inner shaft and interchangeable minimally invasive tool oper-
ably connected so that the interchangeable handle controls
actions of the interchangeable tool;

[0038] b) said minimally invasive instrument capable of
accommodating tools for surgical, diagnostic, therapeutic
and general medical procedures;

[0039] c)amiddle shaft in which the inner shaft is movable
for connecting the interchangeable handle and the inter-
changeable minimally invasive tool;

[0040] d) force/torque sensing means incorporated into the
middle and the inner shafts and positioned to provide mea-
surement of kinesthetic or tactile forces/torques in at least 5
degrees of freedom (DOFs), said plurality of force/torque
sensors being positioned and configured to measure kines-
thetic or tactile forces/torques acting on the interchangeable
minimally invasive tool that interacts with tissue;

[0041] e) first position sensing means for tracking position
and orientation in 6 degrees of freedom of a tool tip of the
interchangeable minimally invasive tool and the intermediate
joints of a redundant surgical shatft;

[0042] f) second position sensing means for tracking an
open/close angle of the instrument tip;

[0043] g) a means of sealing the sensing elements so as to
allow the minimally invasive instrument to be sterilized;
[0044] h) a computer system incorporating appropriate
hardware, software, and algorithms, connected to said force/
torque sensing means and said first and second position sens-
ing means, said computer system configured to integrate
acquired kinesthetic or tactile force/torque and position infor-
mation when a user is performing medical procedures; and
[0045] 1) said computer system capable of recording the
forces/torques applied to the instrument and the tip position
for subsequent analysis or integration into other medical and/
or training systems; and

[0046] j) said computer system configured to provide feed-
back to a user of the instrument regarding the instrument
position and forces/torques being exerted on tissue undergo-
ing manipulation.

[0047] The present invention also provides a sensorized
instrument system, comprising:

[0048] a) an instrument that articulates to provide addi-
tional degrees of degrees of freedom beyond the 5 degrees of
freedom of motion available with a conventional minimally
invasive instrument, with an interchangeable handle, a shaft
assembly operably connected at the proximal end portion to
the interchangeable handle and attached at a distal end por-
tion to an interchangeable tool, said interchangeable handle,
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shaft assembly and interchangeable tool operably connected
so that the interchangeable handle controls actions of the
interchangeable tool, said shaft assembly being configured to
rotate the interchangeable tool with respect to the inter-
changeable handle;

[0049] D) said instrument capable of accommodating tools
for surgical, diagnostic, therapeutic and general medical pro-
cedures;

[0050] c) force/torque sensing means incorporated into the
shaft assembly and positioned to provide measurement of
kinesthetic or tactile forces/torques in any number of degrees
of freedom, said force/torque sensing means being positioned
and configured to measure kinesthetic and/or tactile forces/
torques acting on the interchangeable tool that interacts with
tissue, as well as forces/torques acting on the shaft assembly
that interacts with tissue;

[0051] d) first position sensing means for tracking position
and orientation in 6 degrees of freedom of a tool tip of the
interchangeable tool and the intermediate joints of a redun-
dant instrument shaft;

[0052] e) second position sensing means for tracking an
open/close angle of the interchangeable tool tip;

[0053] f) a means of sealing the sensing elements so as to
allow the instrument to be sterilized;

[0054] g) a computer system incorporating appropriate
hardware, software, and algorithms, connected to said force/
torque sensing means and said first and second position sens-
ing means, said computer system configured to integrate
acquired kinesthetic or tactile force/torque and position infor-
mation when a user is performing medical procedures;
[0055] h) said computer system capable of recording the
forces/torques applied to the instrument and the tip position
for subsequent analysis or integration into other medical and/
or training systems; and

[0056] 1) said computer system configured to provide feed-
back to a user of the instrument regarding the instrument
position and forces/torques being exerted on tissue undergo-
ing manipulation.

[0057] A further understanding of the functional and
advantageous aspects of the invention can be realized by
reference to the following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0058] Embodiments ofthe present invention are described
in greater detail with reference to the accompanying drawings
in which:

[0059] FIG. 1a shows an instrument design with traditional
handle and gripper attachment.

[0060] FIG. 15 is a longitudinal cross section of the instru-
ment of FIG. 1a.

[0061] FIG. 2a shows an instrument design with needle
driver handle and tip.

[0062] FIG. 25 shows a longitudinal cross section of the
instrument of FIG. 2a.

[0063] FIG. 3a is a partial cross sectional view showing
details of the instrument design showing o-ring location for
attachment of outer shaft.

[0064] FIG.3bis amore detailed view of the area indicated
by the arrows in FIG. 3a.

[0065] FIG. 4 shows examples of interchangeable tips that
can be attached to the instrument.

[0066] FIG. 5 shows details of the configuration of the
instrument tip. The different tips can be screwed on and off
depending on the task to be performed. The inner shaft con-
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trols the opening and closing of the tip. The base itself is
attached to the middle shaft and the outer shaft protects the
sensing elements.

[0067] FIG. 6 shows examples of interchangeable handles
that can be attached to the instrument.

[0068] FIG. 7 details of the configuration of the handle in
which the scissor handle and the needle driver handle can be
screwed on and off depending on the task to be performed.
[0069] FIG. 8 shows an alternative quick-connect configu-
ration of the handle attachment.

[0070] FIG. 9 shows the cable wiring to allow for the inner
shaft to slide inside the middle shaft in order to accommodate
the different tips.

[0071] FIG. 10 shows the placement of gauges on the
middle shaft.

[0072] FIG. 11 shows an alternate configuration of the
instrument.

[0073] FIG. 12 shows the placement of gauges on the inner
shaft.

DETAILED DESCRIPTION OF THE INVENTION

[0074] The systems described herein are directed, in gen-
eral, to sensorized medical instruments that are suitable for
application to, and training and skills assessment for, a variety
of therapeutic, diagnostic, surgical and medical procedures.
[0075] Although embodiments of the present invention are
disclosed herein, the disclosed embodiments are merely
exemplary and it should be understood that the invention
relates to many alternative forms. Furthermore, the figures are
not drawn to scale and some features may be exaggerated or
minimized to show details of particular features while related
elements may have been eliminated to prevent obscuring
novel aspects. Therefore, specific structural and functional
details disclosed herein are not to be interpreted as limiting
but merely as a basis for the claims and as a representative
basis for enabling someone skilled in the art to employ the
present invention in a variety of manner. For purposes of
instruction and not limitation, the illustrated embodiments
are all directed to embodiments of sensorized medical instru-
ments that are suitable for application to, and training and
skills assessment for, a variety of therapeutic, diagnostic,
surgical and medical procedures.

[0076] The present invention provides a system that is suit-
able for application to, and training and skills assessment for,
avariety of therapeutic, diagnostic, surgical and medical pro-
cedures. It encompasses a sensorized minimally invasive
instrument capable of measuring forces acting at the tip of the
instrument as well as the position and orientation of the
instrument and the instrument tip. The developed software
integrates position and force information to provide feedback
to the user.

[0077] Thus, the present invention provides a hand-held
sensorized minimally invasive instrument. This hand-held
instrument has been designed to non-invasively measure the
interaction of the instrument with tissue in the form of forces
or torques acting in all five degrees of freedom (DOF's) avail-
able during MIS. Additional capabilities include the ability to
capture instrument tip position and orientation in 6 DOFs.
This allows the software to capture the force/torque and posi-
tion profiles of users performing conventional minimally
invasive surgical, therapeutic or diagnostic tasks or during
training. The force and position profiles can be used to guide
the user of the instrument, ensuring that the instrument is used
safely and effectively.
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[0078] FIGS. 14, 15 and 2a, 26 show the overall design of
the instrument in two different configurations: a typical scis-
sor-like handle and gripper attachment or a needle driver
handle and tip. More particularly, FIGS. 1a, 15 shows an
instrument design shown generally at 10 with traditional
handle 24 and gripper attachment connected to the instrument
shafts. The outer shaft 12 protects the sensing elements from
physical damage and provides a seal. The distal end of the
middle shaft 14 is attached directly to the base of the tip 18.
The longitudinal middle shaft contains some of the sensing
elements. The proximal end of the middle shaft is connected
to a rotating wheel 22 that allows the instrument tip orienta-
tion to be adjusted. The distal end of the inner shaft 16 is
connected to the moveable components of the instrument tip
20 while the proximal end is coupled to the handle 24. Addi-
tional sensing elements are mounted to the longitudinal inner
shaft. Position sensing elements may be located on the rotat-
ing wheel 22. As the handle 24 is actuated, the inner shaft 16
translates along the longitudinal axis of the instrument rela-
tive to the middle shaft 14 and housing 12, causing the instru-
ment tip 20 to open and close, mirroring the motion of the
handle 24.

[0079] FIGS. 2a and 25 show the same instrument with a
needle driver handle 36 and needle driver tip 32/34 connected
30. Similarly, the outer shaft 12 protects the sensing elements
from physical damage and provides a seal. The distal end of
the middle shaft 14 is attached directly to the base of the tip
32. The proximal end of the middle shaft is connected to a
rotating wheel 22 that allows the instrument tip orientation to
be adjusted. The distal end of the inner shaft 16 is connected
to the moveable components of the instrument tip 34 while
the proximal end is coupled to the handle 36. As the handle 36
is actuated, the inner shaft 16 translates along the longitudinal
axis of the instrument relative to the middle shaft 14 and
housing 12, causing the instrument tip 34 to open and close,
mirroring the motion of the handle 36.

[0080] Inbothconfigurations 10 and 30, the overall appear-
ance, weight and functionality are very similar to traditional
hand-held minimally invasive instruments, which is critical
for its acceptance among users familiar with non-sensorized
instruments and for its seamless integration into current prac-
tice. If the instrument is restricted at the entry point, or heavy
cables are pulling down on the handle, the normal movement
of the instrument will be compromised.

[0081] The instrument is comprised of three concentric
shafts 12, 14, and 16. An inner shaft 16 controls the opening
and closing of the tip 20 or 34 and is directly connected to the
handle 24 or 36. A middle shaft 14 provides rigidity to the
instrument, connecting the handle 24 or 36 and the tip 18 or
32. An outer shaft 12 “floats” over the middle shaft 14 pro-
viding a sealed environment for the sensing elements and
protecting them from moisture and wear. The outer shaft 12 is
held by two o-rings 38 and 40 shown in FIGS. 3a and 34
which shows the o-ring location for o-ring 40 for attachment
of the outer shaft 12 to the handle 24 or 36, (FIG. 3b) at its
proximal end, and the o-ring 38 for attachment of the outer
shaft 12 to the middle shaft 14 at its distal end (FIG. 3a). The
rotating wheel 22 shown in FIG. 35 allows the user to rotate
the distal end of the instrument in order to reorient the tip with
respect to the handle 24 (FIG. 1), 36 (FIG. 2).
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[0082] Theseo-rings 38 and 40 seal the inside of the instru-
ment from moisture and ensure that the outer shaft is firmly
held in place. For ease of use, the rotating wheel 22 allows the
user to reorient the tip with respect to the handle to optimize
ergonomic conditions.

[0083] For commercialization purposes, the invention has
been designed in a cost-effective and versatile manner with
the addition of interchangeable tips and handles. The sensors
are all attached to the middle and inner sections of the instru-
ment. This way, the same sensorized elements can be used to
perform the wide variety of tasks done during endoscopic
surgical procedures by attaching different tips and handles.
FIG. 4 shows examples of different interchangeable tips 50,
52, 54 and 56 that can be attached to the same shaft. Details
concerning how the tips can be replaced are shown in FIG. 5.
This figure presents the fixed assembly components 42 and
the moving assembly 44. The fixed assembly 42 comprises
the base of the tip 18 which is screwed onto the middle shaft
14 and does not move when he instrument tip is actuated. The
moving assembly 44 comprises the tip rod 46 which screws
into the inner shaft 16. As the inner shaft 16 is translated by
the motion of the handle, the tip is opened and closed accord-
ingly. When the tip is attached to or removed from the instru-
ment, both sections screw on or off atthe same time. A variety
of different instruments tips, e.g., 50, 52, 54, or 56, can be
attached in the same manner, depending on the task to be
performed.

[0084] Similarly, the handles of the instruments can also be
changed. FIG. 6 shows examples of interchangeable handles
24 and 36 that can be attached to the instrument, in this case
with two different handles.

[0085] FIG. 7 shows a close-up view of the handle compo-
nents that allow it to be replaced. The scissor handle and the
needle driver handle can be screwed on and off depending on
the task to be performed. The figure shows the scissor handle
for simplicity, but a variety of different handles could be
attached in a similar manner as needed. The inner shaft 16 is
coupled to the movable part of the handle 26, by a ball 62 at
the proximal end of the inner shaft, which fits into a slot 64 in
the movable part of the handle 26. The fixed part of the handle
28 is rigidly attached to a coupler 60. The rotating wheel 22
(attached to the middle shaft 14) rotates with respect to the
coupler 60 and allows the distal end of the instrument to be
reoriented. By unscrewing the coupler and the rigid part of the
handle, the handle assembly can be removed and replaced
with a different one.

[0086] An alternative configuration of the handle attach-
ment is presented in FIG. 8. In this configuration, the fixed
part of the handle 58 is rigidly attached to a quick connect 66,
which snaps onto the coupler 68. The rotating wheel 22
rotates with respect to the coupler 68. To release the handle,
the two tabs 46 are pushed in, which releases the quick con-
nect.

[0087] It is recognized that the different handles would
require the inner shaft to slide with respect to the middle shaft,
while still maintaining its ability to open and close the gripper
and without the cables getting tangled. FIG. 9 shows how the
cables have been wired to allow the inner shaft to slide inside
the middle shaft to allow the instrument tip to be actuated, or
if necessary to accommodate different tips and handles. This
allows the inner shaft to slide with respect to the middle shaft
without causing the cable to get tangled or pinched.
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Sensing Elements
Force Sensing:

[0088] Strain gauges have been incorporated into the
middle shaft 14 and the inner shaft 16 of the instrument in
order to measure forces in 5 DOFs. FIG. 10 shows a diagram
of'the surgical tool with the gauges placed on the middle shaft.
Two gauges 70A and 70B placed on opposite sides of the shaft
are set up in a half-bridge configuration in order to measure
the deformation of the shaft in the x direction. Similarly, two
other gauges 72A and 72B provide measurement of forces
acting in the y direction. Two double rosettes 74A and 74B
(one pad that contains two gauges placed at 90 degrees with
respect to each other at a 45 degree angle from the center axis
of the gauge) are also positioned in the middle in order to
measure forces in the axial direction (z) and to measure tor-
sion. These are individually connected in a quarter bridge
configuration allowing both axial force and torsion to be
resolved, depending on how the signals are combined. In
order to properly measure axial forces, four 2.5 mm holes 76
have been drilled to concentrate the deformation in the middle
section. The strain gauges 70 and 72 are positioned such that
they are centered in between the holes 76. The center of the
rosette gauges 74 is located at the middle of the spline that
bisects the hole centers.

[0089] An alternative arrangement for the gauges on the
middle shaft, suitable for measuring axial forces, is shown in
FIG. 11A. The modifications that characterize this arrange-
ment are detailed in FIGS. 11B and 11C. FIG. 11B shows an
additional element 80 that has been added to isolate the axial
forces applied to the tip of the instrument. The middle shaft 88
is designed such that the diameter at the proximal end of the
shaft is expanded and a flat circular region 82 perpendicular to
the central axis of the shaft is produced. Within this flat
region, 4 holes 84 equally distributed in a radial pattern are
drilled to allow the material to deform when forces are
applied to the tip. In the spaces between the holes, four gauges
86 are mounted in a full bridge configuration to measure the
deformation of the flat region. The full bridge allows the
bending moments and torsion to be cancelled, isolating and
amplifying the axial force. The remaining strain gauges on
the middle shaft 88 are mounted the same as described for the
middle shaft 14, FIG. 10, with the exception that the rosettes
74 are connected in a full bridge configuration to isolate and
amplify torsion.

[0090] FIG. 11C details an alternative configuration of the
outer shaft 90 with a smooth reduction 92 in the shaft diam-
eter in order to prevent any materials from catching on the
instrument and to improve visibility and functionality. This
transition must be located distally to the placement of the
gauges on the middle shaft, in order to provide sufficient
space for the placement of the gauges and the routing of the
wires to and from the gauges.

[0091] Inorderto measure gripping and cutting forces, four
gauges 94 have been placed on a flattened area 96 of the inner
shaft 16 in a full bridge configuration, as shown in FIG. 12.
The full bridge configuration allows the bending moment and
torsional forces to be cancelled out, isolating and amplifying
the axial force. The axial force acting on the inner shaft can be
directly related to the gripping or cutting forces acting at the
tip.

[0092] This method of attaching strain gauges ensures that
the forces measured are those acting on the tip of the instru-
ment (interacting with tissue), and not at the hand of the
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surgeon or at the port location (where the instrument enters
the patient’s body). It has been shown that minimally invasive
instruments do not effectively translate tip forces into the
handle forces, making it difficult for the user to feel tissue
elasticity [33]. This also means that the forces acting on the
handle of the instrument are not an accurate representation of
the forces acting on the tissue (which are really the critical
forces when it comes to assessing the interaction of the instru-
ment with tissue), and so, the forces acting on the tissue
should be measured.

[0093] Thus the force/torque sensing means incorporated
into the shaft assembly are positioned to provide measure-
ment of kinesthetic or tactile forces in, but not limited to, 5
degrees of freedom (DOFs), with the force/torque sensing
means being positioned and configured to measure kines-
thetic and/or tactile forces acting on the interchangeable sur-
gical tool that interacts with tissue.

Position Sensing:

[0094] A means of providing position feedback is required
to ensure that the position of the instrument tip can always be
relayed to the user, even if the instrument is not directly
visible or within the field of view of an endoscopic camera.
This can be accomplished through the use of commercially
available tracking systems. The objective of any tracking
system is to provide the position and orientation (pose) of an
object. This usually involves attaching a sensor to the object
ofinterest and using specialized hardware and software algo-
rithms to determine the pose.

[0095] The most popular tracking systems used in modern
interventions are optical and electromagnetic. Optical track-
ing systems (OTS) are very accurate but require an unob-
structed line-of-sight between the surgical instruments and
the sensor, which is not feasible inside the patient’s body.
Electromagnetic tracking systems (EMTS) do not require an
unobstructed line-of-sight and thus allow for unrestricted
handling within their working volume. The sensors can be
easily attached to any instrument and their poses tracked
inside and outside of the patient. An electromagnetic trans-
mitter situated outside of the body generates a weak spatially-
varying magnetic field that can be measured by the sensor to
dynamically compute position and orientation. The greatest
drawback with using electromagnetic trackers is that they can
suffer from magnetic field distortions caused by the presence
of conductive metals within their working volume.

[0096] Although these tracking systems are easy to inte-
grate and provide good tracking accuracy, a significant limi-
tation in their use is that they are very expensive and would
hinder the commercialization of the proposed invention. An
alternative for tracking position involves the use of software
that processes the real-time images obtained from the endo-
scope. A detailed description of existing progress in this area
is included in the Section entitled “Prior Art.” We have done
some work to incorporate image processing to track the posi-
tion of the instrument tip which has been successfully inte-
grated into the system for 2 dimensional tracking.

[0097] The invention also involves software that converts
the signals into a proper output for user guidance. It could
involve a real-time interface that incorporates image guid-
ance with the force and position information from the instru-
ment in order to guide the user to specific areas within the
body or to prevent the application of excessive forces in
critical areas. For training purposes, the force/torque and
position profiles captured by the instrumented tool during a
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procedure decomposed into tasks and sub-tasks can be used
to statistically model and analyze the learning curves and skill
levels of residents and surgeons during MIS. The inventors
also contemplate this system to be of value in enabling a
novice surgeon to gain an objective kinesthetic understanding
of force and position profiles that are desired for certain tasks
based on analyzing the profiles of experienced surgeons. In
fact, objective skills assessment and learning curve modeling
provide a means for constructive feedback to a trainee about
various performance aspects such as the appropriate applica-
tion of forces and torques and desired spatial trajectories.

[0098] Since the instrument is suitable for use in all envi-
ronments (e.g., training box, animals or humans), it may be
used to collect data suitable for the quantification of various
procedures and the skill level of the practitioner or trainee.
This information may be used to develop surgical-assist and
training environments that utilize virtual fixtures to support
the user as required to enhance outcomes and accelerate train-
ing.

Additional Embodiments

[0099] Other modifications to the present invention include
the following. Although the current prototype measures
forces in 5 DOFs, the same technology can easily be applied
to measure forces in six or seven DOFs acting at the tip (the
seventh DOF being the gripping or cutting force), and six or
seven DOFs acting at the handle. Similarly, the same position
sensing technology can be used to measure the position of the
instrument tip in five, six or seven DOFs (the seventh DOF
being the opening and closing of the tip).

[0100] The invention can be extended to instruments with
dexterous wrists, where a full 6 degrees of mobility are avail-
able inside the patient’s body. In that case, sensing of forces
and torques acting on all 6 DOFs is required, plus gripping
forces.

[0101] The invention may be further extended to instru-
ments that provide redundant degrees of freedom (7, 8 or
more DOFs) within the patient’s body, allowing the instru-
ment to manoeuvre through and/or around complex anatomy.
In this case, to measure tool-tissue interaction forces, sensors
must be placed at the tip or the last link of the instrument.
Additional sensors could be included within intermediate
links if the forces applied to non-target anatomy (i.e.,
anatomy being manoeuvred around or through) are also of
interest.

[0102] Instead of sensing forces on the inner shaft to mea-
sure kinesthetic forces acting at the gripper, it is possible to
incorporate tactile sensors into the individual grippers.

[0103] The opening and closing of the instrument tip may
be measured using an internal sensor, located within the
instrument shaft. For example, the position sensing means for
the open/close angle of the interchangeable instrument tip
may be a linear potentiometer, linear variable differential
transformer, contact switches, optical encoders, or image-
based/optical flow type systems to mention a few. The motion
of the inner shaft can be tracked directly using, for example,
the linear potentiometer or linear variable differential trans-
former (LVDT). By placing markings or etchings on the
surface of the inner shaft, an optical encoder-type system
could be employed. Similarly (although with much lower
resolution), the position of a bump (or groove) on the inner
shaft could be detected using a series of contact switches.
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[0104] Another approach would track the surface texture of
the inner shaft using a small image sensor (camera) and light
source (LED) in combination with optical flow algorithms,
similar to the operation of an optical mouse. In each case, the
sensors would be mounted on the middle shaft (on the inner
surface or through a hole).

[0105] Inplace of standard access to the surgical, therapeu-
tic or diagnostic site (incision in a patient with a trocar
inserted into it or hole in a training box), a sensorized trocar
could be employed. This would allow the forces developed at
the port to be measured. Measurement approaches include the
use of a pressure-sensitive liner (a strip containing an array of
pressure-sensitive elements that runs along the circumference
of the trocar opening) or strain gauges mounted on flexible
members that connect inner and outer concentric rings. In the
latter case, the inner ring would move with the instrument,
while the outer ring would remain fixed to the port.

[0106] The trocar may be rigidly attached to a training box,
eliminating trocar-hole interaction forces. In a clinical set-
ting, the trocar could be partially constrained by suturing the
outer ring to the surrounding tissue. Additionally, the trocar-
incision interaction forces could be measured by mounting a
pressure-sensitive strip on the outside circumference of the
trocar.

[0107] The sensorized trocar could be used to track the
instrument position and orientation. Optical sensors could
read markings on the instrument shaft to measure the roll
(about the z-axis) and instrument depth (z-axis). Alterna-
tively, an optical flow technique, using a small image sensor
and light source, could track surface texture of the outer shaft.
In place an optical approach, sensors that rely on mechanical
contact could be used. Additionally, the instrument could be
incorporated into a system that uses rollers or balls in contact
with the instrument shaft to transfer motion to rotary encoders
or potentiometers (e.g., [ 18]). The pitch (about the x-axis) and
yaw (about the y-axis) of the instrument may be measured
using a “floating” inner ring or “fingers” that move with the
instrument.

[0108] Ifnecessary, the movement of the trocar in the inci-
sion may be measured internally using accelerometers or
gyroscopes or externally using an EM tracker or optical track-
ing system.

[0109] The same technology can be applied to instruments
that are held by robotic systems in a master-slave configura-
tion, in order to provide haptic feedback to the user during
robot-assisted minimally invasive procedures. In this con-
figuration, the sensorized instrument would form part of the
slave (with the surgical robot providing actuation) and force
feedback mechanisms would be added at the master side.

[0110] The same technology can be incorporated into tra-
ditional handheld surgical instruments (not endoscopic
instruments) in order to provide feedback during open sur-
gery procedures.

[0111] The instruments described above (hand-held,
robotically-held or master-slave) could be used for measure-
ments in real surgical procedures.

[0112] The sensorized instrument described above is suit-
able for conventional minimally invasive surgery, therapy and
diagnosis. The sensorized instruments can provide real-time
information regarding tip-tissue interaction forces that, in
combination with position data, can be superimposed on
images in the video monitors showing the output of one or
more endoscopes.
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[0113] The strain gauges can be sealed in a biocompatible
film to protect against the infiltration of water and/or cleaning
fluids. Furthermore, the outer shaft serves to provide a sealed
environment for the gauges, providing an additional degree of
protection. These design features, along with the use of bio-
compatible materials for the manufacture of the instrument
tips, shafts and handles ensure that the instrument can be
sterilized prior to clinical use.

[0114] There are several advantages and unique features of
the invention that can be summarized as follows. The system
measures all of the forces and torques acting in all five (5)
degrees of freedom available during minimally invasive sur-
gery. This is of particular importance during a suturing task,
since due to its complexity and the required precision when
handling needles and delicate tissues, force measurement in
all degrees of freedom would be very useful.

[0115] The system is also capable of providing position
feedback, in as many degrees of freedom (up to six) as
required for the task.

[0116] In spite of containing force sensing elements, the
instrument is similar in shape, size and weight to traditional
minimally invasive instruments. A small, lightweight and
flexible cable is attached to the shaft so that no limiting forces
are acting on the shaft that could affect the way the instrument
is moved.

[0117] The forces being measured are those acting on the
tip of the instrument and not on the handle or at the port
location. The forces acting at the tip are those that are directly
being transferred to the tissue, and so are the critical forces
that need to be measured to produce accurate measurements.
[0118] Replaceable tips and handles make the instruments
more affordable since all of the sensing elements are on the
shaft and multiple tasks can be performed by the addition of
lower cost tips and handles.

[0119] The sensing elements incorporated into the design
are sealed to allow the instrument to be sterilized according to
accepted practices. This is a critical requirement for its use in
a clinical setting (i.e., for use in humans).

[0120] The rest of the system is a software package that can
be installed on any computer, reducing the need for other
expensive equipment that could limit its commercialization
capabilities.

[0121] Considering the above advantages and unique fea-
tures, the system disclosed herein is believed to be the only
one of its kind for self-contained monitoring and recording of
tool-tissue interaction during clinical procedures. Its com-
pact, light-weight design, combined with a highly versatile
and cost-effective configuration, ensure the effectiveness and
commercialization potential of the system.

2 <

[0122] As used herein, the terms “comprises™, “compris-
ing”, “including” and “includes” are to be construed as being
inclusive and open ended, and not exclusive. Specifically,
when used in this specification including claims, the terms
“comprises”, “comprising”, “including” and “includes” and
variations thereof mean the specified features, steps or com-
ponents are included. These terms are not to be interpreted to

exclude the presence of other features, steps or components.
[0123] The foregoing description of the preferred embodi-
ments of the invention has been presented to illustrate the
principles of the invention and not to limit the invention to the
particular embodiment illustrated. It is intended that the scope
of'the invention be defined by all of the embodiments encom-
passed within the following claims and their equivalents.
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1. A sensorized instrument system, comprising:

a) an instrument with an interchangeable handle, a shaft
assembly operably connected at a proximal end portion
to the interchangeable handle and attached at a distal end
portion to an interchangeable tool, said interchangeable
handle, shaft assembly and interchangeable tool oper-
ably connected so that the interchangeable handle con-
trols actions of the interchangeable tool, said shaft
assembly being configured to rotate the tool with respect
to the interchangeable handle;

b) said instrument capable of accommodating tools for
surgical, diagnostic, therapeutic and general medical
procedures;
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¢) force/torque sensing means incorporated into the shaft
assembly and positioned to provide measurement of
kinesthetic or tactile forces/torques in, but not limited to,
5 degrees of freedom (DOFs), said force/torque sensing
means being positioned and configured to measure
kinesthetic and/or tactile forces/torques acting on the
interchangeable tool that interacts with tissue;

d) first position sensing means for tracking position and
orientation in 6 degrees of freedom (DOFs) of a tool tip
of the interchangeable tool;

e) second position sensing means for tracking an open/
close angle of the interchangeable tool tip;

f) ameans of sealing the sensing elements so as to allow the
instrument to be sterilized;

g) a computer system incorporating appropriate hardware,
software, and algorithms,connected to said sensing
means and said first and second position sensing means,
said computer system configured to integrate acquired
kinesthetic or tactile force/torque and position informa-
tion when a user is performing medical procedures;

h) said computer system configured to record forces/
torques applied to the instrument and a tool tip position
for subsequent analysis and/or integration into other
medical and/or training systems; and

1) said computer system configured to provide feedback to
a user of the instrument regarding the instrument posi-
tion and forces being exerted on tissue undergoing
manipulation.

2. The system according to claim 1 wherein said instrument

is a handheld medical instrument.

3. The system according to claim 1 wherein said instrument
is configured to be held by a surgical robot and wherein said
computer system is configured to provide haptic feedback
during robot-assisted surgical procedures.

4. The system according to claim 1 wherein said instrument
is configured to be held by a surgical robot in a master-slave
configuration, and said force/torque sensing means being
configured to give haptic feedback to the user.

5. The system according to claim 1 wherein said instrument
is configured to be held by a surgical robot in a master-slave
robot configuration, and said force/torque sensing means
being connected to force feedback mechanisms on the master
robot.

6. The system according to claim 1 used in surgical simu-
lation environments for training.

7. The system according to claim 1 used in animal based
training environments.

8. The system according to claim 1 used in surgery, therapy,
diagnosis or surgical training performed on humans.

9. The system according to claim 1 wherein said computer
system is configured to allow surgical tasks to be decomposed
in order to quantify similarities or differences between mod-
els representing surgical trainees at various stages of training.

10. The system according to claim 1 wherein said force/
torque sensing means are strain gauges.

11. The system according to claim 1 wherein said force/
torque sensing means are tactile sensors and/or a combination
of strain gauges.

12. The system according to claim 1 wherein said first and
second position sensing includes any one or combination of
accelerometers, gyroscopes, electromagnetic trackers, opti-
cal or vision-based tracking systems, configured to track
movement of the instrument.
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13. The system according to claim 1 wherein said second
position sensing means for the open/close angle of the inter-
changeable instrument tip is a linear potentiometer, linear
variable differential transformer, contact switches, optical
encoder, image-based or optical-flow type system.

14. The system according to claim 1 including a sensorized
trocar comprised of a linear strip containing an array of pres-
sure-sensitive elements that runs along an inner circumfer-
ence of the trocar opening to measure tool-trocar interaction
forces.

15. The system according to claim 1 including a sensorized
trocar comprised of strain gauges mounted on flexible mem-
bers that connect inner and outer concentric rings of the
trocar, wherein in use the inner ring moves with the instru-
ment, facilitating measuring tool-trocar interaction forces.

16. The system according to claim 14 wherein the trocar is
rigidly attached to a training box, eliminating trocar-hole
interaction forces.

17. The system according to claim 14 wherein the trocar
includes a pressure-sensitive strip on an outside circumfer-
ence of the trocar for measuring trocar-incision interaction
forces.

18. The system according to claim 14 wherein the sen-
sorized trocar is configured to track the position and orienta-
tion of the instrument.

19. The system according to claim 1 including markings on
a shaft form part of said shaft assembly of the instrument
which are optically readable to measure roll (about the z-axis)
and instrument depth (z-axis).

20. The system according to claim 1 including texture
features on a shaft of said shaft assembly of the instrument
which are optically readable to measure roll (about the z-axis)
and instrument depth (along the z-axis), or can be detected by
mechanical contact.

21. A sensorized instrument system, comprising:

a) ahand-held minimally invasive instrument with an inter-
changeable handle, an inner shaft attached at a proximal
end to the interchangeable handle and attached at a distal
end to an interchangeable tool, said interchangeable
handle, inner shaft and interchangeable minimally inva-
sive tool operably connected so that the interchangeable
handle controls actions of the interchangeable tool;

b) said minimally invasive instrument capable of accom-
modating tools for surgical, diagnostic, therapeutic and
general medical procedures;

¢) a middle shaft in which the inner shaft is movable for
connecting the interchangeable handle and the inter-
changeable minimally invasive tool;

d) at least one force/torque sensing means incorporated
into the middle and the inner shafts and positioned to
provide measurement of kinesthetic or tactile forces/
torques in at least 5 degrees of freedom (DOFs), said
plurality of at least one force/torque sensing means
being positioned and configured to measure kinesthetic
or tactile forces/torques acting on the interchangeable
minimally invasive tool that interacts with tissue;

e) first position sensing means for tracking position and
orientation in 6 degrees of freedom of a tool tip of the
interchangeable minimally invasive tool and the inter-
mediate joints of a redundant surgical shaft;

) second position sensing means for tracking an open/
close angle of the instrument tip;

g)ameans of sealing the sensing elements so as to allow the
minimally invasive instrument to be sterilized;



US 2011/0046637 Al

h) a computer system incorporating appropriate hardware,
software, and algorithms, connected to said force/torque
sensing means and said first and second position sensing
means, said computer system configured to integrate
acquired kinesthetic or tactile force/torque and position
information when a user is performing medical proce-
dures; and

1) said computer system capable of recording the forces/
torques applied to the instrument and the tip position for
subsequent analysis or integration into other medical
and/or training systems; and

j) said computer system configured to provide feedback to
a user of the instrument regarding the instrument posi-
tion and forces/torques being exerted on tissue undergo-
ing manipulation.

22-35. (canceled)

36. The system according to claim 15 wherein the trocar is
rigidly attached to a training box, eliminating trocar-hole
interaction forces.

37. The system according to claim 15 wherein the trocar
includes a pressure-sensitive strip on an outside circumfer-
ence of the trocar for measuring trocar-incision interaction
forces.

38. The system according to claim 15 wherein the sen-
sorized trocar is configured to track the position and orienta-
tion of the instrument.

39. (canceled)

40. (canceled)

41. A sensorized instrument system, comprising:

a) an instrument that articulates to provide additional
degrees of degrees of freedom beyond 5 degrees of free-
dom of motion available with a conventional minimally
invasive instrument, including an interchangeable
handle, a shaft assembly operably connected at a proxi-
mal end portion to the interchangeable handle and
attached at a distal end portion to an interchangeable
tool, said interchangeable handle, shaft assembly and
interchangeable tool operably connected so that the
interchangeable handle controls actions of the inter-
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changeable tool, said shaft assembly being configured to
rotate the interchangeable tool with respect to the inter-
changeable handle;

b) said instrument capable of accommodating tools for
surgical, diagnostic, therapeutic and general medical
procedures;

¢) force/torque sensing means incorporated into the shaft
assembly and positioned to provide measurement of
kinesthetic or tactile forces/torques in any number of
degrees of freedom, said force/torque sensing means
being positioned and configured to measure kinesthetic
and/or tactile forces/torques acting on the interchange-
able tool that interacts with tissue, as well as forces/
torques acting on the shaft assembly that interacts with
tissue;

d) first position sensing means for tracking position and
orientation in 6 degrees of freedom of a tool tip of the
interchangeable tool and the intermediate joints of a
redundant instrument shaft;

e) second position sensing means for tracking an open/
close angle of the interchangeable tool tip;

f) a means of sealing the sensing elements so as to allow the
instrument to be sterilized;

g) a computer system incorporating appropriate hardware,
software, and algorithms, connected to said force/torque
sensing means and said first and second position sensing
means, said computer system configured to integrate
acquired kinesthetic or tactile force/torque and position
information when a user is performing medical proce-
dures;

h) said computer system capable of recording the forces/
torques applied to the instrument and the tip position for
subsequent analysis or integration into other medical
and/or training systems; and

1) said computer system configured to provide feedback to
a user of the instrument regarding the instrument posi-
tion and forces/torques being exerted on tissue undergo-
ing manipulation.

42-60. (canceled)



