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A Surgical instrument includes a distal portion. A force sensor 
is operatively mounted on the distal portion. The force sensor 
includes a wireless package, which wirelessly provides (1) 
identification information of the surgical instrument and (2) 
strain data related to the distal portion. A Surgical end effector 
includes a jaw and the distal portion is on a non-contact 
portion of the jaw. The wireless package includes a surface 
acoustic wave strain sensor with identification information. 
The wireless package also includes a small folded antenna 
electrically coupled to the Surface acoustic wave strain sensor 
with identification information. The identification informa 
tion includes an identification of a type of Surgical instrument 
and unique identification of the specific Surgical instrument in 
the type of Surgical instrument. 
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WRELESS FORCE SENSOR ON ADISTAL 
PORTION OF A SURGICAL INSTRUMENT 

AND METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS AND PATENTS 

This application is a continuation-in-part of U.S. patent 
application Ser. No. 1 1/864,974 filed Sep. 29, 2007 now U.S. 
Pat. No. 8,375,808, which is a continuation-in-part of U.S. 
application Ser. No. 1 1/537,241 filed Sep. 29, 2006, which 
claims priority to and the benefit of U.S. Provisional Appli 
cation No. 60/755,108 filed Dec. 30, 2005, all of which are 
incorporated by reference herein in their entireties for all 
purposes. 

TECHNICAL FIELD 

The present invention relates generally to minimally inva 
sive Surgical systems, e.g., minimally invasive teleoperated 
robotic Surgical systems, and, more particularly, to an 
improved apparatus, and method for sensing forces applied 
by a Surgical instrument. 

BACKGROUND 

In teleoperated robotically assisted Surgery, the Surgeon 
typically operates a master controller to control the motion of 
Surgical instruments at the Surgical site from a location that 
may be remote from the patient (e.g., across the operating 
room, in a different room or a completely different building 
from the patient). The master controller usually includes one 
or more hand input devices, such as handheld wrist gimbals, 
joysticks, exoskeletal gloves, handpieces, or the like, which 
are operatively coupled to the Surgical instruments through a 
controller with servo motors for articulating the instruments 
position and orientation at the Surgical site. 
The servo motors are typically part of an electromechanical 

device or surgical manipulator arm (“the slave') that includes 
a plurality of joints, linkages, etc., that are connected together 
to support and control the Surgical instruments that have been 
introduced directly into an open Surgical site or through trocar 
sleeves (cannulas) inserted through incisions into a body cav 
ity, such as the patient’s abdomen. There are available a 
variety of Surgical instruments, such as tissuegraspers, needle 
drivers, electroSurgical cautery probes, etc., to perform vari 
ous functions for the Surgeon, e.g., retracting tissue, holding 
or driving a needle, Suturing, grasping a blood vessel, dissect 
ing, cauterizing, coagulating tissue, etc. A Surgeon may 
employ a large number of different Surgical instruments/tools 
during a procedure. 

This new Surgical method through remote manipulation 
has created many new challenges. One challenge is providing 
the surgeon with the ability to accurately “feel the tissue that 
is being manipulated by the Surgical instrument via the 
robotic manipulator. The Surgeon must rely on visual indica 
tions of the forces applied by the instruments or sutures. 

Various attempts to measure the forces and torques and to 
provide feedback to a surgeon have been made. One device 
for this purpose from the laboratory of G. Hirzinger at DLR 
Institute of Robotics and Mechatronics is described in 
“Review of Fixtures for Low-Invasiveness Surgery” by F. 
Cepolina and R. C. Michelini, Int'l Journal of Medical Robot 
ics and Computer Assisted Surgery, Vol. 1, Issue 1, page 58, 
the contents of which are incorporated by reference hereinfor 
all purposes. However, that design disadvantageously places 
a force sensor distal to (or outboard of) the wrist joints, thus 
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2 
requiring wires or optic fibers to be routed through the flexing 
wrist joint and also requiring the yaw and grip axes to be on 
separate pivotaxes. 
As described in A. Dalhlen et al., “Force Sensing Laparo 

scopic Grasper. U. Wisconsin Coll. Eng., Apr. 28, 2006 
(http://homepages.cae.wisc.edu/~bme402/grasping instru 
ment so6/reports/Final Paper.pdf), a team at the Univ. of 
Wisconsin led by A. Dahlen and advised by W. Murphy 
considered Strain gauges on several parts of the jaw actuation 
mechanism of a manual laparoscopic bowel grasper finally 
settling on the hand grip. Also, as described at Paragraph 4.2, 
Medical Robotics, I-Tech Education and Publishing, Vienna, 
Austria, Pg.388, (2007) (ISBN 13: 978-3-902613-18-9), U. 
Seibold etal at the German DLRInstitute similarly measured 
the gripper actuation cable tension to calculate the grip force. 

F. van Meer at LAAS/CNRS (2004) in Toulouse France 
pursued and patented what is described as a MEMS 2D sili 
conforce sensor cemented to the inner Surfaces of opposing 
folded sheet metal jaws of a five millimeter (mm) instrument 
and connected by ten wires. The sensor is capacitive and 
requires capacitive readout electronics located nearby. See 
Van Meer, et al., “2D Silicon Macro-force Sensor For aTele 
operated Surgical Instrument. Proc. 2004 Int'l Conf. On 
MEMS, Nano and Smart Systems, (2004) (ICMENS-04). 
U.S. Pat. No. 6,594.552 to Nowlin et al. (2003) describes a 
method of governing grip force without jaw sensors and 
instead is based on a position control loop of the instrument 
jaws with the robot master grip command force dependent on 
springs resisting closure of the master finger levers. 

G. Fischer et al., at Johns Hopkins University, (2006) 
attached strain gauges and blood oxygen sensors with lead 
wires to the leaves of a fan retractor to measure surgical forces 
(not grip forces) and resulting ischemia in liver tissue. See 
Fischer et al., “Ischemia and Force Sensing Surgical Instru 
ments for Augmenting Available Surgeio Information. ERC 
CIS-JHU, Int'l Conf. On Biomedical Robotics and Biomecha 
tronics (BioRob) (February 2006). 

E. Dutson et al., at UCLA, (2005) applied wire connected 
pressure sensing pads to the inner faces of a daVinci robotic 
Surgical instrument and displayed the resulting contact force 
signal to the Surgeon using a pneumatically actuated pad on 
the robot master finger levers. See Dutson E P. Hwang R, 
Douraghy A. Zhang J. VijayaraghavanA, Gracia C. Grundfest 
W. “Haptic feedback system for robotic surgery.” Society of 
American Gastrointestinal and Endoscopic Surgeons 
(SAGES) 2005Annual Meeting, Ft. Lauderdale, Fla., (Apr. 
13-16, 2005). 
U.S. Pat. No. 7,300,450 to Petronella et al. (2007) 

describes a laparoscopic instrument with a jaw force sensor 
comprising an optic fiber passing into a moveable jaw and 
aimed a reflecting Surface on the jaw so that the amount of 
light reflected varies with the force on the jaw. 

Each of these methods has shortcomings. For example, 
gripper jaw actuator cable forces do not measure the effects of 
jaw pivot friction which rises as the jaw actuation force 
increases. Contact sensors applied to the instrument jaw 
working face are subject to high contact pressures that may 
damage the sensor. An optic fiber or wires passing through the 
instrument wrist to a jaw sensor is liable to breakage. 

SUMMARY 

An apparatus and method improve force feedback to a 
Surgeon performing a minimally invasive Surgery Such as a 
minimally invasive teleoperated robotic Surgery. A Surgical 
instrument includes a distal portion. A force sensor is opera 
tively mounted on the distal portion. The force sensor 



US 8,628,518 B2 
3 

includes a wireless package, which wirelessly provides (1) 
identification information of the Surgical instrument and (2) 
strain data related to the distal portion. 
The Surgical instrument also includes a wrist joint and a 

surgical end effector mounted distal to the wrist joint of the 
Surgical instrument. The distal portion is on the Surgical end 
effector in one aspect. In another aspect, the distal portion is 
proximal to the wrist joint. 

In one embodiment, the Surgical end effector includes ajaw 
and the distal portion is on the jaw. The jaw can be made of an 
electrically non-conductive material. 
The wireless package includes a Surface acoustic wave 

strain sensor with identification information. The surface 
acoustic wave strain sensor includes identification informa 
tion of the Surgical instrument. The wireless package also 
includes, in one embodiment, a small folded antenna electri 
cally coupled to the Surface acoustic wave strain sensor with 
identification information. In another embodiment, the 
antenna is a non-folded antenna. 

In one aspect, the Small folded antenna and the Surface 
acoustic wave strain sensor have a common Surface on a 
substrate and are electrically connected by one of trace wire 
connections and bond wire connections. In another aspect, 
the folded antenna is on a first surface of a substrate and the 
Surface acoustic wave strain sensor is on a second Surface of 
the Substrate. The second Surface is opposite and removed 
from the first surface. In yet another aspect, the folded 
antenna and the Surface acoustic wave strain sensor are on 
different substrates, and are electrically connected. 
The identification information includes an identification of 

a type of surgical instrument. The identification information 
further includes unique identification of one and only one 
Surgical instrument in the type of Surgical instrument. 

In another aspect, this Surgical instrument is included in an 
apparatus that also includes an interrogator antenna. The 
interrogator antenna is configured to transmit wireless inter 
rogation signals to the wireless package, and to receive wire 
less signals, from the wireless package, containing the strain 
data and identification information. The apparatus further 
includes a wireless interrogator, coupled to the interrogator 
antenna, to provide signals to the interrogator antenna and to 
receive signals from the interrogator antenna. 

In one aspect, the interrogator antenna is located external to 
a patient undergoing Surgery. In another aspect, the interro 
gator antenna is mounted on another Surgical instrument so 
that when a patient is undergoing Surgery, the interrogator 
antenna is internal to the patient. 
The apparatus also includes a computer connected to the 

wireless interrogator to analyze a signal including (1) identi 
fication information of the Surgical instrument and (2) strain 
data from the distal portion, and to convert the strain data into 
a force signal. The force signal is used to provide feedback to 
a Surgeon operating the Surgical instrument. 
A method of using the force sensor receives a wireless 

interrogation signal in a wireless package mounted on a distal 
portion of a surgical instrument. The method further includes 
wirelessly transmitting from the wireless package, in 
response to the interrogation signal. (1) identification infor 
mation of the Surgical instrument and (2) strain data from the 
distal portion. 
The scope of the invention is defined by the claims, which 

are incorporated into this section by reference. A more com 
plete understanding of embodiments of the present invention 
will be afforded to those skilled in the art, as well as a real 
ization of additional advantages thereof, by a consideration of 
the following detailed description of one or more embodi 
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4 
ments. Reference will be made to the appended sheets of 
drawings that will first be described briefly. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a perspective view of a minimally invasive 
Surgical system in accordance with an embodiment of the 
present invention. 

FIG. 1B is a perspective view of a minimally invasive 
Surgical arm cart system of the minimally invasive Surgical 
system in FIG. 1A in accordance with an embodiment of the 
present invention. 

FIG. 1C is a front perspective view of a master console of 
the minimally invasive Surgical system in FIG. 1A in accor 
dance with an embodiment of the present invention. 

FIG. 2A is a perspective view of a Surgical instrument 
including a wireless force sensor operatively mounted on a 
distal portion of the Surgical instrument in accordance with an 
embodiment of the present invention. 

FIGS. 2B to 2D are views of a first aspect of the wireless 
force sensor of FIG. 2A. 

FIG. 2E to 2G are views of a second aspect of the wireless 
force sensor of FIG. 2A that includes a chirped surface acous 
tic wave strain sensor with identification information. 

FIG. 3A is a block diagram of one aspect of a force sensor 
that includes a wireless package, which wirelessly provides 
(1) identification information of a Surgical instrument and (2) 
strain data. 

FIG. 3B is a block diagram of another aspect of a force 
sensor that includes a wireless package, which wirelessly 
provides (1) identification information of a Surgical instru 
ment and (2) strain data. 
FIG.3C illustrates a wireless package that includes a small 

folded antenna and a surface acoustic wave strain sensor with 
identification information on a common Substrate. 

FIG. 3D illustrates a wireless package that includes an 
antenna and a surface acoustic wave strain sensor with iden 
tification information in separate packages that are connected 
together. 

FIG. 3E illustrates a top view of a wireless package that 
includes a small folded antenna and a Surface acoustic wave 
strain sensor with identification information with the small 
folded antenna on a first Surface of a common Substrate. 
FIG.3F illustrates a bottom view of a wireless package that 

includes a small folded antenna and a Surface acoustic wave 
strain sensor with identification information with the strain 
sensor on a second Surface of the common Substrate. 

FIG. 3G illustrates a chirped surface acoustic wave strain 
sensor with identification information for a wireless package. 

FIG. 4A is a more detailed block diagram of aspects of a 
minimally invasive Surgical system that includes a wireless 
force sensor and an interrogator antenna, external to a patient, 
to provide a wireless interrogation signal. 

FIG. 4B is a more detailed block diagram of aspects of a 
minimally invasive Surgical system that includes a wireless 
force sensor and an interrogator antenna, mounted on another 
minimally invasive Surgical instrument, to provide a wireless 
interrogation signal internal to a patient. 

FIG.5 is a perspective view of a surgical instrument includ 
ing a force sensor apparatus operably coupled proximal (or 
inboard) to a wristjoint in accordance with an embodiment of 
the present invention. 

FIG. 6A is a perspective view of a surgical instrument distal 
end showing a wrist, grip jaws, and force sensors for use with 
a telerobotic Surgical system. 

FIG. 6B is a first top view of the surgical instrument of FIG. 
6A showing applied forces. 



US 8,628,518 B2 
5 

FIG. 6C is a first side view of the surgical instrument of 
FIG. 6A showing applied forces. 

FIG. 6D is a second top view of the surgical instrument of 
FIG. 6A showing applied torque. 

FIG. 6E is a second side view of the surgical instrument of 5 
FIG. 6A showing applied torque. 

Embodiments of the present invention and their advantages 
are best understood by referring to the detailed description 
that follows. It should be appreciated that like reference 
numerals are used to identify like elements illustrated in one 10 
or more of the figures. It should also be appreciated that the 
figures may not be drawn to Scale. 

DETAILED DESCRIPTION 
15 

A multi-component minimally invasive Surgical system 
100 (FIGS. 1A to 1C), e.g., a teleoperated robotic surgical 
system, and method sense forces applied to tissue, Sutures, 
needles, clips, and the like via a distal end of a Surgical 
instrument while performing, for example, teleoperated 20 
robotically assisted Surgical procedures on a patient, particu 
larly including open Surgical procedures, neuroSurgical pro 
cedures, and minimally invasive procedures, such as laparos 
copy, arthroscopy, thoracoscopy, and the like. A wireless 
force sensor 275 (FIG. 2A) mounted on a distal portion of a 25 
Surgical instrument 230 is particularly useful as part of a 
minimally invasive Surgical system 100 that allows Surgeon 
190 to manipulate Surgical instruments through a servo 
mechanism from a location 110 remote from the patient. 

To that end, the combined manipulator apparatus or slave 30 
and Surgical instrument of the present invention is usually 
driven by a master having the same degrees of freedom (e.g., 
three degrees of freedom for position and three degrees of 
freedom for orientation plus grip) to form a telepresence 
system with force reflection or other scalar force magnitude 35 
display. A description of a Suitable slave-master system can 
be found in U.S. Pat. No. 6,574,355, the complete disclosure 
of which is incorporated herein by reference for all purposes. 

In FIGS. 1A to 1C, minimally invasive surgical system 100 
is illustrated that includes at least one surgical instrument 230 40 
(FIGS. 2A to 2G) having, in one aspect, a wireless force 
sensor 275, mounted on a distal portion of surgical instrument 
230, as described more completely below. In one aspect, the 
distal portion is proximal to a wrist joint, and in another 
aspect, the distal portion is distal to the wrist joint. See FIGS. 45 
2A to 2G and FIG. 5. 
As explained more completely below, wireless force sen 

Sor 275 includes a wireless package, which in response to a 
received wireless interrogation signal measures strain in the 
distal portion and wirelessly transmits (1) identification infor- 50 
mation of surgical instrument 230 (FIGS. 2A to 2G) and (2) 
strain data from the distal portion to an interrogatorantenna in 
the operating room. In this example, the interrogator antenna 
is included in a wireless interrogator unit 160 attached to 
display 150 (FIG. 1A). In one aspect, the strain data is pro- 55 
cessed to provide real-time force feedback to surgeon 190 in 
the Surgical robot master's finger grips and in another aspect 
in a display viewed by surgeon 190. 

Surgeon 190 using a Surgical instrument including wireless 
force sensor 275 is able to sense, for example, the jaw grip 60 
force of various graspers and needle drivers to avoid damag 
ing tissue, Sutures or needles. The real-time force feedback 
also allows surgeon 190 to modulate the grip force to improve 
execution of various Surgical tasks while avoiding these types 
of damage. 65 

Wireless communication is the transfer of information over 
a distance without the use of electrical conductors or wires. 

6 
Similarly, a wireless signal is a signal that travels over the 
distance of the wireless communication without the use of 
electrical conductors or wires. 
The wireless communication eliminates the prior art need 

for wires from difficult locations on a Surgical instrument. 
The wireless communication also eliminates the need for 
additional electrical contacts at the sterile adapter interface. 
In particular, the need for contacts capable of a sufficiently 
clean signal for strain sensing is eliminated. Finally, the wire 
less communication and the operation of wireless force sen 
sor 275 at high frequencies (e.g., GHz) provides immunity to 
cautery noise without resorting to fiber optic strain sensing 
which would be significantly more difficult at the jaw location 
than as presently performed on the instrument shaft. 
As shown in FIGS. 1A through 1C, minimally invasive 

Surgical system 100 generally includes one or more Surgical 
manipulator assemblies 120 to 123 mounted to or near an 
operating table and a master control assembly located at a 
surgeon’s console 110 (FIGS. 1A and 1C) for allowing a 
Surgeon to view the Surgical site and to control manipulator 
assemblies 120 to 123. System 100 also includes one or more 
viewing scope assemblies 131 and a plurality of Surgical 
instrument assemblies adapted for being removably coupled 
to manipulator assemblies 120 to 123, as discussed in more 
detail below. Minimally invasive surgical system 100 
includes at least two manipulator assemblies and preferably 
at least three manipulator assemblies. The exact number of 
manipulator assemblies depends on the Surgical procedure 
and the space constraints near the patient among other factors. 
A control assembly may be located at Surgeon’s console 

110, which is usually located in the same room as the oper 
ating table so that surgeon 190 may speak to his/her 
assistant(s) and directly monitor the operating procedure. 
However, it should be understood that the surgeon 190 can be 
located in a different room or a completely different building 
from the patient. 
The master control assembly generally includes a Support, 

a monitor for displaying an image of the Surgical site to 
Surgeon 190, and one or more master(s) for controlling 
manipulator assemblies 120 to 123. Master(s) may include a 
variety of input devices, such as hand-held wrist gimbals, 
joysticks, gloves, trigger-guns, hand-operated controllers, 
voice recognition devices, or the like. Preferably, master(s) 
are provided with the same degrees of freedom as the com 
bined manipulator and Surgical instrument assembly. In this 
aspect, the masters include a capability to provide force feed 
back based on the wireless strain data from the distal portion 
of surgical instrument 230. 

In conjunction with the endoscopic view, this provides 
surgeon 190 with telepresence, the perception that the sur 
geon is immediately adjacent to and immersed in the Surgical 
site, and intuitiveness, the perception that the master(s) are 
integral with the Surgical instruments so that Surgeon 190 has 
a strong sense of directly and intuitively controlling the Sur 
gical instruments as if the instruments are part of, or held in 
his/her hands. Position, force, and tactile feedback sensors 
(not shown) may also be employed on the Surgical instrument 
assemblies to transmit position, force, and tactile sensations 
from the Surgical instrument back to the Surgeons hands, 
ears, or eyes as he/she operates minimally invasive Surgical 
system 100. One suitable system and method for providing 
telepresence to the operator is described in U.S. Pat. No. 
6,574,355, which has previously been incorporated herein by 
reference. 

Monitor 111 (FIG. 1C) is suitably coupled to viewing 
Scope assembly 131 such that an image of the Surgical site is 
provided adjacent the Surgeon's hands on Surgeon console 
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110. Preferably, monitor 111 displays an image that is ori 
ented so that surgeon 190 feels that he or she is actually 
looking directly down onto the Surgical site. To that end, an 
image of Surgical instruments appears to be located Substan 
tially where the Surgeon’s hands are located. In addition, the 
real-time image is a stereoscopic image such that the Surgeon 
can manipulate a Surgical end effector of a Surgical instru 
ment via the hand control as if viewing the workspace in 
Substantially true presence. The image simulates the view 
point or orientation of a Surgeon who is physically manipu 
lating the Surgical instrument. 
A servo control is provided for transferring the mechanical 

motion of masters to manipulator assemblies 120 to 123. The 
servo control may be separate from, or integral with, manipu 
lator assemblies 120 to 123. The servo control provides force 
feedback and, in Some aspects, torque feedback from Surgical 
instruments to the hand-operated masters. In addition, the 
servo control may include a safety monitoring controller (not 
shown) to safely halt system operation, or at least inhibit all 
robot motion, in response to recognized undesirable condi 
tions (e.g., exertion of excessive force on the patient, mis 
matched encoder readings, etc.). 
The servo control preferably has a servo bandwidth with a 

3 dB cut off frequency of at least 10 Hz, so that the system can 
quickly and accurately respond to the rapid hand motions 
used by the Surgeon and yet to filter out undesirable Surgeon 
hand tremors. To operate effectively with this system, 
manipulator assemblies 120 to 123 have a relatively low 
inertia, and the drive motors have relatively low ratio gear or 
pulley couplings. Any Suitable conventional or specialized 
servo control may be used in the practice of the present 
invention, with those incorporating force and torque feedback 
being particularly preferred for telepresence operation of the 
system. 

Referring to FIG. 2A, a perspective view is shown of a 
surgical instrument 230 including a wireless force sensor 275 
operably mounted on distal end portion of a Surgical end 
effector 240. Surgical end effector 240 is coupled to a wrist 
joint 220 that in turn is connected to a rigid shaft 210. A 
housing 250 is operably coupled to a proximal end of rigid 
shaft 210, and includes a sterile adapter interface 252, which 
mechanically and electrically couples instrument 230 to any 
one of manipulator assembly sterile adapters 130, 132, 133. 
While in this illustration wireless force sensor 275 is distal to 
wristjoint 220, in some aspects, wireless force sensor 275 can 
be mounted proximal to wrist joint 220. 

Also, in Some aspects, when Surgical instrument 230 is not 
in use and is external to the patient, a radio frequency shielded 
pocket 255 is placed over end effector 240. Radio frequency 
shielded pocket 255 is constructed and sized so that when 
pocket 255 is mounted on surgical instrument 230, the radio 
frequency shielding of pocket 255 shields wireless force sen 
sor 275 from wireless interrogation signals. The temperature 
stabilization features, described more completely below, may 
also be incorporated in radio frequency shielded pocket 255. 

Applicable housings, sterile adaptor interfaces, and 
manipulator arms are disclosed in U.S. Patent Application 
Publication No. 2006/0161138 A1 on Jul. 20, 2006 for U.S. 
patent application Ser. No. 1 1/314,040 filed on Dec. 20, 2005, 
and U.S. Patent Application Publication No. 2007/0137371 
A1 on Jun. 21, 2007 for U.S. application Ser. No. 1 1/613,800 
filed on Dec. 20, 2006, the full disclosures of which are 
incorporated by reference herein for all purposes. Examples 
of applicable shafts, end portions, housings, sterile adaptors, 
and manipulator arms are manufactured by Intuitive Surgical, 
Inc. of Sunnyvale, Calif. 
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FIGS. 2B to 2G are close-up magnified illustrations of 

surgical end effector 240, which in this example includes two 
jaws. Surgical end effector 240 has a range of motion that 
includes pitch and yaw motion about the X- and y-axes and 
rotation about the Z-axis. These motions as well as actuation 
of a Surgical end effector are provided via cables in housing 
250 and cables and/or rods running through shaft 210 and into 
housing 250 that transfer motion from the manipulator 
assembly. Embodiments of drive assemblies, arms, forearm 
assemblies, adaptors, and other applicable parts are described 
for example in U.S. Pat. Nos. 6,331,181, 6,491,701, and 
6,770,081, the full disclosures of which are incorporated 
herein by reference for all purposes. 
As shown in FIGS. 2B to 2D, wireless force sensor 275A 

includes a wireless package 270A that is mounted on a distal 
portion of surgical end effector 240A. As shown in FIGS. 2C 
and 2D, wireless package 270A is mounted in a recess on a 
non-contact surface of one jaw 241A of the pair of jaws of 
Surgical end effector 240A. In this aspect, wireless package 
270A (FIG. 2D) includes two components, a surface acoustic 
wave strain sensor with identification information 290A and 
a small folded antenna 280A. All or part of wireless package 
270A may also be mounted on a non-recessed non-contact 
Surface and provided with adequate physical protection. 
As shown in FIGS. 2E to 2G, wireless force sensor 275B 

also includes a wireless package 270B that is mounted on a 
distal portion of surgical end effector 240B. Wireless package 
270B is mounted in a recess that extends along the length of 
a non-contact surface of one jaw 241B of the pair of jaws of 
Surgical end effector 240B. In this aspect, wireless package 
270B (FIGS. 2F and 2G) includes two components, a chirped 
Surface acoustic wave strain sensor with identification infor 
mation 290B and a small folded antenna 280B. All or part of 
wireless package 270A may also be mounted on a non-re 
cessed non-contact Surface and provided with adequate 
physical protection. As explained more completely below, 
chirped surface acoustic wave strain sensor 290B allows 
determination of both the force applied by jaws and the loca 
tion of that force as well as temperature compensation. 
As used herein, a small folded antenna refers to a folded 

antenna that is of a size that can be mounted on Surgical 
instrument 230 (FIG. 2A) in the vicinity of the surface acous 
tic wave strain sensor and not interfere with the operation of 
surgical instrument 230. Examples of small folded antennas 
include, but are not limited to, a fractal (e.g. Hilbert, Sierpin 
ski, etc.) antenna, a folded antenna designed using genetic 
algorithms, a crankline antenna, a micro-strip meander 
antenna, a compact diversity antenna or other minimum size 
antenna for a given wireless interrogation signal. A non 
folded antenna may also be used where space permits as on 
instrument tube 210 (FIG. 2A), for example. 

Surface acoustic wave strain sensor with identification 
information 290A (FIGS. 2C and 2D), 290B (FIGS. 2F and 
2G) in turn includes at least an interdigital transducer (IDT) 
291A (FIGS. 2C and 2D), 291B (FIGS. 2F and 2G) and a 
portion 292A, 292B that includes reflectors that provide both 
strain data and identification information. As is known to 
those knowledgeable in the field, other components may be 
used to couple small folded antenna 280A, 280E to surface 
acoustic wave strain sensor with identification information 
290A, 290B. For example, wireless package 270A, 270B can 
include an impedance matching network, i.e. tuning compo 
nents such as capacitors and inductors to improve signal 
coupling to/from wireless interrogator 160 thru antenna 
280A, 280B from/to surface acoustic wave strain sensor 
290A, 290B. 
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In one aspect, a wireless interrogation signal, e.g., a 2.4 
GHZ signal, emitted from interrogation unit 160 (FIG. 1A), is 
received by antenna 280A (FIG. 2D) and/or antenna 280B 
(FIG. 2G). In the following description, the embodiment of 
FIGS. 2B to 2D is used, but the description is also applicable 
to the embodiment of FIGS. 2E to 2G. In response to the 
wireless interrogation signal, antenna 280A Supplies an elec 
trical signal to interdigital transducer (IDT) 291A. Interdigi 
tal transducer 291A transforms the received signal into a 
surface acoustic wave (SAW). The surface acoustic wave 
propagates along the Substrate from interdigital transducer 
291A towards the reflectors. Each reflector reflects part of the 
incoming Surface acoustic wave. The reflectors are placed in 
a specific pattern so that the reflected waves provide the 
identification information and provide strain data. Thus, the 
strain sensors are sometimes referred to as Surface acoustic 
wave strain sensors with identification information. The iden 
tification information is effectively encoded in the reflector 
positioning. The number of reflectors shown herein is illus 
trative only and is not intended to be limiting to the particular 
configuration illustrated. 
The reflected surface acoustic waves are received by inter 

digital transducer 291A and are converted back into an elec 
trical signal that is applied to antenna 280A. Antenna 280A 
radiates a wireless response signal back to interrogation unit 
160. The wireless response signal includes strain data and 
identification information of surgical instrument 230. 

Various implementations of wireless packages 270A, 2703 
and the Strain and information reflectors in a surface acoustic 
wave strain sensor can be utilized. Each of the embodiments 
discussed more completely below is illustrative only and is 
not intended to be limiting to the particular aspects presented. 
In view of these examples, those knowledgeable in the field 
can implement combinations other than those shown to facili 
tate use of at least one wireless force sensor on a minimally 
invasive Surgical instrument. 
FIG.3A is a block diagram of one aspect of a wireless force 

sensor 375A that includes a wireless package 370A, which 
wirelessly provides (1) identification information of a Surgi 
cal instrument and (2) strain data. Wireless package 370A is 
an integrated package that includes a small folded antenna 
380A and a surface acoustic wave strain sensor with identi 
fication information 390A. Surface acoustic wave strain sen 
sor with identification information 390A, in turn, includes at 
least an interdigital transducer 391A, surface acoustic wave 
identification (ID) information reflectors 393A and surface 
acoustic wave strain sensor reflectors 394A. Strain sensor 
390A could also include an impedance matching network, as 
described above. 

Surface acoustic wave identification (ID) information 
reflectors 393A generate reflected waves representing the 
identification information of the Surgical instrument on which 
wireless package 370A is mounted. Surface acoustic wave 
strain sensor reflectors 394A generate reflected waves repre 
senting strain data from the distal portion of the Surgical 
instrument on which Surface acoustic wave strain sensor 
390A is mounted. 
The relative locations of reflectors 393A and 394A are 

illustrative only and are not intended to be limiting to these 
specific locations. For example, reflectors 393A could be 
positioned after reflectors 394A instead of before reflectors 
394A as shown in FIG.3A. Also, in place of reflectors 393A 
and 394A being arranged serially in a line along an X-axis as 
shown in FIG.3A, the two sets of reflectors could be arranged 
in a stacked configuration (e.g., in two or more parallel rows) 
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10 
along the y-axis. The particular orientation is not essentialso 
long as both identification information and strain data can be 
generated. 

Also, it is not necessary to use two distinct sets of reflec 
tors. A single set of reflectors can generate both identification 
information and strain data. For example, FIG. 3B is a block 
diagram of another aspect of a wireless force sensor 375B that 
includes a wireless package 375B, which wirelessly provides 
(1) identification information of a Surgical instrument and (2) 
strain data. Wireless package 370B includes a small folded 
antenna 380B and a surface acoustic wave strain sensor with 
identification information390B. Surface acoustic wave strain 
sensor with identification information 390B, in turn, includes 
at least an interdigital transducer 391B, and surface acoustic 
wave identification (ID) information and Surface acoustic 
wave strain sensor reflectors 393B. The spacing between the 
reflectors is used to obtain both the strain data and the iden 
tification information. Strain sensor 390B could also include 
an impedance matching network, as described above. 
The location of reflectors 393B is illustrative only and is 

not intended to be limiting to the specific location illustrated. 
For example, in place of reflectors 393B being placed serially 
in a line along an x-axis as shown in FIG. 3B, the reflectors 
could be arranged in a stacked configuration (e.g., in two or 
more parallel rows) along the y-axis. The particular orienta 
tion is not essential so long as both identification information 
and strain data can be generated. 

FIGS. 3C,3D,3E and 3F, and 3G illustrate different imple 
mentations of wireless package 370B. Similar implementa 
tions could be provided for wireless package 370A. 

In FIG. 3C, wireless package 370B is implemented as a 
wireless package 370B1. In wireless package 370B1, small 
folded antenna380B1 and surface acoustic wave strain sensor 
with identification information 390B1 have a common Sur 
face on a common substrate in wireless package 370 B1, and 
are arranged serially along an X-axis. Small folded antenna 
380B1 is electrically connected to surface acoustic wave 
strain sensor with identification information 390B1 by traces 
391. Alternatively, the electrical connection can be made with 
bond wire. 

Strain sensor 390B1 includes an interdigital transducer 
IDT, and reflectors R1,R2. Reflector R1 is located a distance 
1 from interdigital transducer IDT. Reflector R2 is located a 
distance 1 from interdigital transducer IDT. The transmitted 
surface acoustic wave is reflected first by reflector R1 and 
later by reflector R2. Changes in strain change the character 
istics of the reflected Surface acoustic waves. This change in 
characteristics of these waves is the strain data and the strain 
data can be analyzed to provide force information. 
The number and location of the reflectors in strain sensor 

390B1 is illustrative only. Also, small folded antenna 380B1 
is illustrated as a closed loop antenna. This also is only illus 
trative and for example, a folded or a straight dipole antenna 
might be used. Further, the serial arrangement of antenna 
380B1 and strain sensor 390B1 along an axis is also only 
illustrative. Small folded antenna 380B1 might be positioned 
on any side of strain sensor 390B1, or on multiple sides of 
strain sensor 390B1 to have a common surface on the com 
mon Substrate. 

In another aspect, as illustrated in FIG. 3D, wireless pack 
age 370B is implemented as wireless package 370B2. Small 
folded antenna380B2 and surface acoustic wave strain sensor 
with identification information 390B2 are in separate sub 
packages that are electrically connected to form wireless 
package 370B2. Thus, small folded antenna 380B2 and sur 
face acoustic wave strain sensor with identification informa 
tion 390B2 are on separate and distinct substrates. Small 



US 8,628,518 B2 
11 

folded antenna 380B2 is connected to strain sensor 390B2 by 
electrical wires 392. In one example, electrical wires 392 are 
a coaxial cable similar to the coaxial cable used in an ultra 
Sound transducer. 

Wireless package 370B2 can be used, for example, when 
small folded antenna 380B2 is too large to be mounted on the 
same distal portion of the Surgical instrument as Strain sensor 
390B2. For example, strain sensor 390B2 could be mounted 
distal to wrist joint 220 (FIG. 2A), while antenna 380B2 is 
mounted proximal to wrist joint 220. Also, the Sub-package 
containing small folded antenna 380B may be mounted sepa 
rately on another more proximal part of the jaw or on the 
larger wrist clevis Surface since the Surface area on the clevis 
side faces is more Suitable for a small folded antenna that may 
need to be larger than strain sensor 390B2. 

Strain sensor 390B2 also includes an interdigital trans 
ducer IDT, and reflectors R1, R2. Reflector R1 is located a 
distance 1 from interdigital transducer IDT. Reflector R2 is 
located a distance 1 from interdigital transducer IDT. The 
operation of strain sensor 390B2 is similar to that described 
above for strain sensor 390B1. The number and location of 
the reflectors in strain sensor 390B2 is illustrative only. 

Again, small folded antenna 380B2 is illustrated as a 
closed loop antenna. This also is only illustrative and for 
example, a folded or non-folded dipole antenna might be 
used. 

In FIGS.3E and 3F, wireless package 370B is implemented 
as a wireless package 370B3. FIG.3E is a top view of wireless 
package 370B3 and FIG. 3F is a bottom view of wireless 
package 370B3. 

In wireless package 370B3, small folded antenna 380B3 
(FIG.3E) and surface acoustic wave strain sensor with iden 
tification information 390B3 (FIG. 3F) are on different sur 
faces of a common substrate in wireless package 370B3. For 
example, small folded antenna 380B3 (FIG. 3E) is on a first 
surface 396 of substrate 395, while surface acoustic wave 
strain sensor with identification information 390B3 (FIG.3F) 
is on a second Surface 397 of Substrate 395. First Surface 396 
is opposite and removed from second surface 397. Small 
folded antenna 380B3 is connected to surface acoustic wave 
strain sensor with identification information 390B3 by vias 
394. In another aspect, antenna 380B3 and strain sensor 
390B3 may be on separate substrates, which are then lami 
nated together as a stack having the two opposed Surfaces. 

Strain sensor 390 B3 includes an interdigital transducer 
IDT, and reflectors R1,R2. Reflector R1 is located a distance 
1 from interdigital transducer IDT. Reflector R2 is located a 
distance 1 from interdigital transducer IDT. The operation of 
strain sensor 390B3 is similar to that described above for 
Strain sensor 390B1 
The number and location of the reflectors in strain sensor 

390B3 is illustrative only. Also, small folded antenna 380B3 
is illustrated as a closed loop antenna. This also is only illus 
trative and for example, a dipole antenna might be used. 

FIG. 3G is an illustration of an implementation 390B4 of 
Surface acoustic wave strain sensor with identification infor 
mation 390B (FIG. 3B). Surface acoustic wave strain sensor 
with identification information 390B4 is a chirped surface 
acoustic wave strain sensor with identification information 
and can be included in any of the wireless packages described 
herein. 

Strain sensor 390B4 includes an interdigital transducer 
IDT, and reflectors R1 to R7. Reflector R1 is located a dis 
tance 1 from interdigital transducer IDT. Reflector R2 is 
located a distance 1 from interdigital transducer IDT. The 
distance between each pair of reflectors as you move away 
from interdigital transducer IDT decreases in this example. 
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For example, the distance between reflectors (R1, R2) is 
greater than the distance between reflectors (R2, R3) and so 
forth. Alternatively, the distance between each pair of reflec 
tors moving away from interdigital transducer IDT could 
increase. 
As an example, consider that sensor 390B4 is mounted on 

a needle driver and a needle is grasped in the vicinity of 
reflector R2. The force applied by the needle driver on the 
needle will change the shape of the jaw with respect to reflec 
tors R1 to R2 and so change the distances between these 
reflectors. However, the distances between reflectors R3 to 
R7 are not changed. Thus, the strain data represented by the 
waves reflected by each of reflectors R1 to R7 can be analyzed 
not only to determine the force applied but also to determine 
the location of that force based on where the distance change 
between reflectors stopped. 
As indicated above, the Small folded antenna used in any of 

the wireless packages of FIGS. 3A to 3G can be a fractal (e.g. 
Hilbert, Sierpinski, etc.) antenna, a folded antenna designed 
using genetic algorithms, a crankline antenna, a micro-strip 
meander antenna, a compact diversity antenna or other mini 
mum size antenna for a given wireless interrogation signal. 
The particular antenna selected depends in part on whether a 
broad-band or narrow-band antenna is needed. A loop or 
dipole form of these antennas may be used. Where space 
permits, a non-folded antenna may be used. 
As an example, one commercially available 2.4 GHz frac 

tal monopole antenna chip has a size of 3.7 mm by 2 mm, 
another has a size of 6.7 mm by 6.7 mm by 1 mm, and yet 
another has a size of 7 mm by 3 mm by 1 mm. Such antennas 
are available from Fractal Antenna Systems, Inc., 130 Third 
Ave., Waltham, Mass., U.S.A, and also from Fractus, S.A., 
Avda. Alcalde Barnils, 64-68. Sant Cugat del Vallés, 08174 
Barcelona, Spain. 
A particular antenna is chosen based upon the wireless 

interrogation signal selected, the size of the antenna needed 
for the received and transmitted signals, and the antenna 
properties including gain, impedance, directionality and the 
like. Also, the Substrate characteristics, if appropriate, and the 
mounting of a particular antenna are chosen to satisfy any 
ground plane requirements of that antenna. If a particular 
antenna is not compatible with metal jaws, electrically non 
conductive jaws, e.g., ceramic jaws, are utilized in the Surgi 
cal end effector. For example, ceramic jaws could be made of 
any one of silicon nitride (SiN) and zirconia. 
The selection of the frequency or frequency bandwidth of 

the wireless interrogation signal is based upon several factors. 
In one aspect, the frequency or frequency bandwidth of the 
selected wireless interrogation signal is above the upper har 
monics of electro-cautery noise interference. The selected 
frequency or frequency bandwidth of the wireless interroga 
tion signal functions with a Surface acoustic wave strain sen 
sor and Small folded antenna that have dimensions Suitable 
for mounting the wireless package in which these elements 
are contained on a distal portion of a Surgical end effector. The 
selected frequency or frequency bandwidth of the wireless 
interrogation signal is compatible with other Surgical and 
patient monitoring equipment used in the operating room. In 
one aspect, the selected frequency or frequency bandwidth of 
the wireless interrogation signal has adequate signal strength 
after penetrating through human tissue. In another aspect, the 
need to penetrate human tissue is relaxed, as described more 
completely below. 

Each of the Surface acoustic wave strain sensors with iden 
tification information in FIGS. 3A to 3G includes a piezo 
electric Substrate. In one aspect, the piezoelectric Substrate is 
selected from Quartz, Lithium Niobate, Lithium Tantalate, 
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Lithium Tetraborate, Gallium Orthophospate, Lead Zirconate 
Titanate (PZT), Polyvinylidene Fluoride, and the LGX family 
of crystals including Langasite, Langanite and Langatate. 
This list of substrate materials is illustrative only and is not 
intended to be limiting as other substrates that exhibit the 
piezoelectric effect might be used. 

Surface acoustic devices have been reported that included 
up to 96 bits of identification information. In this aspect, at 
least enough bits of identification information are provided 
by the reflectors in the strain sensor to identify the type of the 
surgical instrument on which wireless force sensor 275 is 
mounted. In a further aspect, additional reflectors are 
included to provide unique identification information to 
uniquely identify the specific Surgical instrument within the 
type, e.g., provide a serial number of the specific Surgical 
instrument. As used herein, unique means that there is one and 
only one Surgical instrument with that identification informa 
tion. 

In one aspect, the Surface acoustic wave strain sensor 
includes reflectors to provide 32 bits of identification infor 
mation. The 32bits of identification information are sufficient 
to provide a unique identity for up to 2 different surgical 
instruments, i.e., 4.3x10 different surgical instruments. The 
particular number of bits used for the identification informa 
tion in the strain sensor is not critical so long as each Surgical 
instrument of interest can be assigned a unique identifier. 

In some aspects, other identification information may be 
used in generating the unique identifier of the Surgical instru 
ment. For example, Some Surgical instruments include a non 
volatile memory that stores information that can be used, for 
example, to identify the type of Surgical instrument. For Such 
a surgical instrument, the combination of the identification 
information from the non-volatile memory and the identifi 
cation information from the Surface acoustic wave strain sen 
Sor can be combined to associate the strain information with 
the Surgical instrument attached to a manipulator arm and 
correctly direct force information to a Surgeon using that 
Surgical instrument. 

Irrespective of the configuration of the wireless package 
containing the Surface acoustic wave strain sensor with iden 
tification information and the small folded antenna, the wire 
less force sensor eliminates the need to route wires through 
difficult locations on the Surgical instrument. In addition, 
since it is unnecessary to route wires to the force sensor, there 
is no need for additional electrical contacts at the sterile 
adapter interface, as described above. 

FIG. 4A is a more detailed block diagram of aspects of an 
apparatus that supports a wireless force sensor 375B mounted 
on a Surgical instrument. The apparatus of FIG. 4A can be 
used with any of the wireless force sensors described herein. 

Wireless package 370B of wireless force sensor 375B is 
mounted on a distal portion of a Surgical instrument, as 
described above. A conventional wireless interrogator 160A 
is connected to an interrogator antenna 400 that sends a wire 
less interrogation signal to wireless package 370B at trans 
mission frequency TF. Wireless interrogator 160A then 
switches to receive the wireless strain data and identification 
information signal transmitted from wireless package 370B 
via antenna 380B. Wireless interrogator 160A processes 
received radio frequency signal RF and provides a digital 
signal to digital signal analysis system 461 in control system 
460 that in turn is in a control computer. 
A processor, e.g., a digital signal processor, in control 

system 460 performs an analysis of the digital signal togen 
erate strain information, to generate the unique identification, 
and to use the strain information to generate and then output 
a force data signal. The force data signal is sent to an I/O 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
device corresponding to the Surgical instrument identified by 
the unique identifier and presented to surgeon 190. 

In one aspect, an indication of the force data signal, e.g., a 
moving bar graph, is presented in display 111 for the appro 
priate Surgical instrument. In another aspect, the force data 
signal is used to activate, for example, a pneumatically or 
electromagnetically actuated pad on the master finger levers, 
which are used to control the surgical instrument with the 
unique identifier, to provide haptic force feedback to Surgeon 
190 for that surgical instrument. In yet another aspect, actua 
tors on the finger levers respond by applying a force on the 
master finger levers, which in turn apply force on the Sur 
geon’s fingers. Alternatively, or in some combination, an 
audible signal can be used to provide force feedback to sur 
geon 190. 

In some aspects, Surface acoustic wave strain sensor with 
identification information 390B may be sensitive to tempera 
ture. In addition to the effects due to strain changes associated 
with applying loads to the jaw, temperature sensitivity can 
also affect the reflected waves. 

Thus, in one aspect, it may be advantageous to use a cali 
bration process in which forces are applied to the instrument 
jaws while the jaws are held at about human body tempera 
ture. Such a calibration process may be done either by directly 
calculating the correction factors and offsets or by a learning 
system such as a neural network embedded in the calibration 
fixture or in the instrument itself. In any calibration method, 
the calibration data may be programmed into an integrated 
circuit embedded in the Surgical instrument so that the Surgi 
cal system using the individual instrument can correctly iden 
tify and apply its correction factors and offsets while the 
Surgical instrument is in use. 

In addition or alternatively, the temperature effects can be 
mitigated by selection of the piezoelectric substrate and/or 
use of a temperature-compensated cut of the Substrate mate 
rial. Also, the Surgical instrument including wireless force 
sensor 375B can be maintained in a stable thermal environ 
ment. For example, at least the distal end of the Surgical 
instrument can be maintained in a bath or in a shroud to keep 
the instrument at about human body temperature. In one 
aspect, the shroud, e.g., radio-frequency shield pocket 255 
(FIG. 2A), also shields the wireless force sensor from any 
interrogation signals. 

In a Surgical procedure prior to use, the Surgical instrument 
is placed in Such a human body temperature environment 
until the temperature stabilizes and then is used in the Surgery. 
If during Surgery, the Surgical instrument is temporarily 
removed from the patient, the distal end of the surgical instru 
ment is placed back in the temperature stabilization device, 
which was referred to above as a shroud. In this way, the 
temperature of the Surface acoustic wave strain sensor 
remains Substantially constant and so temperature effects are 
minimized. In another aspect, a chirped surface acoustic wave 
device (FIGS. 2E to 2G and 3G) rejects a uniform temperature 
disturbance along the sensor because the temperature change 
shifts the entire frequency response of the chirped surface 
acoustic wave device while strain gradients along the jaw due 
to forces applied to the jaw widen or narrow the frequency 
response. 

In the above aspects, interrogator antenna 400 was outside 
the patient, and so the wireless signals have to penetrate the 
patient undergoing Surgery. However, in another aspect, an 
interrogator antenna 400B (FIG. 4B) is mounted on a distal 
end of another Surgical instrument, e.g., endoscope 431, 
which is connected to wireless interrogator 160A by a wired 
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connection. Advantageously, such an antenna may be larger 
and offer better coupling to the small folded surface acoustic 
wave strain sensor antenna. 

Surgical instruments 430 and 431 are both used in the 
Surgical operation and so are both within the patient during 
the Surgery. During the Surgery, interrogator antenna 400B 
transmits the wireless interrogation signal to wireless force 
sensor 475 mounted on a distal portion of Surgical instrument 
430. 

Wireless force sensor 475 receives the wireless interroga 
tion signal and in response thereto, transmits strain data and 
identification information that is received by interrogator 
antenna 400B. The closer proximity of interrogator antenna 
400B and wireless force sensor 475 coupled with removing 
the need for the wireless signal to penetrate into and out of the 
patient allows use of relatively weaker wireless signal 
strengths. This may help to reduce any interference problems 
with other instruments or equipment used in the operating 
room or in adjacent operating rooms. 

Specifically, the low interrogation signal strength coupled 
with the fact that the interrogation signal is attenuated as the 
signal penetrates out of the patient reduces the interrogation 
signal strength that reaches the operating room or adjacent 
operating rooms. The reduced interrogation signal strength in 
the operating rooms also reduces the likelihood that wireless 
force sensors on different Surgical instruments in the operat 
ing room or in adjacent operating rooms may receive and 
respond to the interrogation signal. 

It is noted that various Surgical instruments may be 
improved in accordance with the present invention, including 
but not limited to tools with and without surgical end effec 
tors, such as jaws, Scissors, graspers, needle holders, micro 
dissectors, staple appliers, tackers, Suction irrigation tools, 
clip appliers, irrigators, catheters, and Suction orifices. Alter 
natively, the Surgical instrument may comprise an electroSur 
gical probe for ablating, or coagulating tissue. Such Surgical 
instruments are available from Intuitive Surgical, Inc. of 
Sunnyvale, Calif. 

Various other locations of force sensors can be utilized on 
a surgical instrument. Referring to FIG. 5, a perspective view 
is shown of a surgical instrument 530 including a force sensor 
apparatus 500 operably coupled to a distal end of a rigid shaft 
510 and proximal to a wrist joint 521 in accordance with an 
embodiment of the present invention. An end portion 520, 
Such as a Surgical end effector, is coupled to force sensor 
apparatus 500 via wrist joint 521. A housing 550 is operably 
coupled to a proximal end of rigid shaft 510 and includes an 
interface 552 which mechanically and electrically couples 
instrument 530 to a manipulator assembly. 

In an alternative embodiment, an instrument portion of a 
Surgical instrument includes strain sensors that are used to 
measure force. FIG. 6A shows a perspective view of a portion 
600 of a surgical instrument that includes a shaft 610, wrist 
joints 612 and 614, and an end portion 620 that may be used 
to manipulate a Surgical tool and/or contact the patient. The 
Surgical instrument also includes a housing that operably 
interfaces with a robotic manipulator arm, in one embodiment 
via a sterile adaptor interface. Applicable housings, sterile 
adaptor interfaces, and manipulator arms are disclosed in 
U.S. patent application Ser. No. 1 1/314,040 filed on Dec. 20. 
2005, and U.S. application Ser. No. 1 1/613,800 filed on Dec. 
20, 2006, the full disclosures of which are incorporated by 
reference herein for all purposes. Examples of applicable 
shafts, end portions, housings, sterile adaptors, and manipu 
lator arms are manufactured by Intuitive Surgical, Inc. of 
Sunnyvale, Calif. 
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In one configuration, end portion 620 has a range of motion 

that includes pitch and yaw motion about the X- and y-axes 
and rotation about the Z-axis (as shown in FIG. 6A). These 
motions, as well as actuation of an end effector, are done via 
cables running through shaft 610 and housing 650 that trans 
fer motion from the manipulator arm 51. Embodiments of 
drive assemblies, arms, forearm assemblies, adaptors, and 
other applicable parts are described for example in U.S. Pat. 
Nos. 6,331,181, 6,491,701, and 6,770,081, the full disclo 
sures of which are incorporated herein by reference for all 
purposes. 

It is noted that various Surgical instruments may be 
improved in accordance with the present invention, including 
but not limited to tools with and without end effectors, such as 
jaws, Scissors, graspers, needle holders, micro-dissectors, 
Staple appliers, tackers, Suction irrigation tools, clip appliers, 
irrigators, catheters, and Suction orifices. Alternatively, the 
Surgical instrument may comprise an electroSurgical probe 
for ablating, or coagulating tissue. Such Surgical instruments 
are commercially available from Intuitive Surgical, Inc. of 
Sunnyvale, Calif. 

In accordance the embodiment of FIGS. 6A to 6E, instru 
ment portion 600 includes sensors (e.g., strain gauges) 
mounted onto the exterior surface of shaft 610, oriented par 
allel to the longitudinal (lengthwise) axis of the shaft, termed 
the Z-axis. The two axes perpendicular to the shaft are called 
the X- and y-axes. The signals from the sensors are combined 
arithmetically in various Sums and differences to obtain mea 
sures of three perpendicular forces (e.g., F, F, and F) 
exerted upon the instrument tip and the torques (Tx, Ty) about 
the two axes perpendicular to the shaft axis (i.e., the X- and 
y-axes). The measurement of the forces is made independent 
of the orientation and effective lever arm length of a wrist 
mechanism at the distal end of the instrument. Forces exerted 
against end portion 620 are detected by the force sensing 
elements, which may be operably coupled to servo control via 
an interrogator or a processor for transmitting these forces to 
master(s). 

In the embodiment of FIG. 6A, eight strain gauges 601, 
602, 603, 604, 605, 606, 607, and 608 are mounted to the 
outer surface of shaft 610 or in shallow recesses near the outer 
Surface and provide strain data e. e. e. e. es, e.g., e7, and es, 
respectively. The primary strain sensing direction of the 
gauges are oriented parallel to the Z-axis. The eight strain 
gauges are mounted in two groups of four, wherein the four 
gauges in one group are spaced equally, 90 degrees apart 
around the circumference of the shaft at one axial position 
(i.e., forming two “rings of four strain gauges each). 
One group of four (e.g., gauges 601, 603, 605, and 607) is 

mounted proximal to a wrist mechanism as close to a distal 
end of shaft 610 as possible. The second group of four (e.g., 
gauges 602, 604, 606, and 608) is mounted at a chosen dis 
tance “1” from the first group of four (toward a proximal end 
of shaft 610) and aligned with them so that pairs of gauges in 
the two groups are aligned with each other (i.e., gauges 601 
and 602, 603 and 604, 605 and 606, and 607 and 608 are 
aligned). 
The Z-axis force (F) including both Surgical forces and 

wrist cable forces is found from the Sum of the eight gauge 
outputs multiplied by a factor of EA/8, where E is the shaft 
material modulus of elasticity in the Z-axis direction, and A is 
the cross-sectional area of the shaft. The lateral forces along 
the X- and y-axes (F, and F) at or near the tip are found from 
the difference of the gauge outputs of a pair of gauges on 
opposite sides of the shaft and the difference between the pair 
differences along the shaft multiplied by a factor of EI/2rl, 
where E is the shaft material modulus of elasticity in the 
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Z-axis direction, I is the shaft section moment of inertia, r is 
the radius from the shaft axis to the acting plane of the gauges, 
and 1 is the distance between the two groups of four gauges 
The calculations of the forces are derived from the following 
equations. 

With respect to FIG. 6A, 

EI 12ir -EA 18 

With respect to FIGS. 6B and 6C, 

F, and F, are thus invariant with respect to L and invariant 
with respect to temperature at steady state. 

Advantageously, the measured transverse forces (F. F.) at 
the instrument tip are independent of variations in the effec 
tive lever arm length due to wrist orientation changes or 
gripping position changes in the end portion during Surgery. 
The measured transverse forces are also independent of 
changes in the Z-axis forces especially those due to the vary 
ing wrist cable tensions. Further, the measured transverse 
forces are independent of both surgical and wrist friction 
induced torques applied distal to the combined groups of 
strain gauges. Finally, the measured forces along the X- and 
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y-axes are independent of temperature changes when at ther 
mal equilibrium overall gauges. This may be seen by adding 
an equal temperature disturbance strain to all four gauges in 
the equations for F, and F, and noting that the disturbances 
cancel. Thermal transients during which gauge temperatures 
are unequal are not compensated by this design although 
other measures may be taken to do so. 
The measurements of the torques about the X- and y-axes 

(T, and T) at the instrument tip are derived from the differ 
ences of the gauges paired across the shaft diameter and the 
sum of the pair differences along the shaft axis multiplied by 
a factor EI/4r, wherein once again E is the shaft material 
modulus of elasticity in the axial direction, I is the shaft 
section moment of inertia, and r is the radius from the shaft 
axis to the acting plane of the gauges. Thus the forces (F, F, 
F.) and torques (T. T.) exerted at the instrument tip are 
measured without errors due to wristorientation or the loca 
tion of a gripped tool Such as a Suture needle within jaws or 
tissue held in a grasper, for example. Torque measurements 
about the X-andy-axes are also independent oftemperature at 
steady state. The calculations of the torques are derived from 
the following equations. 

With respect to FIGS. 6D and 6E in conjunction with FIG. 
6A, 

EI 14r 

E = Ofc = > e = Of E 

Thus, 

While the embodiment described with respect to FIGS. 6A 
to 6E may be applied to Surgical instruments of many con 
structions, it is of particular value for use with anisotropic 
linear fiber reinforced polymer tubing, in one example, 
because all gauges are oriented parallel to the Z-axis with 
constant and easily characterized elastic properties. Similar 
advantages may begained with properly characterized woven 
reinforced tubing, and the method is also applicable to uni 
form elastic property tubing. 

In one example, various strain gauges may be used, includ 
ing but not limited to conventional foil type resistance gauges, 
Semiconductor gauges, optic fiber type gauges using Bragg 
grating or Fabry-Perot technology, or others, such as strain 
sensing surface acoustic wave (SAW) devices. Optic fiber 
Bragg grating (FBG) gauges may be advantageous in that two 
sensing elements may be located along one fiber at a known 
separation, thereby only requiring the provision of four fibers 
along the instrument shaft. 
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Both fiber technologies require an interrogator unit that 
decodes the optically encoded strain information into electri 
cal signals compatible with the computer control hardware or 
display means of the minimally invasive Surgical system. A 
processor may then be used to calculate forces according to 
the signals from the strain gauges/sensors. 

In one aspect, the fiber Bragg gratings and the optic fibers 
are replaced with a wireless package including a small folded 
antenna and a surface acoustic wave strain sensor with iden 
tification information, as described above. In this aspect, the 
identification information includes information that not only 
uniquely identifies the particular Surgical instrument, but also 
identifies the location of the surface acoustic wave strain 
sensor with identification information. This permits associat 
ing the strain information with a particular location on force 
sensor 600. Alternatively, multiple surface acoustic wave 
based force sensors could be distinguished by frequency of 
the signal from each of the force sensors. 

The above description and the accompanying drawings 
that illustrate aspects and embodiments of the present inven 
tions should not be taken as limiting the claims define the 
protected inventions. Various mechanical, compositional, 
structural, electrical, and operational changes may be made 
without departing from the spirit and scope of this description 
and the claims. In some instances, well-known circuits, struc 
tures, and techniques have not been shown or described in 
detail to avoid obscuring the invention. 

Further, this description’s terminology is not intended to 
limit the invention. For example, spatially relative terms— 
such as “beneath”, “below”, “lower”, “above”, “upper, 
“proximal”, “distal', and the like may be used to describe 
one elements or feature’s relationship to another element or 
feature as illustrated in the figures. These spatially relative 
terms are intended to encompass different positions and ori 
entations of the device in use or operation in addition to the 
position and orientation shown in the figures. For example, if 
the device in the figures is turned over, elements described as 
“below' or “beneath other elements or features would then 
be “above' or “over the other elements or features. Thus, the 
exemplary term "below can encompass both positions and 
orientations of above and below. The device may be otherwise 
oriented (rotated 90 degrees or at other orientations) and the 
spatially relative descriptors used herein interpreted accord 
ingly. 
The singular forms “a”, “an', and “the are intended to 

include the plural forms as well, unless the context indicates 
otherwise. The terms “comprises”, “comprising”, “includes”, 
and the like specify the presence of stated features, steps, 
operations, elements, and/or components but do not preclude 
the presence or addition of one or more other features, steps, 
operations, elements, components, and/or groups. 

All examples and illustrative references are non-limiting 
and should not be used to limit the claims to specific imple 
mentations and embodiments described herein and their 
equivalents. The headings are solely for formatting and 
should not be used to limit the Subject matter in any way, 
because text under one heading may cross reference or apply 
to text under one or more headings. Finally, in view of this 
disclosure, particular features described in relation to one 
aspect or embodiment may be applied to other disclosed 
aspects or embodiments of the invention, even though not 
specifically shown in the drawings or described in the text. 

Embodiments described above illustrate but do not limit 
the invention. It should also be understood that numerous 
modifications and variations are possible in accordance with 
the principles of the present invention. For example, the num 
ber of strain sensors and their configuration may vary but 
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must allow for applicable force determinations and noise 
rejection. Furthermore, the embodiments of force sensor 
apparatus described above may be integrated with a Surgical 
instrument upon manufacture as a non-separable part. 
Accordingly, the scope of the invention is defined only by the 
following claims. 

We claim: 
1. An apparatus comprising: 
a Surgical instrument comprising: 

a distal portion; and 
a force sensor, mounted on said distal portion of said 

Surgical instrument, comprising: 
a wireless package comprising a Surface acoustic 
wave strain sensor and a folded antenna, the folded 
antenna being electrically coupled to the Surface 
acoustic wave strain sensor, and the Surface acous 
tic wave strain sensor including identification 
information of said Surgical instrument. 

2. The apparatus of claim 1 wherein said Surgical instru 
ment further comprises: 

a wrist joint; and 
a Surgical end effector mounted distal to said wrist joint of 

said Surgical instrument, wherein said distal portion is 
on Surgical end effector. 

3. The apparatus of claim 2 wherein said Surgical end 
effector includes a jaw and the distal portion is on the jaw. 

4. The apparatus of claim 3 wherein a portion of the jaw 
comprises an electrically non-conductive material, and 
wherein the portion of the jaw surrounds the distal portion. 

5. The apparatus of claim 1 wherein said surgical instru 
ment further comprises: 

a wristjoint, wherein said distal portion is proximal to said 
wrist joint; and 

a Surgical end effector mounted distal to said wrist joint. 
6. The apparatus of claim 1 wherein said surface acoustic 

wave strain sensor comprises a chirped surface acoustic wave 
strain sensor. 

7. The apparatus of claim 1 wherein said folded antenna 
and said Surface acoustic wave strain sensor are on a Sub 
strate, and are electrically connected by one of trace wire 
connections and bond wire connections. 

8. The apparatus of claim 1 wherein said folded antenna is 
on a first Surface of a Substrate and said Surface acoustic wave 
strain sensor is on a second Surface of said Substrate, wherein 
said second surface is opposite and removed from said first 
Surface. 

9. The apparatus of claim 1 wherein said folded antenna 
and said Surface acoustic wave strain sensor are on different 
Substrates, and are electrically connected. 

10. The apparatus of claim 1 wherein said identification 
information includes an identification of a type of said Surgi 
cal instrument. 

11. The apparatus of claim 10 wherein said identification 
information further includes identification information 
unique to said Surgical instrument. 

12. The apparatus of claim 1 wherein said identification 
information includes identification information unique to 
said Surgical instrument. 

13. The apparatus of claim 1 further comprising: 
a radio-frequency shield pocket mounted on said distal 

portion of said Surgical instrument. 
14. The apparatus of claim 1 further comprising: 
an interrogator antenna configured to transmit wireless 

interrogation signals to said wireless package, and to 
receive, from said wireless package, said (1) wireless 
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identification information of said Surgical instrument 
and (2) said wireless strain data from said distal portion; 
and 

a wireless interrogator, coupled to said interrogator 
antenna, to receive signals from said interrogator 5 
antenna, including (1) identification information of said 
Surgical instrument and (2) strain data from distal por 
tion, and to provide signals to said interrogator antenna. 

15. The apparatus of claim 14 wherein said interrogator 
antenna is located external to a patient undergoing Surgery. 10 

16. The apparatus of claim 14, further comprising another 
Surgical instrument having said interrogatorantenna mounted 
thereon so that when a patient is undergoing Surgery, said 
interrogator antenna is internal to said patient. 

17. The apparatus of claim 14 further comprising: 15 
a computer connected to said wireless interrogator to 

receive a signal including (1) identification information 
of said Surgical instrument and (2) strain data from said 
distal portion, and to convert said strain data into a force 
signal wherein said force signal is used to provide feed- 20 
back to a Surgeon operating said Surgical instrument. 
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