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(57) ABSTRACT 

Methods of manufacturing a flexible force sensor include 
forming a first sensor part providing a plurality of spaced first 
electrode plates in an electrically non-conductive material. A 
second sensor part is also formed and includes a plurality of 
second electrode plates in an electrically non-conductive 
material. The second electrode plates are identical to the first 
electrode plates at least in terms of spacing. The first part is 
assembled to the second part such that each of the first elec 
trode plates are aligned with and parallel to, yet spaced from, 
respective ones of the second electrode plates, establishing a 
plurality of capacitive sensing components. The first elec 
trode plates are movable relative to the corresponding second 
electrode plates, establishing a variable gap therebetween. 
The sensor parts can be ring-shaped. The sensor parts can be 
formed via MEMS techniques, with the non-conductive 
material being a polymer. 
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FLEXBLE SENSORS AND RELATED 
SYSTEMIS FOR DETERMINING FORCES 
APPLIED TO AN OBJECT, SUCH ASA 

SURGICAL INSTRUMENT, AND METHODS 
FOR MANUFACTURING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 13/391,514, filed May 2, 2012 and entitled 
"Flexible Sensors and Related Systems for Determining 
Forces Applied to an Object, Such as a Surgical Instrument, 
and Methods for Manufacturing Same' which is a U.S. 
national stage application claiming priority under 35 U.S.C. 
S371 to International Application Serial No. PCT/US2010/ 
046190, filed Aug. 20, 2010, entitled “Flexible Sensors and 
Related Systems for Determining Forces Applied to an 
Object, Such as a Surgical Instrument', which claims priority 
to U.S. Provisional Patent Application Ser. No. 61/235,937, 
filed Aug. 21, 2009, entitled “Flexible Sensors and Related 
Systems for Determining Forces Applied to an Object, Such 
as a Surgical Instrument'; and the entire teachings of each of 
which are incorporated herein by reference. 

BACKGROUND 

0002 The present disclosure relates to force sensors. 
More particularly, it relates to sensors and related systems for 
determining magnitude and direction of a force applied to an 
object, with particular usefulness with relatively small sur 
face area objects such as various Surgical instruments. 
0003. The need to detect or determine parameters associ 
ated with a force applied to an object arises in a plethora of 
situations. In this regard, force sensors (or load cells) are 
widely used to measure or monitor the forces of compression, 
tension, and shear. The two basic components of a force 
sensor are the sensing element(s) and circuit. The sensing 
element is oftentimes a strain gauge, which is comprised of a 
coil; the circuit is the connection of these gauges throughout 
the force sensor. While conventional force sensors are well 
Suited for many applications, the constraints associated with 
certain objects and/or end uses prevents their implementa 
tion. 
0004 For example, many surgical procedures entail intro 
duction of a Surgical instrument into the patients anatomy. 
More generally, a distal end of the Surgical instrument is 
inserted into and/or through various portions of the anatomy, 
and in some instances purposefully brought into contact with 
an anatomical target site. The caregiver may desire to know 
the forces being experienced by the distal end (e.g., as the 
distal end is inserted into the patient, various anatomical 
structures may be encountered; upon contact of the distal end 
with an anatomical structure and with further attempts to 
distally maneuver the Surgical instrument, resistance of the 
anatomical structure to further movement of the distal end 
creates or applies a force onto the distal end). With the advent 
of minimally invasive and similar procedures in which only a 
Small incision is made in the skin through which the Surgical 
instrument is introduced, the Surgeon cannot readily view a 
location of the distal end within the patient, let alone estimate 
forces at the distal end. Further, where the surgical instrument 
is elongated and/or formed of a relatively flexible or resilient 
material, forces at the distal end are not directly transferred to 
the proximal end otherwise being held by the Surgeon; under 
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these circumstances, the Surgeon cannot rely upon a tactile 
“feel at the proximal end to estimate force. Unfortunately, 
due to the relatively small size of many Surgical instruments, 
conventional force sensors are simply not viable. Similar 
concerns arise with instruments or objects in many other 
technical fields. 
0005. In light of the above, a need exists for sensors and 
related Systems capable of estimating or determining force 
experienced by an object to which the sensor is assembled, 
with particular application to Small scale object or end uses. 

SUMMARY 

0006. Some aspects in accordance with principles of the 
present disclosure relate to a method of manufacturing a 
flexible force sensor. The method includes forming a first 
sensor part including a plurality of first electrode plates in an 
electrically non-conductive material, with the first electrode 
plates being circumferentially spaced from one another. A 
second sensor part is also formed and includes a plurality of 
second electrode plates in an electrically non-conductive 
material. In this regard, the second electrode plates are iden 
tical to the first electrode plates at least in terms of circum 
ferential spacing. Finally, the first sensor part is assembled to 
the second sensor part Such that respective ones of the first 
electrode plates are aligned and parallel to, yet spaced from, 
respective ones of the second electrode plates to establish a 
plurality of capacitive sensing components. The first elec 
trode plate of each of the sensing components is retained so as 
to be movable relative to the corresponding second electrode 
plate to establish a variable gap therebetween. In some 
embodiments, the sensor parts are ring-shaped, with the 
resultant sensor defining a central bore. In yet other embodi 
ments, the sensor parts are formed via MEMS techniques, 
with the non-conductive material being a polymer (e.g., a 
photosensitive or thermoplastic polymer). 
0007. Other aspects in accordance with principles of the 
present disclosure relate to a system forestimating magnitude 
and direction of a force applied to an object. The system 
includes a sensor, an energy source, and a detector. The sensor 
includes a housing and at least three capacitive sensing com 
ponents. The housing is adapted for assembly to the object, 
and the three capacitive sensing components are retained by 
the housing. In this regard, each of the sensing components 
includes first and second electrode plates arranged parallel to 
one another in a spaced-apart fashion to form a capacitor. The 
housing maintains the electrode plates such that the first elec 
trode plate is movable or deflectable relative to the second 
electrode plate in response to a force placed upon the housing 
in establishing a variable gap therebetween. The energy 
Source is electrically connected to the sensing components, as 
is the detector. With this construction, the energy source 
delivers energy to the sensing components, and the detector 
receives an output signal affected by the sensing components. 
The output signal varies as a function of a size of the gap 
associated with each of the sensing components and is indica 
tive of a magnitude and direction of a force placed upon the 
housing. In some embodiments, the system further includes at 
least three inductors electrically connected to respective ones 
of the sensing components in establishing an LC circuit. An 
impedance detector is employed to monitor Voltage versus 
frequency information in the output signal in response to a 
Sweeping Voltage applied to the sensing components, with 
spikes in the output signal varying as a function of changes in 
gaps of the capacitive sensing components. In related 
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embodiments, a single wire is employed to deliver a single 
output signal from the commonly connected inductors; in 
other embodiments, a separate wire is provided for each 
capacitive sensing component/inductor. 
0008. Yet other aspects in accordance with principles of 
the present disclosure relate to methods of determining mag 
nitude and direction of force applied to an object, Such as a 
Surgical instrument. Energy is applied to a sensor assembled 
to the object, with the sensor including a housing and at least 
three capacitive sensing components as described above. The 
object is Subjected to a force of unknown magnitude and 
direction, with the force being transferred to the sensor hous 
ing via the object and Sufficient to cause a change in a size of 
the gap associated with at least one of the sensing compo 
nents. An output signal is received from the sensor, with this 
output signal being affected by the sensing components. 
Finally, the output signal is analyzed to determine a magni 
tude and direction of the force. In some embodiments, Voltage 
Versus frequency information is provided with the output 
signal and is indicative of a current across each of the sensing 
components. In this regard, analyzing the output signal 
includes designating a change in a frequency pitch of the 
Voltage versus frequency information as being collectively 
indicative of magnitude and direction of the applied force, for 
example by comparing spikes in the Voltage versus frequency 
curve with baseline values for each of the capacitive sensing 
components. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009 FIG. 1 is a block diagram of a force detection system 
in accordance with principles of the present disclosure; 
0010 FIG. 2A is a perspective view of a sensor in accor 
dance with principles of the present disclosure and useful 
with the system of FIG. 1; 
0011 FIG. 2B is a simplified, cross-sectional view of the 
sensor of FIG. 2A; 
0012 FIG.3A is a interior, perspective view of a portion of 
the sensor of FIG. 2B: 
0013 FIG. 3B is a top view of an electrode plate compo 
nent of the sensor of FIG. 2A; 
0014 FIG. 4 is a simplified, cross-sectional view of the 
sensor of FIG. 2B assembled to an object; 
0015 FIG. 5 is a circuit diagram of the system of FIG. 1; 
0016 FIG. 6A are graphs of a baseline output signal gen 
erated by one example force detection system in accordance 
with principles of the present disclosure in a normal or at rest 
State; 
0017 FIGS. 6B and 6C are graphs illustrating output sig 
nals during use of the system of the present disclosure in 
estimating magnitude and direction of force in comparison 
with the output signal of FIG. 6A: 
0018 FIG. 7 schematically illustrates estimation of force 
direction in accordance with principles of the present disclo 
Sure; 

0019 FIGS. 8A-8F are schematic illustrations of a process 
flow for constructing a portion of the sensor of FIG. 2B: 
0020 FIGS.9A-9F schematically illustrate a process flow 
for constructing another portion of the sensor of FIG.2B; and 
0021 FIG. 10 is a simplified, cross-sectional view of a 
portion of an alternative force detection system in accordance 
with principles of the present disclosure and assembled to an 
object. 
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DETAILED DESCRIPTION 

0022. One embodiment of a system 20 for determining 
magnitude and direction of a force F placed upon an object 22 
is illustrated in block form in FIG.1. The system 20 includes 
a sensor 24, an energy source 26, and a detector 28. Details on 
the various components are provided below. In general terms, 
however, the sensor 24 is assembled to the object 22, and 
includes three or more capacitive sensing elements. With this 
construction, inductors 30 can optionally be provided (as 
sembled to, or separate from, the object 22) to establish an LC 
circuit. Regardless, the sensor 24 is located such that the force 
F, as applied to the object 22, is transferred onto the sensor 24. 
The energy source 26 applies energy to the sensor 24, and an 
output signal to the detector 28 is affected by the sensor 24. 
The effect of the sensor 24 upon the output signal varies as a 
function of the force F. As received at the detector 28, then, the 
output signal is indicative of the force F, and thus can be 
analyzed (e.g., via a computer (not shown) or other control 
electronics such as an ASIC state machine or a microproces 
sor) to determine the magnitude and direction of the force F. 
0023. As made clear below, the force detection system 20 
can be employed with a plethora of differently sized and/or 
shaped objects. In some applications, however, the system 20, 
and in particular the sensor 24, is highly amenable for use 
with Small scale objects 22 (or at Small Surface area regions of 
an object), and in particular with elongated, tubular objects. 
0024. With the above in mind, one embodiment of the 
sensor 24 is shown in FIGS. 2A and 2B, and includes a 
housing 40 and at least three capacitive sensing components 
42. As a point of reference, the capacitive sensing compo 
nents 42 are maintained within the housing 40, and thus are 
generally referenced in the view of FIG. 2A. The sensor 24 
can assume a variety of shapes and/or sizes differing from 
those implicated by the illustrations of FIGS. 2A and 2B. 
Thus, while in Some embodiments the sensor 24 is a cylin 
drical ring defining a central bore 44 as shown, other shapes 
that may or may not include the central bore 44 are also 
acceptable. 
(0025. With specific reference to FIG.2B, the housing 40 is 
generally comprised of a non-conductive material into which 
the capacitive sensing components 42, as well as other com 
ponents as described below, are embedded or otherwise main 
tained. In this regard, the housing 40 exhibits at least a small 
degree of elastic or substantially elastic flexibility so as to 
permit alteration of an arrangement of each of the capacitive 
sensing components 42 in response to expected forces 
imparted upon the sensor 24 as described below. 
0026. In some embodiments, the housing 40 is formed or 
defined by first and second housing structures 50,52. Relative 
to the orientation of FIG. 2B, the first housing structure 50 is 
an upper component, and formed from the non-conductive 
material to include or define a platform 60, inner and outer 
rims 62, 64, and a central region 66. The rims 62, 64 and the 
central region 66 project from the platform 60, with a thick 
ness or height of the inner and outer rims 62, 64 being greater 
than that of the central region 66. With embodiments in which 
the sensor 24 forms or defines a cylindrical ring, the inner rim 
62 is located at an inner diameter of the ring shape, whereas 
the outer rim 64 is located at an outer diameter. A first cir 
cumferential side 68 of the central region 66 faces, but is 
radially spaced from, the inner rim 62; similarly, an opposing, 
second circumferential side 70 of the central region 66 faces, 
but is radially spaced from, the outer rim 64. As described 
below, the elevated thickness inner and outer rims 62, 64 
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serve to offset the central region 66 from the second housing 
structure 52 upon final assembly. Finally, for reasons made 
clear below, the central region 66 can include circumferen 
tially spaced sections that correspond with desired spacings 
of the various capacitive sensing components 42 (e.g., with 
embodiments having three of the capacitive sensing compo 
nents 42, three circumferentially spaced central regions 66 
are formed). 
0027. The second housing structure 52 is akin to the first 
housing structure 50, and includes a base 72 and an optional 
encapsulating layer 74. The second housing structure 52 is 
sized and shaped in accordance with the first housing struc 
ture 50 so that upon final assembly, the inner and outer rims 
62, 64 interface with the second housing structure 52. 
0028. The housing structures 50, 52 can be formed from a 
variety of materials. In some embodiments in which the sen 
Sor 24 is intended for Small scale applications (e.g., less than 
5 mm in any dimension), the material(s) selected for the 
housing structures 50, 52 is conducive to MEMS construction 
(e.g., amenable to receiving sputter deposited metals). Thus, 
for example, the housing structures 50, 52 can be constructed 
of silicon. In yet other embodiments in which enhanced flex 
ibility is desired and/or the sensor 24 is intended for use in 
Surgical applications, the material of the housing structures 
50, 52 can alternatively be a polymer or polymeric resin 
exhibiting biologically inert characteristics. For example, in 
some embodiments, the material of the housing structures 50. 
52 can be a photosensitive or general thermoplastic resin, 
such as a negative, epoxy-type, near-UV photoresist material 
available under the trade designation SU-8 from Shell Chemi 
cal. Other materials are also acceptable. Finally, the housing 
structures 50, 52 should be elastically deformable (or sub 
stantially elastically deformable) in the presence of forces 
expected to be encountered during use. Thus, for example, the 
material selected for the first housing structure 50 in conjunc 
tion with the corresponding dimensions must permit inward 
deflection of the central region(s) 66 relative to the rims 62, 64 
(e.g., bending along the platform 60) in response to an exter 
nally applied force, and return to the natural state of FIG. 2B 
upon removal of the force. 
0029. As indicated above, the sensor 24 includes at least 
three of the capacitive sensing components 42. The capacitive 
sensing components 42 are isolated from one another, with 
the cross-sectional view of FIG. 2B illustrating two of the 
sensing components 42a, 42b. While FIG. 2A has been 
described as generally reflecting provision of three of the 
capacitive sensing components 42, in other embodiments, 
four or more of the sensing components 42 are maintained by 
the housing 40. 
0030) Regardless of the number provided, the capacitive 
sensing components 42 are identical, and include a first elec 
trode plate 80 and a second electrode plate 82. The first 
electrode plate 80 is mounted to the central region 66 of the 
first housing structure 50. FIG.3A illustrates an interior of the 
first housing structure 50, with the first electrode plate 80 
being formed on each of the circumferentially-spaced central 
regions 66 (it being understood that FIG. 3A reflects an alter 
native embodiment in which four of the central regions 
66/first electrode plates 80, and thus capacitive sensing com 
ponents 42 (FIG. 2B) are provided). Returning to FIG.2B, the 
second electrode plate 82 is mounted to the base 72 of the 
second housing structure 52. Where provided, the optional 
encapsulating layer 74 covers or encapsulates the second 
electrode plate 82. The housing 40 retains the electrode plates 
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80, 82 in a substantially parallel alignment, with a gap 84 
being established between the electrode plates 80, 82. With 
this arrangement, the spaced electrode plates 80, 82 define a 
parallel-plate capacitor. The sensing components 42 have, in 
Some embodiments, an identical capacitance in the “normal 
state of the housing 40 reflected in FIG. 2B (i.e., absence of 
external force-caused deflection of the first housing structure 
50), dictated by a material, size and shape of the plates 80, 82, 
as well as a spacing of the gap 84. As a point of reference, for 
Some Small scale end uses (in which the sensor 24 has a 
maximum dimension of less than 5 mm), each of the capaci 
tive sensing components 42 can have a capacitance on the 
order of 4 pF with the housing 40 in the “at rest” state. 
0031. The size and shape of the electrode plates 80, 82 can 
vary as a function of an overall size and shape of the sensor 24. 
With embodiments in which the sensor 24 is ring-shaped, the 
electrode plates 80, 82 can have an arcuate shape as shown, 
for example, in FIG. 3B. Alternatively, other shapes are 
acceptable. Regardless, the resultant capacitive sensing com 
ponents 42 are arranged in a circular pattern. 
0032. Returning to FIG.2B, the electrode plates 80, 82 are 
formed of a conductive material appropriate for capacitive 
interaction, such as metal. In some embodiments, the elec 
trode plates 80, 82, as well as other conductive components 
associated with the sensor 24, are chromium/gold, although 
other materials are also acceptable. 
0033 Energy can be applied or delivered to the capacitive 
sensing components 42 in a variety of fashions. In some 
embodiments, the sensor 24 is constructed to include a com 
mon electrode 90 at an exterior of the first housing structure 
50. A first conductor 92 is provide for each of the capacitive 
sensing components 42, electrically connecting the corre 
sponding first electrode plate 80 with the common electrode 
90 (e.g., the conductor 92 associated with the first capacitive 
sensor component 42a is separate from the conductor 92 
provided for the second capacitive sensing component 42b). 
As shown, the conductor 92 is formed through a thickness of 
the first housing structure 50, extending through the central 
region 66 and the platform 60. Optionally, conductive mate 
rial can be applied to other Surfaces of the first housing struc 
ture 50 as shown in FIG. 2B for reinforcement. 

0034. The second electrode plate 82 is mounted on the 
platform 76 as shown. In some embodiments, the sensor 24 
optionally further includes a conductive pad 100 for each of 
the capacitive sensing components 42. As a point of refer 
ence, FIG. 2A illustrates three of the conductive pads 100. 
Returning to FIG. 2B, the conductive pads 100 are isolated 
from one another (e.g., the conductive pad 100 associated 
with the first capacitive sensing component 42a is isolated 
from the conductive pad 100 associated with the second 
capacitive sensing component 42b), and are electrically con 
nected to the corresponding second electrode plate 82 via a 
second conductor 102. As shown, each of the second conduc 
tors 102 projects through a thickness of the second housing 
structure 52, and in particular the base 72. 
0035 Assembly of the sensor 24 includes mounting of the 

first housing structure 50 to the second housing structure 52 as 
shown. Attachment of the housing structures 50, 52 can be 
accomplished in a variety of manners, for example, adhesive, 
welding, etc. Regardless, the inner and outer rims 62, 64 of 
the first housing structure 50 (or optionally the conductive 
material applied thereto) bear against the second housing 
structure 52 (e.g., the encapsulating layer 74 where pro 
vided). The electrode plates 80, 82 of each of the capacitive 
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sensing components 42 are maintained in the spaced-apart 
fashion described above. The inner and outer rims 62, 64 of 
the first housing structure 50 effectively serve as beams, 
allowing the platform 60 of the first housing structure 50 to 
elastically flex inwardly toward the base 70 of the second 
housing structure 52. More particularly, in response to a force 
imparted upon the first housing structure 50, the central 
region(s) 66 move toward the base 70 via flexing of the 
platform 60, thereby decreasing a spacing of the gap 84. Thus, 
due to the inherent resilient flexibility of the housing 40, a 
variable gap is established for each of the capacitive sensing 
components 42, leading to a capacitance shift whenevera size 
of the gap 84 changes. As described below, this capacitance 
shift alters the resonating frequency of a corresponding LC 
circuit, with this alteration being indicative of the force 
applied to the housing 40. 
0036. The sensor 24 can be assembled to the object 22 
(FIG. 1) in a variety of manners as a function of the charac 
teristics of the object 22 in question. For example, FIG. 4 
illustrates but one acceptable arrangement of the sensor 24 
relative to an object 22, with the object 22' being an elongated 
tubular body. The tubular object 22 can have a variety of 
end-use applications, and in some constructions is a Surgical 
instrument. For example, the object 22' can be a cannula, 
catheter, etc. Regardless, the object 22 defines a central 
lumen 110 and an outer diameter 112. The sensor 24 is sized 
in accordance with dimensions of the tubular body 22, having 
an outer diameter approximating the outer diameter 112 of 
the tubular body 22". Further, the sensor 24 is arranged such 
that the central bore 44 is axially aligned with the central 
lumen 110. The housing 40 can be directly mounted to the 
tubular body 22". Alternatively, a support 114, such as a metal 
support, can be attached to the common electrode 90 and in 
turn mounted (e.g., bonded) to the tubular body 22 as shown. 
The sensor 24 is located in close proximity to a segment of the 
tubular body 22 at which force measurements are desired. 
Thus, for example, where the tubular body 22' is a catheter 
terminating at a distal end 116 and forces at the distal end 116 
are of interest, the sensor 24 is assembled in close proximity 
to the distal end 116. Alternatively, other locations relative to 
a length of the tubular body 22 (or other object 22 (FIG. 1)) 
are equally acceptable. 
0037. With additional reference to FIG. 1, the system 20 
employs the inductors 30 to create an LC circuit with the 
capacitive sensing components 42. With the embodiment of 
FIG. 4, the inductors 30 are also assembled directly to the 
object 22' immediately adjacent the sensor 24. In this regard, 
individual ones of the inductors 30 are provided for respective 
ones of the capacitive sensing components 42 (e.g., where the 
sensor 24 includes three of the capacitive sensing components 
42, three of the inductors 30 are provided). For example, in 
the view of FIG. 4, a first inductor 30a is associated with the 
first capacitive sensing component 42a, and a second inductor 
30b is associated with the second capacitive sensing compo 
nent 42b. With the but one acceptable construction of the 
sensor 24 that otherwise includes the conductive pads 100, a 
leading terminal 120 of each of the inductors 30 is electrically 
coupled to a corresponding one of the conductive pads 100. 
Thus, for example, the leading terminal 120 of the first induc 
tor 30a is electrically connected (e.g., mounted to) the con 
ductive pad 100 associated with the first capacitive sensing 
component 42a. To minimize the number of wires required 
with the system 20, an optional second common electrode 
130 (e.g., metal Support ring) is electrically coupled to a 
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trailing terminal 122 of each of the inductors 30, and is 
assembled to the object 22". With this construction, then, a 
first wire 132 is electrically connected to, and extends from, 
the first common electrode 90, and a second wire 134 is 
electrically connected to, and extends from, the second com 
mon electrode 130. 

0038. The wires 132,134 can be embedded within, and/or 
extend within the lumen 110 of the tubular object 22". Alter 
natively, one or both of the wires 132,134 can extend along an 
exterior of the tubular object 22. Similarly, where the object 
22' in question is something other than a tubular body, one or 
both of the wires 132, 134 can be embedded within a thick 
ness of the object and/or extend along an exterior thereof. 
Regardless, and with additional reference to FIG. 1, the first 
wire 132 electrically connects the sensor 24, and in particular 
the capacitive sensing components 42, with the energy source 
26; the second wire 134 electrically connects the sensor 24, 
via the inductors 30, with the detector 28. The LC circuit thus 
established by the above connections is shown in FIG. 5. 
0039. With continued reference to FIGS. 4 and 5, the sys 
tem 20 can operate based on the principle of applied pressure 
on the distal end 116 of the object 22' being transferred onto 
the sensor housing 40 that in turn changes a size of the gap 84 
between the electrode plates 80, 82 of one or more of the 
sensing component 42 and leads to a capacitance shift. This 
shift, in turn, alters the resonating frequency of the LC circuit. 
For example, the energy source 26 (e.g., a frequency genera 
tor) can be configured to apply a Sweeping Voltage to the 
sensor 24/capactive sensing components 42. The resultant 
impedance of the LC circuit as affected by the capacitive 
sensing components 42 is delivered as an output signal via the 
second wire 134 to the detector 28. In some constructions, the 
detector 28 can be an impedance measuring device. The 
impedance detector 28 (or a computer (not shown) connected 
to the detector 28) can plot impedance in the frequency 
domain, and the change of the frequency pitches in response 
to an applied force upon the distal end 116 of the object 22 
reflects the magnitude and direction of the applied force. 
Thus, the principle of measurement of the impedance is to 
measure the current by an applied Sweeping Voltage. 
0040. For example, FIG. 6A is a representative plot of 
Voltage and of phase in the frequency domain for an example 
force detection system 20 of FIG. 1 in accordance with the 
present disclosure incorporating three of the capacitive sens 
ing components 42 (FIG. 2B) each having a capacitance of 4 
pF in a normal or “at rest” state of the sensor 24 (i.e., no 
external force being applied to the object to which the sensor 
24 is assembled such that the housing 40 is not deflected). 
With this example, the sensor 24 is a cylindrical ring, having 
an outer diameter on the order of 2.3 mm, an inner diameter 
on the order of 1.1 mm, and a height on the order of 0.5 mm 
(it being understood the present disclosure is in no way lim 
ited to these dimensions; sensors in accordance with the 
present disclosure can be larger or Smaller, and need but be a 
ring). The energy source 26 (FIG.1) applies energy at 1 V/100 
MHz/O deg. "Spikes' in the Voltage and phase plots shown in 
FIG. 6A represent the affect of the three capacitive sensing 
components 42 (labeled as 42a, 42b, 42c in FIG. 6A) upon the 
output signal as delivered to the detector 28. The spike mag 
nitude and frequency of FIG. 6A reflect baseline values for 
the capacitive sensing components 42a-42c. 
0041 FIG. 6B provides a plot of the voltage and phase 
values in the frequency domain in the same example system 
wherein the object to which the sensor 24 is assembled is 
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Subjected to a simulated external force or pressure. The simu 
lated force will cause the housing 40 (FIG. 2B) to deflect, 
thereby changing a gap spacing (and thus capacitance of one 
or more of the sensing components 42a-42c.) with the affects 
of the capacitive sensing components 42a-42c identified in 
the graphs. The “spikes' in the output signal of FIG. 6B differ 
from the normal or baseline state/signal of FIG. 6A due to the 
reduction in size of the gaps 84 associated with the capacitive 
sensing components 42a-42c. By comparing differences 
between the “spikes' in the currently-received output signal 
(i.e., FIG. 6B) with the baseline values (i.e., FIG. 6A), a 
determination can be made as to a magnitude of the force 
being applied onto the object 22. Similarly, because the 
capacitive sensing components 42a-42c are, in some embodi 
ments, arranged in a known configuration relative to one 
another (circular, triangular, etc.), the comparison of 'spikes' 
in the currently-received output signal are indicative of a 
direction of the force (e.g., via triangulation). As a point of 
reference, upon removal of the external force, the housing 40 
will naturally revert back to the “normal' or at rest state; the 
capacitive sensing elements 42a-42c and corresponding out 
put signal thus also return to the baseline state. 
0042 FIG. 6C illustrates another plot of an output signal 
generated by the example system described above in response 
to a simulated force applied to the object to which the sensor 
24 is assembled. The affect on the output signal by the capaci 
tive sensing elements 42a-42a is labeled in FIG. 6C; once 
again, by comparing the currently-received output signal (and 
in particular, the 'spikes' associated with the capacitive sens 
ing elements 42a-42a) with the baseline values of the normal 
state (of FIG. 6A), a determination of magnitude and direc 
tion of the force applied to the object can be made. 
0043. The evaluation of magnitude and direction of 
applied force as described above is but one acceptable tech 
nique in accordance with the present disclosure. The output 
signal(s) generated by the sensor 24 can be analog or digital. 
For example, a schematical representation of a force direction 
determination based on a digital output signal is provided in 
FIG. 7. A user can manually review the signal(s) and make 
force determinations. Alternatively, a computing device can 
automatically estimate or calculate force magnitude and 
direction. Further, the system 20 can be calibrated prior to 
use; for example, the sensor 24 can be subjected to various, 
known forces and the Subsequent affect on the output signal 
noted and utilized to calibrate the force evaluation during 
actual use. 

0044 Returning to FIG. 2A, the sensor 24 can be manu 
factured in a variety of manners, and in Some embodiments is 
constructed based on microelectromechanical systems 
(MEMS)-based technology. For example, FIGS. 8A-8F sche 
matically illustrate one embodiment of an MEMS process 
flow for constructing the first housing structure 50 (FIG. 2B). 
In FIG. 8A, a substrate 150 (e.g., a silicon wafer) is provided, 
and a base layer 152 of the desired non-conductive material 
(e.g., polymer as described above) is formed thereon. Abot 
tom face 153 of the base layer 152 is in contact with the 
substrate 150. With embodiments in which the resultant sen 
sor 24 (FIG. 2A) is a cylindrical ring, the base layer 152 is 
formed along the substrate 150 to have a ring-like shape, 
defining a central aperture 154. Further, a plurality of longi 
tudinal passages 156 are defined through a thickness of the 
base layer 152 at locations where the capacitive sensing com 
ponents will reside (e.g., where the resultant sensor 24 will be 
constructed to provide three, equidistantly spaced sensing 
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components, three of the passages 156 are formed in the base 
layer 152 equidistantly spaced from one another relative to a 
circumference of the base layer 152). Thus, the base layer 152 
can be described as having theoretical capacitive Sub-assem 
bly sections 157 at which the passages 156 are formed. 
0045 An intermediate layer 158 of the non-conductive 
material is then formed on the base layer 152 as shown in FIG. 
8B. Commensurate with the base layer 152, the intermediate 
layer 158 is also ring-shaped, and defines a central aperture 
160 that is otherwise axially aligned with the central aperture 
154 of the base layer 152. In this regard, the intermediate 
layer 158 is formed to define an inner ring segment 162, an 
outer ring segment 164, and a plurality of circumferentially 
spaced central segments 166. The central segments 166 cor 
respond with the capacitive sub-assembly sections 157 as 
described above. Relative to the cross-sectional view of FIG. 
8B, then, each of the central segments 166 is defined by 
opposing, first and second circumferential sides 168, 170. 
The first circumferential side 168 faces, but is radially spaced 
from, the inner ring segment 162; similarly, the second cir 
cumferential side 170 faces, but is radially spaced from, the 
outer ring segment 164. Further, each of the central segments 
166 forms a top face 172 opposite the base layer 152, and a 
passage 174 extending through a thickness thereof. The pas 
sage 174 corresponds and is aligned with the corresponding 
passage 156 in the base layer 152 such that a through hole 176 
is provided within each capacitor sub-assembly section 157 
extending between, and open relative to, the bottom face 153 
of the base layer 152 and the top face 172 of the central 
segment 166. 
0046. A third layer 180 of the non-conductive material is 
formed on the intermediate layer 158 as shown in FIG. 8C. 
The third layer 180 is formed to generally correspond with the 
inner and outer ring segments 162, 164 of the intermediate 
layer 158, and thus includes an inner ring 182 and an outer 
ring 184. As shown, the third layer 180 is not formed over the 
top face 172 of the central segments 166. Regardless, a Sup 
port structure 190 is collectively formed by the layers 152, 
158, 180, and has inner circumferential surface 192 and an 
outer circumferential surface 194. 
0047. An electrically-conductive material 200, such as a 
metal (e.g., chromium/gold) as described above, is then 
deposited (e.g., Sputtered) onto exposed Surfaces of the Sup 
port structure 190 as shown in FIG. 8D. The conductive 
material 200 is applied to the top face 172 of each of the 
capacitive sub-assembly sections 157, thereby forming the 
first electrode plate 80 as described above. The conductive 
material 200 can also be deposited onto other surfaces of the 
support structure 190, for example one or both of the inner 
and outer circumferential surfaces 192,194. Further, the con 
ductive material 200 is deposited within each of the through 
holes 176 to form the conductors 90 as described above. In 
some embodiments, the conductive material 200 can include 
an inner layer of a sputter coated first material (e.g., 20 mm 
thick chromium) and an outer layer of a sputter coated mate 
rial (e.g., 200 nm thick gold). 
0048. The support structure 190 is then removed from the 
substrate 150 as shown in FIG. 8E. The electrically-conduc 
tive material 200 is then deposited (e.g., sputtered) onto the 
now-exposed bottom face 153 of the support structure 190 as 
shown in FIG. 8F thereby forming the common electrode 90 
described above. 
0049. A similar MEMS processing technique can be 
employed to form the second housing structure 52 (FIG. 2B) 
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as shown in FIG.9A-9F. In general terms, a first layer 220 of 
the selected non-conductive material is formed on the sub 
strate 150 and includes a bottom face 222 and a top face 224 
as shown in FIG.9A. A plurality of through holes 226 are 
defined through a thickness of the first or base layer 220, 
corresponding with desired location and spacing of the later 
formed capacitor electrode plates. Thus, the first layer 220 
can be described as having theoretical capacitive Sub-assem 
bly sections 228 at which respective ones of the through holes 
226 are defined. 
0050. In FIG.9B, an electrically-conductive material 230, 
Such as a metal (e.g., chromium/gold) as previously 
described, is deposited (e.g., sputtered) to the top face 224. In 
addition, the conductive material 230 is deposited within the 
through holes 226, extending between the bottom face 222 
and the top face 224, to form the conductors 92 (FIG. 2B). 
0051. As shown in FIG. 9C, a portion of the deposited 
conductive material 230 is removed from areas of the top face 
224 apart from the capacitive sub-assembly sections 228, 
resulting in the circumferentially spaced electrode plates 82. 
Alternatively, the conductive material 230 can be initially 
deposited only at the desired electrode plate 82 regions of the 
top face 224. Regardless, the circumferentially spaced elec 
trode plates 82 are defined and are electrically connected to 
the bottom face 222 via the conductors 92. 
0.052. In some constructions and with reference to FIG. 
9D, a second layer 240 of the non-conductive material is 
subsequently formed onto the top face 224 of the base layer 
220, and encompasses the electrode plates 82. As described 
above, the second layer 240 encapsulates the electrode plates 
82 and corresponding conductors 92 (FIG. 2B) from possible 
electrical shorts in the presence of a high shock force. Alter 
natively, the second layer 240 can be omitted. 
0053 Regardless, and as shown in FIG.9E, the first layer 
220 is removed from the substrate 150. In FIG.9F, the elec 
trically-conductive material 230 is deposited (e.g., sputtered) 
onto the now-exposed bottom face 222 and formed to define 
the circumferentially spaced conductive pads 100 (FIG. 2B) 
as described above. 
0054) The housing structures 50, 52 (FIG. 2B) can be 
formed in a variety of manners differing from those described 
above. For example, other MEMS process flows are available. 
Alternatively, where the sensor 24 is of a larger size, conven 
tional molding/fabrication is also envisioned. In some 
embodiments, upon final construction, the housing parts 50. 
52 are assembled to one another (e.g., epoxy or glue) as 
previously described, resulting in the sensor 24. 
0055 Returning to FIG. 1, while the system 20 has been 
described as incorporating the inductors 30 directly into the 
object 22, in other constructions, the inductors 30 can be 
located discrete of the object 22 (and thus of the sensor 24). 
With these constructions, three or more wires may be required 
as generally indicated by the alternative system 20' construc 
tion of FIG. 10. The system 20' includes a sensor 24 
assembled to the object 22. As with previous embodiments, 
the sensor 24' includes a housing 40' and three or more capaci 
tive sensing components 42" (two of which are illustrated in 
FIG. 10). A first wire 270 electrically connects the common 
electrode 90 of the sensor 24 with the energy source 26 (FIG. 
1). Further, a separate wire 272 is provided for each of the 
capacitive sensing components 42 (e.g., wire 272a is electri 
cally connected to the first capacitive sensing component 42a' 
and wire 272b is electrically connected to the second capaci 
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tive sensing component 42b'). The capacitor wires 272 extend 
from the object 22 and are electrically connected to a respec 
tive one of the inductors (not shown) otherwise provided apart 
from the object 22. The inductors, are, in turn, electrically 
connected to the detector 28 (FIG. 1), with signals from the 
inductors combining to provide the output signal analyzed by 
the detector 28 as described above. 
0056. The system 20' operates in a manner highly akin to 
those described above, with the capacitance associated with 
one or more of the capacitive components 42" changing in 
response to a force applied to the object 22, and thus to the 
housing 40'. That is to say, a size of the gap 84 defined 
between electrode plates 80', 82 of one or more of the capaci 
tive sensing components 42 changes in response to the force 
F; this change is size alters the impedance value associated 
with the corresponding LC circuit. This alteration is indica 
tive of a magnitude of the applied force F, and the changes in 
each of the capacitive sensing component outputs collectively 
indicate a direction of the force F. Based upon these same 
principles, in other embodiments, the inductors can be omit 
ted. 
0057 The force detection systems and methods of the 
present disclosure provide a marked improvement over pre 
vious designs. The sensors are highly amenable to Small scale 
applications (e.g., on the order of 5 mm or less), and can be 
employed with Surgical instrumentation (e.g., catheters). Fur 
ther, testing has confirmed that even at Small scale construc 
tions (e.g., on the order of 5 mm or less), the sensors of the 
present disclosure generate reliable force-related results at 
temperatures exceeding 65° C. and can withstand and con 
tinue to generate reliable results (e.g., sensing forces in the 
range of 1-200 grams) after experiencing shock forces on the 
order of 200 grams. Further, the sensors can be fabricated on 
a mass-production (and thus low cost) basis utilizing MEMS 
technology, with multiple flexible, tri-axes force sensors 
being generated on a single silicon wafer. 
0.058 Although the present disclosure has been described 
with reference to preferred embodiments, workers skilled in 
the art will recognize that changes can be made in form and 
detail without departing from the spirit and scope of the 
present disclosure. 
What is claimed is: 
1. A method of manufacturing a flexible force sensor, the 

method comprising: 
forming a first sensor part including a plurality of first 

electrode plates in a non-conductive material, the first 
electrode plates being circumferentially spaced from 
one another, 

forming a second sensor part including a plurality of sec 
ond electrode plates in a non-conductive material, the 
second electrode plates being identical to the first elec 
trode plates in at least shape and circumferential spac 
ing; and 

assembling the first sensor part to the second sensor part 
such that respective ones of the first electrode plates are 
aligned with and spaced from respective ones of the 
second electrode plates to establish a plurality of capaci 
tive sensing components; 

wherein the first electrode plate of each of the sensing 
components is movable relative to the corresponding 
second electrode plate to establish a variable gap ther 
ebetween. 


