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SOFT SHEAR FORCE RESISTIVE SENSOR EMBEDDED IN ARTIFICIAL SKIN

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to (1) U.S. Provisional Patent Application No.
62/474,502, filed March 21, 2017, and (1) U.S. Provisional Patent Application No.
62/570,032, filed October 9, 2017, the contents of both of which are hereby incorporated by

reference in their entirety.

GOVERNMENT RIGHTS
This invention was made with government support under Grant Nos. CBET-1264046
and CBET-1461630, awarded by the National Science Foundation. The government has certain

rights in the invention.

BACKGROUND

Unless otherwise indicated herein, the materials described in this section are not prior
art to the claims in this application and are not admitted to be prior art by inclusion in this
section.

Human beings possess the sense of touch so that they can precisely control muscle
coordination during tasks such as haptic exploration and object manipulation. The sense of
touch is not a precisely defined term and usually categorized regarding the site of sensory
inputs into haptic (kinesthetic) and tactile (cutaneous). The term haptic is widely used in the
context of touch sensing where a manipulator interacts with the surroundings and resolves
external object properties. Haptic sensing is related to displacement and forces of muscles,
tendons and joints, while tactile sensing measures spatially resolved displacement and forces
from receptors in the skin, usually at the point of contact. In the example of pouring water
into a glass, sensory inputs from the finger joints that inform hand posture and position
corresponds to haptic. Inputs from the skin that 1s in contact with the glass and jug that
suggest surface properties are tactile.

The tactile sensing capabilities of human beings enable us to explore the surroundings
and deduce object surface/volumetric properties. Upon contact, humans perceive an object as

warm or cold, rough or smooth, and hard or soft. Humans can determine the object’s
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temperatures, surface textures, mechanical properties, such as hardness, mass distribution,
and geometric shapes. Humans can also detect certain tactile events such as changing forces
during a hug, incipient slip prevention, and even extract gravitational or inertial effects.

Tactile sensing can be categorized into a few modalities. Normal force sensing is vital
in grasp force control, contact location detection and edge detection. Humans regulate grasp
force to be 1.2-2 times the minimum force required without slip, which enables holding
delicate objects without dropping or damaging them. When the skin is pressed against an
object edge, static force mechanoreceptors surrounding the edge respond and resolve the edge
with high spatial resolution. Upon contact both normal and shear forces are present and shear
force sensing is critical to provide the information of friction in slip detection. It is also of
importance in the grasp force regulation in that it reveals the dynamic features of the
manipulating object such as slip, rotation, surface friction and inertia. There are also evidence
suggesting that the combination of normal and shear force yields surface texture. Vibration
sensing 1s thought to contribute to texture recognition and incipient slip detection. Tactile
perception of fine texture as small as a few microns 1s resolved by vibrations generated while
the finger 1s scanning the surface.

Robot manipulation and human prosthetic hands are important for a variety of
reasons. Robotic and prosthetic manipulation with visual perception has shown to be
successful in controlled environments. For example, optically controlled robots can aid in the
construction of automobiles in engineered and tightly controlled assembly lines. However,
the need for precise robot manipulation in applications with unstructured environment is
growing. Surgical robots have to precisely distinguish different tissues from their texture and
stiffness similar to an experienced surgeon. Prosthetic hands restore appearance and function
of the lost body part and the demand is pressing since it is estimated that 41,000 persons in
the United States undergo an upper-limb amputation in 2005. Prostheses have been shown to
be helpful in daily activities including hygiene, eating, grooming and dressing yet they are
challenging to use. Further technical advancement of prosthetic hands is required to improve
prosthetic acceptance and quality of life for a wide range of manipulation tasks including
manipulating an egg or glassware without crushing or slipping, locating and identifying
objects such as a remote control in the dark or a key in the pocket when vision input is
hindered.

Tactile feedback is a promising answer to these challenges because it enables precise
manipulation such as minimal access surgery and tele-operation in complex environments,

reveals surface/volumetric properties of objects, and increases robotic/prosthetic autonomy,
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such as reflexes. At the beginning of a manipulation, the robot/prosthesis needs to know if
and when the object is in contact. Low resolution and often blocked visual information is
insufficient without tactile information from contact. During the manipulation, the geometric
shape, surface roughness and stiffness of the object can be obtained through tactile sensing,
which can be used to construct a well-defined object model and enhance precise
manipulation. Grasp forces are monitored and regulated through tactile sensing and slip is
prevented by dynamic sensing. Overloading the end effector is also of concem for both the
robot system and the manipulating object without tactile feedback, especially in rigid link
mechanisms. Failure to measure and exert appropriate amount of force could lead to damage
of the manipulating object and/or the end effector itself.

The tactile sensors developed over the past three decades have not yet met the tactile
sensing needs of the robotic and prosthetic hands community. A variety of tactile sensors
have been developed ranging from rigid MEMS sensor to whole finger sensors and flexible
tactile sensing skin. While some sensors are outstanding in a few performance metrics and
requirements, much improvement is needed. A useful tactile sensor has to be flexible under
large strain and conformable to existing robotic manipulators. In particular, soft sensor
designs that produce reliable shear force measurement and address vibration sensing
modalities are scarce. A sensitive flexible shear tactile sensor that conforms and integrates
into existing fingertips that also measures vibration hasn’'t been presented. A sensor that
meets multiple design criteria and constraints shall be a useful tool for robotics and
prosthetics applications. The present subject matter provides sensitive tactile sensing skin that
can provide rich tactile information such as normal contact force, shear friction force, or

vibration.

SUMMARY

Example sensor devices, sensor systems, and methods of use are described herein. In
a first aspect, a sensor device is provided. The sensor device includes (a) a substrate having a
first end and a second end, wherein the substrate includes a contact portion, a first sensor
portion positioned between the first end of the substrate and the contact portion, and a second
sensor portion positioned between the second end of the substrate and the contact portion,
wherein the first and second sensor portions are spaced apart and separated by the contact
portion, (b) a first strain gauge sensor positioned at the first sensor portion, and (c) a second
strain gauge sensor positioned at the second sensor portion, wherein the first end of the

substrate and the second end of the substrate are configured to be coupled to a rigid curved
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surface such that the substrate is configured to conform to the rigid curved surface, and wherein
the sensor device is configured such that a force applied to the contact portion of the substrate
will be sensed by each of the first strain gauge sensor and the second strain gauge sensor due to
a movement of the substrate with respect to the rigid curved surface.

In a second aspect, another sensor device is provided. The sensor device includes (a) a
substrate including a contact portion, a first tab extending from the contact portion, a second
tab extending from the contact portion in a direction substantially parallel to and opposite
from the first tab, a third tab extending from the contact portion in a direction substantially
perpendicular to the first and second tabs, and a fourth tab extending from the contact portion
in a direction substantially parallel to and opposite from the third tab, (b) a first strain gauge
sensor positioned at the first tab, (¢) a second strain gauge sensor positioned at the second tab,
(d) a third strain gauge sensor positioned at the third tab, (e) a fourth strain gauge sensor
positioned at the fourth tab, and (f) a first normal force sensor positioned on the contact
surface, wherein a distal end of each of the first tab, the second tab, the third tab, and the
fourth tab are configured to be coupled to a rigid curved surface such that the substrate is
configured to conform to the rigid curved surface, and wherein the sensor device is
configured such that a force applied to the contact portion of the substrate will be sensed by
each of the first strain gauge sensor, the second strain gauge sensor, the third strain gauge
sensor, the fourth strain gauge sensor, and the first normal sensor due to a movement of the
substrate with respect to the rigid curved surface.

In a third aspect, a sensor system is provided. The sensor system includes (a) a sensor
device including (i) a substrate having a first end and a second end, wherein the substrate
includes a contact portion, a first sensor portion positioned between the first end of the substrate
and the contact portion, and a second sensor portion positioned between the second end of the
substrate and the contact portion, wherein the first and second sensor portions are spaced apart
and separated by the contact portion, (ii) a first strain gauge sensor positioned at the first sensor
portion, and (ii1) a second strain gauge sensor positioned at the second sensor portion, and (ba
rigid curved surface coupled to the substrate such that the first sensor portion and the second
sensor portion are non-coplanar with the contact portion, wherein the first end of the substrate
and the second end of the substrate are coupled to the rigid curved surface, and wherein the
sensor system is configured such that a force applied to the contact portion of the substrate will
be sensed by each of the first strain gauge sensor and the second strain gauge sensor due to a

movement of the substrate with respect to the rigid curved surface.
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In a fourth aspect, a method for detecting a force on a rigid curved surface is provided.
The method includes (a) positioning the sensor device of any one of aspects described above on
the rigid curved surface, (b) applying the force to the sensor device, and (c) the first strain
gauge sensor and the second strain gauge sensor sensing the applied force due to a movement
of the substrate with respect to the rigid curved surface to thereby determine a resistance in
each of the first strain gauge and the second strain gauge.

These as well as other aspects, advantages, and alternatives, will become apparent to
those of ordinary skill in the art by reading the following detailed description, with reference

where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGURES 1A-1B illustrate a sensor device, according to an example embodiment.
FIGURE 2 illustrates example strain gauge sensors, according to an example embodiment.
FIGURE 3 illustrates an example normal force sensor, according to an example embodiment.
FIGURE 4 illustrates another sensor device, according to an example embodiment.
FIGURE 5 illustrates the sensor device of Figure 4 positioned on a rigid curved surface,
according to an example embodiment.
FIGURE 6 illustrates a printed circuit board for use with the sensor device of figure 4,
according to an example embodiment.
FIGURE 7 is a schematic of the printed circuit board of Figure 6, according to an example
embodiment.
FIGURE 8 is simplified flow chart illustrating a method, according to an example embodiment.
FIGURE 9 is a graph showing the stress-strain relationship for strains under 20% for seven
independent tensile tests on two specimens, according to an example embodiment.
FIGURE 10 1s a graph showing the circumferential strain at the location of the strain gauge,
according to an example embodiment.
FIGURE 11 shows the strain distribution contour with a 1 N normal force and shear forces 0.5
and 1 N, according to an example embodiment.
FIGURE 12 shows the circumferential strain as a function of angular position at a normal force
of 1 N and shear force ranging from 0 to 1 N, according to an example embodiment.
FIGURE 13 shows the predicted normalized sensor response as a function of the applied shear
force for 1 N of normal force, according to an example embodiment.
FIGURE 14 shows an analytical prediction of a normalized sensor response as a function of the

applied shear force for 1 N of normal force, according to an example embodiment.
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FIGURE 15 illustrates the external electrical equipment of an experiment, according to an
example embodiment.

FIGURE 16 illustrates the circuit diagram of the data acquisition system used to collect the
strain gauges’ response, according to an example embodiment.

FIGURE 17 shows measurements of the normalized sensor response as a function of the shear
force with a 1 N normal force, according to an example embodiment.

FIGURE 18 shows the normalized sensor response as a function of the shear force for different
applied normal forces, according to an example embodiment.

FIGURE 19 shows a non-linear fit of the normalized sensor response with respect to shear
force at normal force of 0.5 N, 1 N, 1.5 N and 2 N, according to an example embodiment.
FIGURE 20 shows experimental normalized sensor response as a function of the applied shear
force, according to an example embodiment.

FIGURE 21 shows the benchtop controlled vibration test apparatus used in an experiment,
according to an example embodiment.

FIGURE 22 shows the normalized sensor response as a function of time during an impulse
stepwise unloading event, according to an example embodiment.

FIGURE 23 shows the temporal response of the shear force sensor with lateral continuous
displacement of the stainless steel and sandpaper loading tips, according to an example
embodiment.

FIGURE 24 shows the normalized shear response power magnitude and laser Doppler
vibrometer vibration amplitude as a function of actuation frequencies, according to an example
embodiment.

FIGURE 25 shows actuated displacement measure by laser Doppler vibrometer with
concentration at these frequencies, according to an example embodiment.

FIGURE 26 shows sensor response signal power with respect to laser Doppler vibrometer
vibration amplitude at 240 Hz, according to an example embodiment.

FIGURE 27 shows the sensor mounted on an artificial fingertip which is attached to a robotic
manipulator, according to an example embodiment.

FIGURE 28 shows the snapshots of different manipulation stage and sensor response to the
pick and place test, according to an example embodiment.

FIGURE 29 shows pick and drop tests, according to an example embodiment.

FIGURE 30 shows free body diagrams of the manipulating box, according to an example

embodiment.
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FIGURE 31 shows the snapshots of different manipulation stage and the sensor response when
the robotic hand transfers the box to a human hand and then releases its grip, according to an
example embodiment.

FIGURE 32 shows the experimental apparatus, according to an example embodiment.

FIGURE 33 shows normalized sensor responses plotted against measured normal force from
force transducer, according to an example embodiment.

FIGURE 34 shows calibration curves as normalized sensor response with respect to normal
force, according to an example embodiment.

FIGURE 35 shows the shear force sensor response with respect to shear force in
distal/proximal and radial/ulnar direction, according to an example embodiment.

FIGURE 36 shows a representative fast Fourier transform plot, according to an example
embodiment.

FIGURE 37 shows sensor response power and laser Doppler vibrometer measured vibrating

displacement with respect to frequency, according to an example embodiment.

DETAILED DESCRIPTION

Example methods and systems are described herein. It should be understood that the
words “example” and “exemplary” are used herein to mean “serving as an example, instance,
or illustration.” Any embodiment or feature described herein as being an “example” or
“exemplary” is not necessarily to be construed as preferred or advantageous over other
embodiments or features. In the following detailed description, reference is made to the
accompanying figures, which form a part thereof. In the figures, similar symbols typically
identify similar components, unless context dictates otherwise. Other embodiments may be
utilized, and other changes may be made, without departing from the scope of the subject
matter presented herein.

The example embodiments described herein are not meant to be limiting. It will be
readily understood that the aspects of the present disclosure, as generally described herein,
and illustrated in the figures, can be arranged, substituted, combined, separated, and designed
in a wide variety of different configurations, all of which are explicitly contemplated herein,

As used herein, with respect to measurements, “about” means +/- 5 %.

”° ¢

Unless otherwise indicated, the terms “first,” “second,” etc. are used herein merely as
labels, and are not intended to impose ordinal, positional, or hierarchical requirements on the

items to which these terms refer. Moreover, reference to, e.g., a “second” item does not
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require or preclude the existence of, e.g., a “first” or lower-numbered item, and/or, e.g., a
“third” or higher-numbered item.

Reference herein to “one embodiment™ or “one example” means that one or more
feature, structure, or characteristic described in connection with the example is included in at
least one implementation. The phrases “one embodiment™ or “one example™ in various places
in the specification may or may not be referring to the same example.

As used herein, a system, apparatus, device, structure, article, element, component, or
hardware “configured to” perform a specified function is indeed capable of performing the
specified function without any alteration, rather than merely having potential to perform the
specified function after further modification. In other words, the system, apparatus, structure,
article, element, component, or hardware “configured to” perform a specified function is
specifically selected, created, implemented, utilized, programmed, and/or designed for the
purpose of performing the specified function. As used herein, “configured to” denotes
existing characteristics of a system, apparatus, structure, article, element, component, or
hardware, which enable the system, apparatus, structure, article, element, component, or
hardware to perform the specified function without further modification. For purposes of this
disclosure, a system, apparatus, structure, article, element, component, or hardware described
as being “configured to” perform a particular function may additionally or alternatively be
described as being “adapted to” and/or as being “operative to” perform that function.

In the following description, numerous specific details are set forth to provide a
thorough understanding of the disclosed concepts, which may be practiced without some or
all of these particulars. In other instances, details of known devices and/or processes have
been omitted to avoid unnecessarily obscuring the disclosure. While some concepts will be
described in conjunction with specific examples, it will be understood that these examples are

not intended to be limiting.

A. Overview

Example embodiments of the present disclosure include sensor devices, sensor
systems, and methods of use thereof. In particular, a bioinspired, thin and flexible liquid
metal filled resistive Polydimethylsiloxane (PDMS) microchannel based shear force sensor
skin is described herein. In one particular example, the sensor skin is wrapped around a
finger-shaped effector and fixed at the location of the nail bed. When the skin is subjected to
shear force, regardless of the location of contact, it results in one side of the skin in tension

and the other side in compression that buckles and bulges similar to a human fingertip. The
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tension and compression are measured by embedded liquid metal filled resistive
microchannel strain gauges that are strategically placed adjacent to the nail bed. The resistive
shear sensing skin is sensitive, precise, capable of capturing dynamic tactile events, and on
par with human vibration sensing capabilities. The resistive shear sensing skin is intrinsically
flexible and immune to fatigue or other problems of solid-state sensors when subjected to
repeated large strain. The sensor devices and systems described herein further measures two
dimensions of shear force, spatially resolved normal force, and vibration sensing in the
normal and shear force directions. The normal force sensor is based on channel deformation
induced resistance change with respect to normal force.

It should be understood that the above examples of the method are provided for

illustrative purposes, and should not be construed as limiting.

B. Example Sensor Devices and Systems

Figures 1A and 1B illustrate sensor device 100, according to an example embodiment.
The shear sensing skin design is inspired by the layered structure of the human fingertip. Skin
consists of epidermis (outermost layer), dermis, and subcutaneous fat tissue. While all of
these layers are soft relative to the underlying bone, the subcutaneous fat tissue is much softer
than the epidermis and dermis, thus, skin tends to shear and slide with respect to the
underlying bone when shear force is applied to the finger pad. This deformation results in
tension on one side of the fingerpad and compression on the other side. A shear force can be
determined in such a sensor device by leveraging the asymmetry in the strain that occurs
across the fingerpad, provided there is little to no Poisson’s effect at the strain gauges. The
Poisson’s effect is negligible when normal forces are not applied directly to the strain gauges.

In particular, as shown in Figure 1A, the sensor device 100 includes a substrate 102
having a first end 103 and a second end 105. The substrate 102 further includes a contact
portion 104, a first sensor portion 106 positioned between the first end 103 of the substrate
102 and the contact portion 104, and a second sensor portion 108 positioned between the
second end 105 of the substrate 102 and the contact portion 104. The first and second sensor
portions 106, 108 are spaced apart and separated by the contact portion 104, The sensor
device 100 also includes a first strain gauge sensor 110 positioned at the first sensor portion
106. The sensor device also includes a second strain gauge sensor 112 positioned at the
second sensor portion 108. The first end 103 of the substrate 102 and the second end 105 of
the substrate 102 are configured to be coupled to a rigid curved surface 116 such that the

substrate is configured to conform to the rigid curved surfacel16, as shown in Figures 1A and
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IB. The sensor device 100 is configured such that a force 114 applied to the contact portion
104 of the substrate 102 will be sensed by each of the first strain gauge sensor 110 and the
second strain gauge sensor 112 due to a movement of the substrate 102 with respect to the
rigid curved surface 116, as illustrated in Figure 1B.

The first strain gauge sensor 110 and the second strain gauge sensor 112 may take a
variety of forms. In one example, each of the first strain gauge sensor and the second strain
gauge sensor include a plurality of conductive pathways 111. In one example, the plurality of
conductive pathways 111 comprise a plurality of channels with a conductive liquid metal
positioned therein. The plurality of conductive pathways 111 may be flexible. In one
particular example, each of the first strain gauge sensor 110 and the second strain gauge
sensor 112 include a plurality of liquid metal filled microchannels, as shown in Figure 2. In
one particular example, the liquid metal filled microchannels comprise eGaln filled
microchannel strain gauges. Other strain gauges are possible as well. As shown in Figure 2B,
the strain gauge sensor microchannel design is a compromise between signal to noise ratio,
power consumption, and microfabrication constraints. Considering N strips each of length L
forming a strain gauge with total width W, the total length of the conductor consists of N in
the longitudinal direction and # in the transverse direction. Since N > 1, the transverse part
can be ignored and the total resistance is approximately pNL/(wh). The resistance change is
proportional to longitudinal deformation. The power consumption of the strain gauge is
V2/R = V2wh/pNL where V is the applied voltage. The measured resistance change can be
related to strain using the gauge factor F = AR/R, /&, where AR is the change of resistance,
R, is the resistance at the un-deformed state, and ¢ is the strain. A uniaxial tensile stress with

AR 1+¢

linear elasticity at small strain yields, — = ———
! Y R, (1-ve)?

1= (1+ 2v)¢e where v is
Poisson’s ratio of the material. The Poisson’s ratio of an incompressible elastomer is 0.5
which results in a gauge factor of PDMS encapsulated liquid metal gauge is estimated at
(1+2v) =2

These equations show that it is advantageous to maximize the sensor resistance
because it minimizes the sensor power consumption and results in greater measured sensor
response. Large sensor resistance can be achieved with small channel cross-section
dimensions; however, there could be a practical limit to the minimum channel cross-section
dimensions because larger filling pressures and better sealing techniques are required to fill

the channels with liquid metal as microchannel dimensions become smaller. In one particular

example, the width of the microchannels of the first strain gauge sensor 110 and the second
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strain gauge sensor 112 are 50 um width and height and an approximately 210 mm long
serpentine channel made of N = 70 strips that are . = 3 mm long. The nominal resistance of
each strain gauge is approximately 25 Q.

As shown in Figures 1A-1B, the substrate 102 may comprise a flexible material
configured to conform to a rigid curved surface 116. In one particular example, the substrate
102 comprises polydimethylsiloxane (PDMS). As such, the substrate 102 may be at least
partially flexible. Other materials for the substrate 102 are possible as well. In one example,
the contact portion 104 comprises at least half of a surface area of the substrate 102. In one
example, each of the first strain gauge sensor 110 and the second strain gauge sensor 112 are
embedded in the substrate 102. In another example, each of the first strain gauge sensor 110
and the second strain gauge sensor 112 are positioned on an outer surface of the substrate
102. In yet another example, each of the first strain gauge sensor 110 and the second strain
gauge sensor 112 are positioned on an inner surface of the substrate 102.

In one example, conventional soft lithography fabrication techniques may be used to
create 50 um microchannels in PDMS for the first and second strain gauge sensors 110, 112.
The master for the serpentine channel may be fabricated by first spin coating SU-8 2025
photoresist at 1500 rpm onto a 4 in. silicon wafer. The wafer may be soft baked by ramping
up to 95 °C at 120 °C/hr for 7 mins and cooling to room temperature at 240 °C/hr, The master
may be exposed for 60s in a broad wavelength aligner whose intensity is 8.88 mW/cm® at
365 nm. Then the wafer may be post baked by ramping to 95 °C at 300 °C/hr, for 7 mins and
then cooled to room temperature at 300 °C/hr. The master may then be developed for 6 mins
and hard baked at 150°C to improve mechanical stability. Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane may be evaporated onto the master in a desiccator to reduce the
adhesion between PDMS and the mold. The thickness of the pattem on the master was
measured to be S0 um by a stylus profilometer.

In one particular example, PDMS with a 10:1 elastomer to curing agent ratio be used.
Each half of the PDMS layer may be fabricated using a two-step spin coating process by first
spin coating at 500 rpm for 60 s, curing at 80 °C for 1 hour in a desiccator under vacuum, and
repeating to get a 0.3 mm thick layer. The patterned layer may be peeled from the wafer and
cut into desired shape of 47 mm by 20 mm with serpentine strain gauges that have a total
sensor area of 7 mm by 3 mm. Reservoirs for each strain gauge may be created by punching
the patterned layer with a 710 um cutting edge diameter, tin coated stainless steel puncher.
The patterned PDMS film may be bonded to a 0.3 mm thick flat piece of PDMS, fabricated

by spin coating PDMS on a blank wafer, using 30s of oxygen plasma treatment with a
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500~600 mTorr pressure and RF power of 30 W. The patterned PDMS film may be brought
into contact with the flat PDMS film immediately after treatment and visual inspection for air
entrapment. The assembly may be elevated to 80 °C for 1hour to increase the bonding
strength. For the integrated sensor, a 100 g weight may be placed to apply uniform pressure
across the sensor area in order to promote bonding strength. eGaln (Gallium Indium Tin
Eutectic) may be injected into each strain gauge with a 22 gauge blunt needle. Two hundred
fifty micron diameter copper wires may be placed into each reservoir and sealed by
dispensing uncured PDMS over the reservoirs and copper wires. The assembly may be
brought to 80 °C for 1 hr in an oven to cure the PDMS that seals the reservoirs and adheres
the copper wires to the PDMS film. Figure 2 shows the fully assembled artificial skin
embedded with eGaln-filled microchannel strain gauge sensors 110, 112.

Further, as shown in Figures 1A-1B, the sensor device 100 may also include a first
mounting portion 118 positioned on the substrate 102. The first mounting portion 118 is
positioned between the first end 103 of the substrate 102 and the first sensor portion. The
sensor device 100 may also include a second mounting portion 120 positioned on the
substrate 102. The second mounting portion 120 is positioned between the second end 105 of
the substrate 102 and the second sensor portion 108. The first mounting portion 118 and the
second mounting portion 120 mount the substrate 102 to a rigid curved surface 116, As
shown in Figures 1 A-1B, the first mounting portion 118 and the second mounting portion 120
may comprise a bracket with screws that are positioned into the rigid surface 116. However,
the first mounting portion 118 and the second mounting portion 120 may take a variety of
forms, including mounting brackets, adhesive, stitches, or clamps, as non-limiting examples.
In one particular example, the rigid curved surface 116 comprises an end effector of a robotic
device. In another embodiment, the rigid curved surface 116 may comprise any surface on the
body of a robotic device or a human. Other surfaces are possible as well. In another example,
the sensor device 100 is mounted to a surface that is not curved. For example, the sensor
device 100 may be mounted to a building, bridge, aircraft, or other structure to detect tension,
compression, and/or vibration forces. Other use cases for the sensor system 100 are possible
as well.

The sensor device 100 may further include a normal force sensor 122 positioned on
the contact surface 104. In one particular example, the normal force sensor 122 comprises a
spiral microfluidic architecture, as shown in Figure 3. Spiral resistive normal force sensors
122 tend to be more robust against electromagnetic noise and are easier to fabricate because

they only consists of a single layer microfluidic architecture. The design shown in Figure 3
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modifies existing spiral normal force sensors to fit finger-sized end effectors and reduced the
geometry to enhance dynamic range. The arithmetic spiral curve is used to allow constant
separating distance between the channels. As shown in Figure 3, the spiral microfluidic
architecture consists of two arithmetic spiral curve connected at the center, with inlet and
outlet on one side of the spiral. The resistance of the channel is a function of sensor total

radius, channel spacing and dimension.
. . U e
The sensor resistance of the normal force sensor 122is R = p " with p as resistivity, /

as total channel length, A4 as the cross section area. It is advantageous to maximize the normal
force sensor resistance to minimize power consumption and greater measured sensor
response. The channel dimension is 50 um width and height in the goal of fabricating defect
free channels that can be filled using pressure. The size of the sensor is constrained by the
geometry of the fingertip. The diameter of the normal force sensors may be about 3 mm.

As shown in Figure 1, the substrate 102 around a rigid curved surface 116 (in this
case, an artificial fingertip) and is fixed with the first and second mounting portions 118, 120
near the top of the rigid curved surface 116 at a location proximal to the perimeter of a human
finger nail bed. The eGaln filled microchannel strain gauge sensors 110, 112 are located in
the substrate 102, adjacent to the first and second mounting portions 118, 120. The interface
between the rigid curved surface 116 and flexible substrate 102 may be lubricated so that the
flexible substrate 102 can more easily slide with respect to the rigid curved surface 116.
When the substrate 102 is subject to shear force 114 at the location of fingerpad, as shown in
Figure 1B, the substrate 102 slides relative to the rigid curved surface 116 at the contact
portion 104, putting the fore and aft sides of the substrate 102 in compression (buckling) and
tension, respectively. The asymmetric strain pattern allows us to uniquely correlate the
difference between the strains to the amount of shear force applied on the rigid curved
surface 116.

The substrate 102 can be designed such it is soft to shear displacement but stiff to
tensile displacement using modified geometry or anisotropic material. Thus, for a given shear
displacement, the z-direction as shown in Figures 1A and 1B will generate less reaction
forces, concentrating the strain to the sensors 110, 112 and increasing sensor sensitivity. In
one particular example, the substrate 102 comprises an anisotropic material that has low shear
modulus but is strong in the direction of tension, for example by using fibers. In one
particular example, the fibers are arranged such that a longitudinal axis of the fibers are

parallel to a length of a long axis of the substrate 102 (e.g., pointing form the first end 103 to
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the second end 105 of the substrate 102). Other embodiments for providing a substrate that is
soft to shear displacement but stiff to tensile displacement are possible as well.

In one example, the sensor device 100 1s part of a sensor system that includes the
sensor device 100 and the rigid curved surface 116. In such an example, the sensor device
includes all of the features described above, including (i) a substrate 102 having a first end
103 and a second end 105, wherein the substrate 102 includes a contact portion 104, a first
sensor portion 106 positioned between the first end 103 of the substrate 102 and the contact
portion 1004, and a second sensor portion 108 positioned between the second end 105 of the
substrate 102 and the contact portion 104, wherein the first and second sensor portions 106,
108 are spaced apart and separated by the contact portion 104, (i1) a first strain gauge sensor
110 positioned at the first sensor portion 106, and (iii) a second strain gauge sensor 112
positioned at the second sensor portion 108. The first end 103 of the substrate 102 and the
second end 105 of the substrate 102 are coupled to the rigid curved surface 116 such that the
substrate 102 conforms to the rigid curved surface 116. The rigid curved surface 116 is
coupled to the substrate 102 such that the first sensor portion 106 and the second sensor
portion 108 are non-coplanar with the contact portion 104. The sensor system is configured
such that a force 114 applied to the contact portion 104 of the substrate 102 will be sensed by
each of the first strain gauge sensor 110 and the second strain gauge sensor 112,

Figure 4 illustrates another sensor device 200, according to an example embodiment.
As shown in Figure 4, the sensor device 200 may include a substrate 202 including a contact
portion 204, a first tab 206 extending from the contact portion 204, a second tab 208
extending from the contact portion 204 in a direction substantially parallel to and opposite
from the first tab 206, a third tab 210 extending from the contact portion 204 in a direction
substantially perpendicular to the first and second tabs 206, 208, and a fourth tab 212
extending from the contact portion 204 in a direction substantially parallel to and opposite
from the third tab 210. The sensor device 200 may further include a first strain gauge sensor
214 positioned at the first tab 206, a second strain gauge sensor 216 positioned at the second
tab 208, a third strain gauge sensor 218 positioned at the third tab 210, and a fourth strain
gauge sensor 220 positioned at the fourth tab 212. The sensor device 200 may further include
a first normal force sensor 222 positioned on the contact surface 204. A distal end of each of
the first tab 206, the second tab 208, the third tab 210, and the fourth tab 212 are configured
to be coupled to a rigid curved surface 238 such that the substrate 202 is configured to
conform to the rigid curved surface 238. The sensor device 200 is configured such that a

force applied to the contact portion 204 of the substrate 202 will be sensed by each of the first
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strain gauge sensor 214, the second strain gauge sensor 216, the third strain gauge sensor 218,
the fourth strain gauge sensor 220, and the first normal force sensor 222 due to a movement
of the substrate 202 with respect to the rigid curved surface 238.

As shown in Figure 4, the sensor device 200 may further include a second normal
force sensor 224 positioned between the first strain gauge sensor 214 and the contact portion
204. The sensor device 200 may further include a third normal force sensor 226 positioned
between the second strain gauge sensor 216 and the contact portion 204. The sensor device
200 may further include a fourth normal force sensor 228 positioned between the third strain
gauge sensor 218 and the contact portion 204. The sensor device 200 may further include a
fifth normal force sensor 230 positioned between the third strain gauge sensor 218 and the
fourth normal force sensor 228. The sensor device 200 may further include one or more
additional normal force sensors positioned on the contact surface 204. In particular, as shown
in Figure 4, the one or more additional normal force sensors positioned on the contact surface
204 may comprises a sixth normal force sensor 232 positioned on the contact surface 204, a
seventh normal force sensor 234 positioned on the contact surface 204, and an eighth normal
force sensor 236 positioned on the contact surface 204.

As such, the contact surface 204 has 2 by 2 normal force sensor layout. The ulnar and
radial first and second tabs 206, 208 contain 1 normal force sensor and 1 strain gauge sensor.
The proximal fourth tab 212 contains a strain gauge sensor only and the distal third tab 210
contains two normal force sensors because there is a high interest in the normal force in this
region where the fingertip interact with objects.

As discussed above, the substrate 202 may comprise a flexible material configured to
conform to a rigid curved surface 238, as shown in Figure 5. In one particular example, the
substrate 202 comprises polydimethylsiloxane (PDMS). Other materials for the substrate 202
are possible as well. In one example, the contact portion 204 comprises at least half of a
surface area of the substrate 202. In one example, each of the sensors are embedded in the
substrate 202. In another example, each of the sensors are positioned on an outer surface of
the substrate 202. In yet another example, each of the sensors are positioned on an inner
surface of the substrate 202, Each of the strain gauge sensors and the normal force sensors
may be similarly arranged to the strain gauge sensors 110, 112 and normal force sensors 122
described above in relation to the sensor device 100.

As shown in Figures 4-5, the sensor device 200 may further include a first mounting
portion 240 positioned on the first tab 206 of the substrate 202. The first strain gauge sensor
214 1s positioned between the first mounting portion 240 and the contact portion 204. The
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sensor device 200 may further include a second mounting portion 242 positioned on the
second tab 208 of the substrate 202. The second strain gauge sensor 216 is positioned
between the second mounting portion 242 and the contact portion 204. The sensor device 200
may further include a third mounting portion 244 positioned on the third tab 210 of the
substrate 202. The third strain gauge sensor 218 is positioned between the third mounting
portion 244 and the contact portion 204. The sensor device 200 may further include a fourth
mounting portion 246 positioned on the fourth tab 212 of the substrate. The fourth strain
gauge sensor 220 1s positioned between the fourth mounting portion 246 and the contact
portion 204. Each of the mounting portions 240, 242, 244, 246 are used to mount the
substrate to the rigid curved surface 238. As discussed above, in one example the rigid curved
surface 238 comprises an end effector of a robotic device.

The mounting portions 240, 242, 244, 246 may take a variety of forms, as discussed
above. In particular, the mounting portions 240, 242, 244, 246 may comprise any structure
configured to mount the sensor device 200 to a surface, such as the rigid curved surface 238.
As shown in Figure 4, the mounting portions 240, 242, 244, 246 may comprise through holes
in the substrate 202, through which fastening mechanisms may pass to thereby secure the
sensor device 200 to the rigid curved surface 116 an/or 238 as shown in Figures 1 and 5
respectively.

The four tabs 206, 208, 210, 212 connecting to the contact surface 204 of the substrate
202 can be designed such that they are soft to shear displacement but stiff to tensile
displacement using modified geometry or anisotropic material. Thus, for a given shear
displacement, tabs of orthogonal direction will generate less reaction forces, concentrating
the strain to the co-linear tabs and increasing sensor sensitivity. One proposal is to create a
softened region 248, as shown in Figure 4. The softened region 248, represented by the four
dotted lines in Figure 4, may represent punched holes that reduce local stiffness of the
substrate 204. Another approach is to use anisotropic material at the softened region 248 that
has low shear modulus but is strong in the direction of tension, for example by using fibers.
The softened region 248 enables the contact region 204 to slide more easily with respect to
the rigid curved surface 238. Additionally, surface treatment may be implemented so that the
friction coefficient between the substrate 202 and the rigid curved surface 238 can be greatly
reduced. For example, a lubricant may be positioned between the substrate 202 and the rigid

curved surface 238.

16

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2018/175662 PCT/US2018/023662

The sensor resistance is R = p% with p as resistivity, / as total channel length, 4 as

the cross section area. It 15 advantageous to maximize the normal force sensor resistance to
minimize power consumption and greater measured sensor response. The channel dimension
1s 50 um width and height in the goal of fabricating defect free channels that can be filled
using pressure. The size of the sensor is constrained by the geometry of the fingertip. Then
the substrate 202 was then fitted to allow conformal wrapping and sensor dimension was
determined accordingly depending on the available geometry space. The diameter of the
normal force sensors may be about 3 mm, the length and width of the shear force sensors may
be about 3 mm and 4 mm respectively. This resulted in a normal force sensor channel that has
an overall length of approximately 126 mm long and shear force sensor that is approximately
120 mm long serpentine channel made of N = 40 strips that are L = 3 mm long. These
dimensions are for examples only, and are not meant to be limiting. The calculated nominal
resistance of each strain gauge is approximately 15 Q, which is verified in experiments.

Increasing number of sensors also resulted in larger number of lead wires. There are
12 sensors in the example shown in Figures 4-5, and 24 reservoirs that require lead wire
connection in this design. To increase robustness of the electrical connection originating from
the reservoirs, 32 gauge flexible multi-strand lead wires may be used to connect reservoirs to
external electrical equipment. Figure 6 shows the custom printed circuit board (PCB) located
at the nail bed used to receive electrical connections from the reservoirs, connect all resistors
in serial and relay the signal to data aquisition devices via multiple conductor cable. Twenty
four lead wires are fed into the board via terminal blocks. The board completes serial
connection of all resistive taxels and output. A 14-conductor ribbon cable with 0.64 mm pitch
is selected to relay sensor signal for its flexibility and compact size. DC current of 5 mA is
applied to the PCB and all resistors, and the DAQ system measures the voltage difference
across each of all 12 resistors. Figure 7 shows the PCB board schematics.

In one example, the sensor device 200 is part of a sensor system that includes the
sensor device 200 and the rigid curved surface 238. In such an example, the sensor device
includes all of the features described above. The rigid curved surface 238 is coupled to the
substrate 202 such that each of the first tab 206, the second tab 208, the third tab 210, and the
fourth tab 212 are non-coplanar with the contact portion 204, as shown in Figure 5. The
sensor system is configured such that a force applied to the contact portion 204 of the
substrate 202 will be sensed by each of the sensors due to a movement of the substrate with

respect to the rigid curved surface.
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C. Examples of Methods

Figure 8 1s a simplified flow chart illustrating method 300 for detecting a force on a
rigid curved surface. Although the blocks in Figure 8 are illustrated in a sequential order,
these blocks may also be performed in parallel, and/or in a different order than those
described herein. Also, the various blocks may be combined into fewer blocks, divided into
additional blocks, and/or removed based upon the desired implementation.

Further, while the methods described herein are described by way of example as being
carried out by a wearable computing device, it should be understood that an exemplary
method or a portion thereof may be carried out by another entity or combination of entities,
without departing from the scope of the invention.

In addition, the flowchart of Figure 8 shows functionality and operation of one
possible implementation of present embodiments. In this regard, each block may represent a
module, a segment, or a portion of program code, which includes one or more instructions
executable by a processor for implementing specific logical functions or steps in the process.
The program code may be stored on any type of computer-readable medium, for example,
such as a storage device including a disk or hard drive. The computer-readable medium may
include non-transitory computer-readable medium, for example, such as computer-readable
media that stores data for short periods of time like register memory, processor cache and
Random Access Memory (RAM). The computer-readable medium may also include non-
transitory media, such as secondary or persistent long term storage, like read only memory
(ROM), optical or magnetic disks, compact-disc read only memory (CD-ROM), for example.
The computer-readable media may also be any other volatile or non-volatile storage systems.
The computer-readable medium may be considered a computer-readable storage medium, for
example, or a tangible storage device.

For the sake of example, one or more steps of the method 300 shown in Figure 8 will
be described as implemented by a computing device. It should be understood that other
entities, such as one or more servers, can implement one or more steps of the example
method 300.

At block 302, the method 300 includes positioning the sensor device 100, 200 of any
one of the embodiments described above on a rigid curved surface. As discussed above, the
sensor device may be positioned on the rigid curved surface in a variety of ways. In one
example, the sensor device includes one or more mounting portions used to couple the sensor

device to the rigid curved surface, as discussed above. The mounting portion(s) of the sensor
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device may be configured to receiving a fastening mechanism to thereby secure the sensor
device to the rigid curved surface. The sensor device may be permanently or temporarily
positioned on the rigid curved surface.

At block 304, the method 300 includes applying the force to the sensor device. The
force applied to the sensor device may comprise a shear force, or a vibrational force as
examples. At block 306, the method 300 includes the first strain gauge sensor and the second
strain gauge sensor sensing the applied force due to a movement of the substrate with respect
to the rigid curved surface to thereby determine a resistance in each of the first strain gauge
and the second strain gauge. In the example where the force applied to the sensor device
comprises a shear force, a difference between the determined resistance in the first strain
gauge sensor and the determined resistance in the second strain gauge sensor is used to
determine the shear force applied to the contact portion of the sensor device.

As discussed above, the rigid curved surface may comprise an end effector of a
robotic device. In such an example, the determined shear force may be used as an input to
cause the robotic device to perform one or more functions. For example, if the determined
shear force exceeds a threshold value, the robotic device may determine that an object that is
being held by the robotic device is slipping from its grasp. In response, the robotic device
may set the object down. In another example, if the determined shear force exceeds a
threshold value, the robotic device may use a second end effector to support the object the
robotic device is holding. In yet another example, if the determined shear force exceeds a
threshold value, the robotic device may increase a squeeze force to better secure the object in

its grasp. Other functions are possible as well.

D. Experimental Examples

EXAMPLE 1 - Numerical Simulation of Shear Sensor Skin

Steady, two-dimensional finite element solid mechanics models with linear elasticity
to predict the sensor response to various normal and shear force loading conditions were
developed. These models were used to determine the appropriate placement of the strain
gauges to obtain linear, high sensitivity sensor response that is independent of the applied
normal force. The model was composed of two domains: one for the rigid fingertip core and
one for the PDMS artificial skin. Young’s modulus and Poisson’s ratio of the fingertip were

set to be 3.2 GPa and 0.3, respectively, in order to represent a rigid plastic material such as
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acrylic. An assumption was made that the PDMS skin was uniformly linear elastic and
incompressible with a Young’s modulus of 1.292 MPa and a Poisson’s ratio of 0.5 (0.49 to
avoid numerical difficulties).

The mechanical properties of the PDMS material were determined experimentally by
an electromechanical universal test machine. We prepared PDMS in the same way as in the
device fabrication. The specimens were formed into a type C dogbone in accordance with the
ASTM D412 standard. Figure 9 shows the stress-strain relationship for strains under 20% for
seven independent tensile tests on two specimens. The Young’s modulus of the PDMS was
found to be 1.29 MPa through linear regression of the stress-strain curve for strains under
5%. It was in close proximity with 1.53 MPa reported by Schneider ef al., who measured the
same PDMS product for five samples. The difference in measured stiffness is likely due to
the fact that our PDMS samples were cured at a lower temperature than that used by
Schneider et al. Tt is known that the stiffness of the PDMS increases at higher curing
temperatures.

Linear elasticity was used to describe the stress-strain relation at the strain levels
considered in the model. Throughout the modelling study, the maximum strain level was 9%
and the true stress deviated from the linear estimation by less than 5.5%. A hyperelastic
model, such as Mooney-Rivlin, would be more accurate for describing strain softening at
high loads; however, linear elasticity at lower loads is sufficient to validate the design and
provide general guidelines for selecting sensor parameters such as spatial location, gauge
size, channel dimension, etc.

We assumed that the strain gauges would not alter the PDMS material stiffness. The
boundaries where the artificial skin was fastened to the fingernail were specified as fixed.
The boundaries between the rigid fingertip and flexible PDMS skin were designated as non-
penetrable contact. The skin can slide relative to the fingertip with a static Coulomb friction
coefficient of 0.04 that was determined from experiments where a strip of PDMS was pulled
horizontally until slip occurred relative to a lubricated acrylic surface. The normal force was
actuated by a known weight, and the horizontal friction force was recorded by a 6-axis
force/torque transducer. A linear regression analysis was performed and the slope,
representing the static coefficient of friction, was estimated to be 0.04 from three independent
trials. The nonzero y-intercept of the linear regression line was atiributed to surface adhesion
and was modeled in the numerical simulation accordingly.

The contact between the skin and stimulus (object contacting the fingertip) was not

considered because, according to Saint-Venant’s Principle, the sensor response is equivalent
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to that of a uniform boundary load at the contact location as long as the contact is sufficiently
far from the sensor location. Since the friction force between the skin and rigid fingertip is
path-dependent, the loads in both normal and shear direction in the model were applied in the
same order as the experiments. The normal force is first applied and shear force increases
from zero to the value of normal force in 0.1 N increments. Four cases were examined where
normal forces are 0.5 N, 1N, 1.5N, and 2 N.

The rigid fingertip core was meshed with free triangular elements and the PDMS skin
with mapped quadrilateral mesh elements. The maximum element size in the skin domain
was set at 0.14 mm. The total number of elements was 1648 and minimum quality was 0.85
[120]-[122]. Further mesh refinement did not alter the results, suggesting that the mesh was
sufficiently resolved. In post-processing, the strain in the circumferential direction was
evaluated to strategically place the strain gauges in the location that yielded linear response,
largest sensitivity, and independence to applied normal force at the bottom of the fingertip.
The normalized sensor response was defined as,

AR = ARy /R0 — ARy /Ry = F(&, — &),

where Ry and R, are radial and ulnar strain gauge resistances when there is zero
load, AR; and AR, are changes of resistances with respect to R,  and R, , respectively, and
& and &, are surface averaged tangential strain at the strain gauge locations, respectively.
The normalized sensor response was calculated and plotted against shear force at different
normal force levels.

The simulation results are drawn from cases with four normal forces: 0.5 N, 1N,
1.5N and 2 N. In each case, the normal force is applied first and shear force increases from
zero in increment of 0.1 N. Figure 11 shows the strain distribution contour with a 1 N normal
force and shear forces 0.5 and 1 N. In each case, the normal force was applied first and then
the shear force was increased from zero in increments of 0.1 N. In both cases, a
circumferential tensile strain develops on the tail-side of the shear force vector (-x direction in
Figure 1) while a circumferential compressive strain develops on the head-side of the shear
force vector (+x direction in Figure 1). The magnitude of tensile strain is larger than that of
compressive strain due to buckling of the compressed region of the sensor skin. The
stretching and compression of the sensor skin is asymmetric, resulting in an overall increase
in skin length that results in a separation of the sensor from the rigid core, which is analogous
to a bulging finger pad under significant shear stress. A large magnitude tensile strain forms

at the location that the normal force 1s applied (0,-6.35) due to Poisson’s effect.

21

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2018/175662 PCT/US2018/023662

Figure 12 shows the circumferential strain, egq, as a function of angular position at a
normal force of 1 N and shear force ranging from 0 to 1 N. When there is only a normal
force, the circumferential strain is nonzero only at the point of contact (6 = 90) due to the
Poisson’s effect. When a shear force is applied, relatively constant tensile and compressive
strains develop on the tail- (8 < 90°) and head-side (8 > 90°) on the respective sides of the
shear force vector. The circumferential strain is near zero on the compressive side 8 > 90.
Circumferential strain in the tensile region (6 < 90°) is a strong function of shear force yet a
weak function of angular position (<4%). According to the classical belt friction problem, the
circumferential strain should decrease from the point of contact to the proximity of the fixed
boundary due to friction; however, with the static friction coefficient of 0.04, there is no
significant variation with position. This suggests that the sensors could be positioned
anywhere along the sensor skin, without sacrificing sensitivity, as long as they are
sufficiently far from the point of contact with physical objects where they might be
influenced by Poisson’s effect. Placing the sensors near the nail bed reduces the probability
of the sensors being subjected to interference from normal forces and makes room for other
sensor modalities, such as normal force or temperature, which might benefit from close
proximity to the point of contact.

The shear sensor skin sensitivity can be estimated using a simple analytical model
with a few assumptions to validate the numerical simulation results. Considering the skin
with uniform cross section, negligible friction with underlying finger core, uniform strain
distribution across z direction as indicated in Figure 10, the circumferential strain at the
location of the strain gauge can be simply represented as F; /EA, where F; is the applied shear
force at the fingerpad, £ is Young’s modulus of the PDMS, 4 is the cross section area. The
normalized sensor response 18 (F; - F)/(EA) where F'is the gauge factor. The sensitivity is
then

F/(EA) = 0.088 N1,

Figure 13 shows the predicted normalized sensor response, AR, as a function of the
applied shear force for 1 N of normal force. The simulations show that the sensor response is
linear with applied shear force over most of the small shear forces examined here. The inset
of Figure 13 shows the predicted normalized sensor response as a function of the applied
shear force over a smaller range of shear forces (<0.15 N) to elucidate the sensor deadband
due to the friction between the sensor skin and the rigid core. The sensor response remains at

zero before the shear force overcomes the static friction force and the skin is free to slip
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against the rigid core, thus the deadband region increases with the normal force. At moderate
normal forces of 1 N and friction coefficient as 0.04, prediction was made that the minimum
shear force measurement to be the product of two quantities as 0.04 N and similar threshold
of 0.05 N is determined from experiments. The simulation is further compared with simple
analytical predictions in Figure 14, showing good agreement of the deadband prediction as
well as the sensitivity at high shear forces.

The slope of normalized sensor response with respect to the applied shear force
throughout the working range is defined as the sensitivity. Table 1 shows that the predicted
sensitivity for several applied normal forces ranging from 0.5 N t0 2 N is 7.8 %/N. The
predicted sensitivity does not change with the applied normal force, suggesting that the
response of the shear sensor, in the light touch regime, 1s independent of the applied normal
force. This is advantageous because the shear force can be resolved without knowledge of the

normal force.

Sensitivity [N
Normal force [N] Computation . Experiment
0.5 0.078 0.078
1.0 0.078 0.076
1.5 0.078 0.080
2.0 0.078 0.080
Average 0.078 0.078
Table 1

EXAMPLE 2 - Static and Dynamic Characterization of a First Sensor Device

Static Characterization

The shear sensor was mounted on a three-dimensional linear stage to evaluate its
performance under controlled normal and shear force loading, as shown in Figure 15. Three
manual linear stages were assembled with right angle brackets to form three translational
degrees of freedom, and were then fixed to an optical breadboard. The stages were actuated
manually with adjustment screws and Vernier micrometers. A rotational stage was
incorporated to enable fine-tuning of the direction of force loads and ensure that shear force
loads were parallel to the fingertip surface tangent. Two acrylic plates were used to fasten the
artificial skin to the radial and ulnar aspects of an artificial fingertip that was fabricated from

an acrylic half-round with length of 20 mm and diameter of 12 mm. The fingertip was rigidly
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attached to the stage. The copper wires originating from the sensor reservoirs were soldered
to 8 mm by 8 mm copper pads that were placed beside the plastic fingertip, adjacent to the
sensor reservoirs. The copper pads provide stress relief for attachment to the external
electronic equipment.

The interface between the PDMS film and acrylic half-round was lubricated by gear
oil. A force/torque (F/T) transducer was mounted above the sensor to provide an independent
measure of the forces applied to the sensor skin. The force transducer was attached to a
loading tip that consisted of a 14 mm diameter cylindrical acrylic plate. The stage supporting
the sensor skin was manually actuated to displace the sensorized fingertip relative to the force
loading tip. Normal and shear force profiles were simultaneously measured by the sensor skin
and force transducer.

Figure 15 shows the external electrical equipment. The two sensor strain gauges were
connected in series with a source meter applving SmA DC current. According to a simple
convection analysis, Joule heating should not result in an increase of temperature of more
than 5°C. The voltages were measured across each strain gauge using a low frequency data
acquusition card at 10 Hz for static characterization or a high frequency data acquisition card
for dynamic tests of stepwise unloading and vibration. Customized LabView program
collects the voltages and displays the sensor resistance response.

Figure 16 shows the circuit diagram of the data acquisition system used to collect the
strain gauges” response. The two strain gauges in the shear sensor skin are connected in series
and a constant current is applied from a current source. The voltages across each strain gauge
are measured by a DAQ device using differential input. Wires from gauge 1 are fed to the
corresponding high end (1H) and low end (1L) of the first DAQ channel, and those from
gauge 2 to the second channel (2H and 2L). The strain gauge resistances are calculated using
the measured voltages and the known current using Ohm’s Law.

In the static characterization experiments, normal force was applied by moving the
stage vertically and then stepwise increased shear forces (0.1 N increments) by moving the
stage horizontally. Each data point was averaged over 1 second. The resistances without load
were measured before each loading scenario for normalization during that loading scenario
only using the equation on page 24. Dynamic measurements of impulse unloading, incipient
slip, and vibration were also taken.

Figure 17 shows measurements of the normalized sensor response as a function of the
shear force with a 1 N normal force. The measurements agree well with the predicted

response with average deviations less than 8%. The sensor’s response is repeatable with
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repetitive shear force up to 5 N and starts to respond at 0.04 N as predicted, with 1 N applied
normal force due to static friction. The simulations show that the minimum shear force is
required to overcome static friction and exhibit a linear response to applied shear force
depending on the friction coefficient and applied normal force. The noise floor was defined
as the standard deviation of the normalized sensor response over a 1s measurement interval at
a constant shear force value. Using this definition, the average noise floor is 1.6 mN, which
results in a dynamic range (with a maximum of 5 N) of more than 10-bits. The sensor was
subjected to various normal forces with no applied shear force, which should not result in any
measured shear force if the sensor is properly decoupled, and show that the sensor reports a
normalized sensor response of less than 1.24E-4 (or 1.45 mN), which is less than the noise
floor. The drift of the sensor 1s evaluated by the standard deviation of the sensor response to a
constant shear force load over time. The sensor was loaded with £, = 0.5 N and F/; = 0.15N
for 1 hr and data were collected at 0.01 Hz. The standard deviation of the normalized sensor
response 1s 1.48E-4 (or 1.73 mN). The precision of the shear sensor skin is characterized by a
prediction interval that was calculated to be £0.0802 N at 95% confidence. The prediction
interval is derived from the linear regression analysis as the range in which a future
measurement might fall at a certain confidence level. It reflects the confidence in the resolved

shear force and the static calibration and is determined by,

1 (xn+1 - f)z
it%nzsyx\/l + -+

no N-x)
where x and y are AR and F, respectively, t, /2.n—2 18 the t value that corresponds to a
confidence level of (1 — a) with n — 2 degrees of freedom, n 1s the number of data points,
and S, is the standard error of the estimate.

Figure 17 shows that the data points are scattered while the error bar is much small
than the marker itself. Such discrepancy between resolution and accuracy is usually referred
to as hysteresis among resistive based devices. The accuracy of the sensor describes the
variation of sensor response among independent trials and reflects the confidence of the
resolved shear force. It is derived from the prediction interval calculated from the linear
regression analysis of the static characterization. The prediction interval is determined to be
0.04 N at confidence level of 68% and 0.08 N at 95%.

The responses of two strain gauges are presented separately as a function of shear
force as the change of their resistance AR being either R; — R, ; or R, — R, o with respect to

resistances with zero load indicated by the subscript 0. Figure 17 shows a plot of change of
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resistance versus shear force experimentally (markers) and computationally (lines) to both
positive and negative, x-direction shear forces (respective to Figure 1). When shear force is in
the positive x-direction, the strain gauge on the tail-side of the shear force vector is in tension
and presents strong linear relationship. The strain gauge on the head-side of the shear force
vector is in compression and experiences negligible strain magnitude due to buckling. Such
behavior is observed in both simulation and experiments. These results show that the strain
sensor that is in tension generates nearly all the normalized signal response as it is defined as
AR = AR{/R; o —AR,/R;,. The part of skin under compression buckles and results in
negligible strain.

Figure 18 shows the normalized sensor response as a function of the shear force for
different applied normal forces. This setup was executed over a larger range of shear forces
(£ 1.6 N) than is shown in Figure 17 and exhibits a nonlinear response at higher shear forces.
At shear forces greater than 1.2 N, the slope of the data increases, resulting an increase in the
sensor sensitivity. Linear regression over this entire range of applied shear forces results in an
error less than 30% at high shear force levels. For simplicity, linear fits were applied to
determine the sensitivity for shear force magnitude less than 1.2 N, provided in Table 1.
These values agree well with the model predictions within 5%. If desired, a nonlinear fit can
be implemented to better represent the sensor response at high shear force levels, as shown
below in Figure 19.

The nonlinearity observed at higher shear forces is due to the nonlinear mechanical
properties of PDMS at high strain as well as the stress variation in the out-of-plane dimension
(z-direction) becoming non-negligible for larger shear forces. The reduction of PDMS
stiffness at high strain partially explains the increase in measured sensitivity at high shear
forces. As shown in Figure 9, PDMS starts to soften at approximately 9% strain, and its
deviation from linear elasticity can be as much as 14% at 20% strain. In addition, two-
dimensional simulation assumed a line load at the center of the fingerpad (considering a 2D
simulation is infinite in the third (z) dimension), whereas in the experiments only part of the
skin in the z direction (as defined in Figure 1) is loaded. Local high strain occurred in the y
dimension that the simulation did not take into consideration.

This work is concentrated in the light touch region with small force levels; however, a
more comprehensive model for a wider range of forces should likely include a 3D
hyperelastic mechanical finite element model to capture the observed increase of sensitivity

at high shear and normal forces. The experimental data only shows shear force of upto 1.6 N
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in the light touch regime; however, the sensor is capable of measuring higher level of shear
force. Unlike many capacitive sensors that saturates at some stimulation level, resistive strain
gauge sensors continue to respond until mechanical failure. A simple tensile analysis yields
that the PDMS artificial skin would break mechanically at 25 N of shear force. During one
trial where the sensor is continuously loaded until failure, the last reported resolved shear
forceis 10 N.

An example of non-linear fit of the normalized sensor response with respect to shear
force at normal force of 0.5 N, I N, 1.5N and 2 N is presented in Figure 19. The solid line
shows a third order polynomial fit of AR = 0.0146F7 + 0.0009F? + 0.0741F, with a R*
value of 0.981. Using this fit average error reduced to less than 4%.

The above experiments are all performed at room temperature of around 25°C. In
order to evaluate the sensor sensitivity variation with respect to temperature, the sensor is
calibrated under /), =1 N at elevated temperature of 40°C using a heat gun. The temperature
was verified by a thermocouple mounted adjacent to the shear sensor skin. Figure 19 shows
normalized sensor response as a function of shear force at both temperatures. The sensor
response overlaps and no change of sensitivity can be observed above the data variation.
Linear regression showed less than 2% of sensitivity change. The sensor response suggests
that the sensitivity 1s likely weak function of temperature and the calibration does not change
within the typical in-hand manipulation environment. The change of resistivity of eGaln for
the 15 °C temperature raise is approximately 1.1%. The apparent strain induced by thermal
expansion 1s governed by PDMS instead of eGaln because relatively large reservoirs on the
ends of the channels accommodate any excessive liquid metal. Linear thermal expansion
coefficient of PDMS is 3.2E-4 °C", therefore the apparent strain for the 15 °C temperature
raise is less than 0.5%. Such variances induced by temperature changes are much less than
the uncertainty observed in the experiments.

Experiments with the shear force applied in the distal/proximal direction with IN of
normal force were conducted. Figure 20 shows experimental normalized sensor response as a
function of the applied shear force. The shear sensor skin shows marginal, 0.004 N-1,
sensitivity to distal/proximal shear force, which is less than 5% of its sensitivity to radioulnar

direction shear force.
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Dynamic Characterization

Disclosed herein is a flexible microfluidic shear force sensor skin that is capable of
measuring dynamic shear force and vibration. It was confirmed that the sensor skin is able to
resolve shear forces in benchtop experiments of stepwise unloading and slip as well as detect
vibration for displacements as small as 0.43 pm and frequencies as large as 660 Hz.

Similar to the static characterization section, the shear sensor was mounted on a three-
dimensional linear stage to evaluate its performance under controlled normal and shear force,
as shown previously for benchtop characterization experiments. Two acrylic plates were used
to fasten the artificial skin to the two sides of an artificial fingertip that was fabricated from
an acrylic half-round with length of 20 mm and diameter of 12 mm. The fingertip was rigidly
attached to the stage. The interface between the PDMS film and acrylic half-round was
lubricated by gear oil. A force/torque (F/T) transducer was mounted above the sensor to
provide an independent measure of the forces applied to the sensor skin. The force transducer
was attached to a loading tip that consists of either a steel bolt with a 4. 8 mm diameter tip or
a 14 mm diameter cylindrical plate with 120 grit sandpaper. The stage supporting the sensor
skin was manually actuated to generate displacement and results in normal and shear force
profiles which are simultaneously measured by the sensor skin and force transducer. The
gauge voltages across each strain gauge were measured using a low frequency data
acquisition card at 10 Hz for incipient slip tests and applications on robotic manipulator. A
high frequency data acquisition card at 52 kHz for stepwise unloading and vibration tests was
used. The normalized sensor response was defined as, AR = AR, /R10 — AR, /Ry, where
R1p and R, are radial and ulnar strain gauge resistances when there is zero load, AR; and
AR, are changes of resistances with respect to R, o and R, o, respectively.

In order to assess the sensor performance with dynamic tactile events, benchtop
dynamic measurements were carried out of the sensor output under tactile events of impulse
unloading, incipient slip, and controlled vibration. For the impulse unloading, the sensor with
a given normal and shear force was first loaded and then abruptly lowered away from the
loading tip to generate a rapid unloading event. For the insipient slip tests, the sensor was
loaded with prescribed normal force and then we increased lateral stage displacement so that
the sensor slips from the load tip and finally loses contact. Figure 21 shows the benchtop
controlled vibration test apparatus. The shear sensing skin with a piezo actuator coupled to a
10-32 stainless steel bolt as the loading tip was actuated A laser Doppler vibrometer

measured the vibration amplitude of the loading tip. The displacement and shear sensor
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response signal power spectrum is calculated by fast Fourier transform (FFT) and the power
in the 2Hz window around the actuation frequency is integrated as the signal power

magnitude.

Stepwise Unloading

The stepwise unloading benchtop experiment is conducted by loading the sensor with
normal and shear forces and then the sensing skin is suddenly withdrawn, step-wise, from
contact with the loading tip. Figure 22 presents the normalized sensor response as a function
of time during an impulse stepwise unloading event. The reported shear force originates at
roughly 0.15 N and drops exponentially to zero in less than 20 ms. An exponential decrease is
expected considering that the response is an overdamped dynamic system with a stepwise
input. An exponential curve was fitted to the response curves of three trials and find an
average time scale (inferred from base of the natural logarithm) of 7.1 ms. This data informs
that the shear force sensor may be capable of capturing dynamics of up to 70 Hz, which is
sufficient to temporally resolve shear force in dynamic applications such as grasp regulation

or friction force monitoring.

Incipient Slip Response

Figure 23 shows the temporal response of the shear force sensor with lateral
continuous displacement of the stainless steel and sandpaper loading tips. A normal force of
0.2 N was applied and then loading tips are translated until slip occurs and then loses contact.
The resolved shear force was calculated using resistance measurement and sensitivity
determined by previous static characterization experiments. As the loading tip begins to
move, the measured load from both the sensing skin and the F/T transducer increase similarly
until slip occurred and results in a gradual decrease in the measured shear force. The shear
force continuously decreases after slip because the contact area decreases with further
translation of the circular cross section loading tip. When the loading tip is no longer in
contact with the sensor, the shear force returns to zero, showing little hysteresis. Throughout
the slip event the measured shear force matched with reference force measured by the F/T
transducer, indicating that the shear force reported by the shear sensor skin is accurate. A
useful application of a shear force tactile sensor is to detect slip and is crucial in many
manipulation tasks such as grasp control. The decreasing measured shear force could be used
as indicator of incipient slip and trigger actuation such as increasing torques at certain joints

to re-establish the grip. The normal force was 0.2 N in either case, but higher maximum shear
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force of 0.34 N 1s recorded with the sandpaper loading tip compared to 0.15 N with stainless
steel one. This is likely due to the greater coefficient of friction of PDMS-sandpaper relative
to PDMS-stainless steel. In a controlled slip event, such as sliding along surface to examine
the texture, the friction coefficient can be inferred by shear and normal force sensing. Prior
knowledge of friction coefficient as well as its real-time monitoring have been shown to be

essential in grasping fragile objects.

Controlled Vibration

In the controlled vibration tests, a piezo actuator was used to generate oscillating
displacement. The displacement is measured by a laser Doppler vibrometer (LDV). Figure
24 A shows the normalized shear response power magnitude and LDV vibration amplitude as
a function of actuation frequencies. Both the response and LDV vibration amplitude increases
to the maximum as the frequency reaches the actuating system’s resonance frequency at
260 Hz, then decreases as frequency continues to increase. The resonances at 105 Hz and
260 Hz diminish the ability of the experimental setup to adequately characterize sensor’s
dynamic response at these frequencies. The sensor response magnitude is above the noise
floor (2.4E-5) for frequencies below 800 Hz. In these experiments the maximum frequency
measured is limited by the piezo-actuated vibration amplitude at high frequencies.

Figure 24B further shows sensor dynamic sensitivity as the quotient of shear sensor
response magnitude and actuated displacement magnitude measured by LDV shown in
Figure 24A. The dynamic sensitivity stays relatively constant showing that the sensor is able
to faithfully measure the amplitude of a periodic displacement for a wide range of frequencies
below 800 Hz, which 1s the limit of current piezo actuator to provide sufficient displacement
amplitude at high frequencies. The peaks around 100 Hz and 260 Hz in Figure 24A indicate
natural frequencies of the actuating system. Figure 25 shows actuated displacement measure
by LDV with concentration at these frequencies. The actuated input clearly presents two
peaks around these frequencies and is significantly higher than the rest by almost an order of
magnitude. Such great input might drive the sensor skin into non-linear region and deviate
from the linear assumption to calculate the dynamic sensitivity as the quotient of the sensor
response amplitude and actuating vibration amplitude. Future work may shift these natural
frequencies higher so that the characteristic of the actuating vibration amplitude will be
constant throughout the bandwidth of interest. Preliminary results shows indication that
increasing the stiffness and decreasing the mass of the actuating system would increase the

natural frequency.
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The limit of detection (LoD) is defined as the lowest amplitude of vibration that can
be reliably detected and differentiated from zero vibration amplitude and represents the
vibration detection threshold of the shear sensor skin. Figure 26 shows sensor response signal
power with respect to LDV vibration amplitude at 240 Hz. The sensor showed linear
response to a variety of vibration amplitude and linear regression is performed to convert
sensor response power to vibration amplitude. The limit of blank (LoB) (red line) is
calculated from the sensor response with no vibration excitation as u+1.64505, where u and
op are respectively mean and standard deviation of sensor response with no excitation. Limit
of detection (LoD) (green line) is calculated from a few low amplitude trials as LoB+1.645
os, where oy 1s the standard deviation from low amplitude trials. The LoDs are calculated
from all frequencies of interest and presented in Figure 24C.

Shear sensor skin vibration detection threshold is determined for all frequencies of
interest and presented in Figure 24C and compared to human vibration sensitivity from Fishel
and Loeb. Figure 24C shows that a human’s ability to perceive vibration decreases from 10
microns at low frequency to a minimum of 0.47 microns at 260 Hz where it increases
linearly, but remains under a few microns at 700 Hz. The maximum frequency vibration that
a human can tactilely sense is roughly 800~1000 Hz. The shear sensing skin’s detection
threshold is relatively constant in the range of 0.3-0.6 microns across from 0-800 Hz, The
shear sensing skin outperforms human within 0-140 Hz and 500-800 Hz, and roughly
equivalent to the average human between 140 and 500 Hz. Overall, the shear sensor is on

equivalent or better than to human vibration sensing capabilities below 800 Hz.

EXAMPLE 3 - Field Tests of the First Sensor Device

The shear force sensor potential of providing critical tactile event cues in robotic
applications and its robustness in more realistic operating conditions using a robotic
manipulator and object manipulation was demonstrated and is disclosed herein.. In
applications, the sensor needs to be robust to electromagnetic interferences generated by
robotic manipulator. The shear sensing skin robustly reported tactile events while the robotic
arm performed several manipulation tasks including pick and place, drop, and handoff.
Figure 27 shows the sensor mounted on an artificial fingertip that is attached to a BarrettHand
robotic manipulator Pick and place, drop and handoff object manipulation experiments were
performed on a box (15.8 X 10.5 X 9.8 cm, 204 g) to examine the sensor response to various

grasp and slip conditions. All three tests began with the robotic manipulator grasping the box
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with a three-finger grip. The sensorized finger was on one side and the other two fingers on
the opposite side. For the pick and place test, the manipulator lifted the box vertically 2.5 cm
(over the 8 seconds), returned the box to 2 mm below its original position (at the same rate),
and then released the fingers. For the drop test, the manipulator lifted the box vertically and
then slowly opened its grasp until the box fell. For the handoff test, the manipulator lifted the
box while a human operator applied forces to the box in the vertical direction. The
manipulator was then signaled to release the grip on the box.

Figure 28 shows the snapshots of different manipulation stage and sensor response to
the pick and place test. The measured shear force response is zero before finger made contact
with the object, then increases to a constant value around 1 N when the effector grasps and
lifts the box. The shear sensor accurately measured half of the box’s total weight of 2 kg
m/s>. Note the initial overshoot in the shear force due to the acceleration of lifting the box.
The sensor response is constant throughout the duration of grasp until the manipulator
returned the box to the operating platform by pushing slightly into the platform. Pushing the
box into the platform is captured by the shear force sensor as a negative shear force (III)
before it returned to around zero when the manipulator released the box.

In the pick and drop tests, shown in Figure 29, the shear force increases from zero to
approximately 1N when the object is picked up (I). As the grasp is slowly opened, the object
begins to slip and the shear force fluctuates and finally decreases to approximately zero when
the object is completely released and falls away (II). The fluctuation during the release first
slightly decreases, due to the object’s transient vertical acceleration, and then rapidly
increases to approximately 1.5 N. We interpret this sharp increase to the box shifting its pose
within the grasp. As the grasp is gradually opened, the object slips from the lower stock
finger and twists, reforming contact with the sensorized finger and the top stock finger at a
new angle as the distance between these fingers has increased. In this new configuration, the
symmetry of the force distribution is broken because the box is tilted and the lower stock
finger is no longer in contact with the object and applies no force.

Figure 30A shows the free body diagram of the manipulating box when it’s in contact
with three fingers during lift. Figure 30B shows the manipulating box tilted and is in contact
with only two fingers, the sensorized finger at location 1 and the top stock finger at location
2. N and f represents normal force and friction force at each location, a and b are geometry
measurements, 7 1s the mass of the object. At steady state the sum of the forces are zero, so

that:

32

SUBSTITUTE SHEET (RULE 26)



10

WO 2018/175662 PCT/US2018/023662

N; + mgsin8 = N,, (1)
fi + f, = mgcos8, (2)

Sum of moment is zero, so that:
(Ny + No)b + fa = fia 3)

The finger-object contact at location 2 is slipping, therefore according to Coulomb’s friction

law
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The mass of the object m = 204 g. The friction coefficient was estimated to be 0.7~1.6.
Therefore f; i1s estimated to be 1.28~1.47 N. Such results are in close proximity from the
experimental observations of pick and drop test. The conclusion is that the measured shear
force 1s larger than half of the object weight when stationary and estimated to be 1.3~1.5 N,
which is confirmed by experimental results. As the grasp is further released, the box can no
longer sustain its position by tilting and loses contact with all the fingertips, and the measured
shear force rapidly decreases to near zero.

Figure 31 shows the snapshots of different manipulation stage and the sensor response

when the robotic hand transfers the box to a human hand and then releases its grip. In these

33

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2018/175662 PCT/US2018/023662

handoff tests, after the box was lifted (I), the shear force sensor reported varying shear force
when both the manipulator and human hand are interacting with the object (starting from II).
In this case the shear force is dependent on the dynamics of the manipulating object.
Depending on the direction and magnitude of the force applied by the human, the shear force
that the sensor reported fluctuated. At the end of the handoff process the manipulator released
the grasp on command and shear force returned to approximately zero (III). In all three tests
the measured shear force returns to approximately zero with some hysteresis that might be a
result of friction and adhesion between the sensor skin and plastic fingertip surface. The shear
sensing skin’s performance in the above tasks showed its ability to obtain information about
shear force on the fingertip and thus finger-object interactions. The change of shear force
indicates occurrence of tactile events such as grasping and slipping. Through such
information, the sensor can also provide insight into human-robot interactions as shown in the

handoff tests.

EXAMPLE 4 - Static and Dynamic Characterization of a Second Sensor Device

Static Characterization

Static characterization tests were performed on the four center normal force sensors
using similar procedure as Example 2. A 10-32 bolt is used as the force loading tip to apply
normal force to an individual normal force sensor. Figure 32 shows the experimental
apparatus. During each test, normal force is loaded stepwise to 2N in increments of 0.1 N.
Four normal force sensors located at the center of the fingerpad are characterized and the
normalized sensor responses are calculated and plotted against measured normal force from
force transducer in Figure 33 as different markers. Each panel represents the scenario where
normal force 1s applied to a single sensor. Each taxel showed weak nonlinear response.
Neighboring taxels showed negligible response, indicating little cross-talk and interference.

Figure 34 shows calibration curves as normalized sensor response with respect to
normal force for all four taxels. Sensitivities for the taxels are tabulated in Table 2. The
difference in sensitivity may be the result of slight difference of geometry due to spatial non-
uniformity during fabrication or small deviations of the alignment of the loading tip. Using
the standard deviation of each data point and a linear regression, the resolution is determined
as 5 mN. Considering the upper limit as 5 N, the normal sensor skin can be characterized as a
10-bit.
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Taxel number Sensitivity [N'I]
1 0.13
2 0.16
3 0.21
4 0.22
Average 0.18
Table 2

The shear force sensor response was characterized in static experiments similar to the
ones for the single shear sensor. The force loading tip applies 0.5 N of normal force before it
is laterally displaced while the force reading from reference transducer and shear force
sensing units are recorded. Figure 35 shows the shear force sensor response with respect to
shear force in distal/proximal and radial/ulnar direction. Both direction of shear force sensing
presented monotonic response, while the radial/ulnar direction showed larger deadband.
Sensitivity 1s characterized by the slope of the linear regression and is 4.7%/N for
distal/proximal direction and 3.2%/N for radial/ulnar direction. The average sensor noise
floor 1s 3.13E-4. Considering maximum force of 5N the shear sensor dynamic range is
around 500, or 9-bit. The difference of sensitivity and deadband between this sensor and the
single dimension one might be the result of several confounding factors. First, the sharp
change of surface tangent at the corners on radial/ulnar side might hinder the skin from
sliding freely and applying strain to the location of the sensing taxels. The shear force sensors
are located away from the center fingerpad area and located on the side of the finger where
the surface radius of curvature is small (except the proximal direction gauge). They are also
adjacent to the reservoirs where the skin thickness 1s increased due to the sealing required
fixing lead wires to the reservoirs. The combined effect of locally increased thickness and
small radius of curvature is that the skin cannot adhere to the surface well. In addition, there
are two dimension of shear force sensing and the shear force at the fingerpad in one direction
is no longer balanced by the tab in that direction alone, but also the orthogonal direction. For
example shear force in radial/ulnar direction also induces shear strain in the proximal/distal
tab of the skin. Therefore the strain experience by the radial/ulnar tab that is translated into

sensor resistive change by the shear force sensor there is reduced.

Controlled Vibration
Vibration sensing using the normal force sensors is characterized similarly to

Example 2 above except that the oscillating displacement is actuating the normal force
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sensors. The loading tip applied normal force of 0.5 N first, measured by normal force using
previous calibration. Then vibration in the normal direction is actuated using the piezo
actuator at different frequencies and amplitudes. Figure 36A shows a representative FFT plot
where a single peak is found at the actuating frequency of 240 Hz. The power spectrum is
integrated within 2 Hz window centered at the actuating frequency. The results are called
normal force sensor response power for sensor response FFT and vibration amplitude for
LDV measurement FFT. Figure 36B shows the normal force sensor vibration sensing
calibration, which is the plot of these two variables. The sensitivity is the slope of the
calibration, describing sensor response per unit vibration amplitude. Limit of detection (LoD)
is defined in the same way as Example 2 and considered detection threshold for the normal
force sensor vibration sensing.

Figure 37A shows sensor response power and LDV measured vibrating displacement
with respect to frequency. Both the response and LDV vibration amplitude increases to the
maximum as the frequency reaches the actuating system’s natural frequency at 410 Hz, then
decreases as frequency continues to increase. The sensor response magnitude is above the
noise floor (less than 1E-4, not shown) for frequencies below 1kHz. Figure 37B shows
dynamic sensitivity as the quotient of the sensor response and the vibration amplitude
measured by LDV. The sensor shows relatively constant sensitivity below 200 Hz, a primary
resonance at 260 Hz, and gradually rolls off until 1kHz. Figure 37C shows the sensor
vibration detection threshold using limit of detection and its comparison to human sensing
capabilities. The sensor is superior to human vibration sensing up to 800 Hz by almost one
order of magnitude. There is no large variation of the threshold, which is below a few
hundred nanometers up to 800 Hz. Such vibration sensing capabilities can be expected from

all normal force sensing units distributed on the fingertip.

E. Conclusion

The above detailed description describes various features and functions of the
disclosed systems, devices, and methods with reference to the accompanying Figures. In the
Figures, similar symbols typically identify similar components, unless context dictates
otherwise. The illustrative embodiments described in the detailed description, Figures, and
claims are not meant to be limiting. Other embodiments can be utilized, and other changes
can be made, without departing from the scope of the subject matter presented herein. It will

be readily understood that the aspects of the present disclosure, as generally described herein,
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and illustrated in the Figures, can be arranged, substituted, combined, separated, and designed
in a wide variety of different configurations, all of which are explicitly contemplated herein.
While various aspects and embodiments have been disclosed herein, other aspects and
embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration and are not intended to be

limiting, with the true scope being indicated by the following claims.
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CLAIMS

We claim:

L. A sensor device comprising;

a substrate having a first end and a second end, wherein the substrate includes a
contact portion, a first sensor portion positioned between the first end of the substrate and the
contact portion, and a second sensor portion positioned between the second end of the
substrate and the contact portion, wherein the first and second sensor portions are spaced
apart and separated by the contact portion;

a first strain gauge sensor positioned at the first sensor portion; and

a second strain gauge sensor positioned at the second sensor portion, wherein the first
end of the substrate and the second end of the substrate are configured to be coupled to a rigid
curved surface such that the substrate is configured to conform to the rigid curved surface,
and wherein the sensor device is configured such that a force applied to the contact portion of
the substrate will be sensed by each of the first strain gauge sensor and the second strain

gauge sensor due to a movement of the substrate with respect to the rigid curved surface.

2. The sensor device of claim 1, wherein each of the first strain gauge sensor and

the second strain gauge sensor include a plurality of conductive pathways.

3. The sensor device of claim 2, wherein the plurality of conductive pathways

comprise a plurality of channels with a conductive liquid metal positioned therein.

4. The sensor device of any one of claims 2-3, wherein the plurality of

conductive pathways are flexible.

5. The sensor device of any one of claims 1-4, wherein the substrate is at least
partially flexible.
6. The sensor device of any one of claims 1-5, further comprising:

a first mounting portion positioned between the first end of the substrate and the first

sensor portion; and
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a second mounting portion positioned between the second end of the substrate and the
second sensor portion, wherein the first mounting portion and the second mounting portion

mount the substrate to the rigid curved surface.

7. The sensor device of any one of claim 1-6, wherein the rigid curved surface

comprises an end effector of a robotic device.

8. The sensor device of any one of claims 1-7, further comprising:

anormal force sensor positioned on the contact surface.

9. The sensor device of claim 8, wherein the normal force sensor comprises a

spiral architecture.

10. A sensor device comprising:

a substrate including a contact portion, a first tab extending from the contact portion, a
second tab extending from the contact portion in a direction substantially parallel to and
opposite from the first tab, a third tab extending from the contact portion in a direction
substantially perpendicular to the first and second tabs, and a fourth tab extending from the
contact portion in a direction substantially parallel to and opposite from the third tab;

a first strain gauge sensor positioned at the first tab;

a second strain gauge sensor positioned at the second tab;

a third strain gauge sensor positioned at the third tab;

a fourth strain gauge sensor positioned at the fourth tab; and

a first normal force sensor positioned on the contact surface, wherein a distal end of
each of the first tab, the second tab, the third tab, and the fourth tab are configured to be
coupled to a rigid curved surface such that the substrate is configured to conform to the rigid
curved surface, and wherein the sensor device is configured such that a force applied to the
contact portion of the substrate will be sensed by each of the first strain gauge sensor, the
second strain gauge sensor, the third strain gauge sensor, the fourth strain gauge sensor, and
the first normal sensor due to a movement of the substrate with respect to the rigid curved

surface.

11.  The sensor device of claim 10, further comprising:
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a second normal force sensor positioned between the first strain gauge sensor and the
contact portion;

a third normal force sensor positioned between the second strain gauge sensor and the
contact portion;

a fourth normal force sensor positioned between the third strain gauge sensor and the
contact portion;

a fifth normal force sensor positioned between the third strain gauge sensor and the
fourth normal force sensor; and

one or more additional normal force sensors positioned on the contact surface.

12, The sensor device of claim 11, wherein the one or more additional normal
force sensors positioned on the contact surface comprises:

a sixth normal force sensor positioned on the contact surface;

a seventh normal force sensor positioned on the contact surface; and

an eighth normal force sensor positioned on the contact surface.

13.  The sensor device of any one of claims 10-12, further comprising:

a first mounting portion positioned on the first tab of the substrate, wherein the first
strain gauge sensor is positioned between the first mounting portion and the contact portion;
and

a second mounting portion positioned on the second tab of the substrate, wherein the
second strain gauge sensor is positioned between the second mounting portion and the
contact portion;

a third mounting portion positioned on the third tab of the substrate, wherein the third
strain gauge sensor 1s positioned between the third mounting portion and the contact portion;
and

a fourth mounting portion positioned on the fourth tab of the substrate, wherein the
fourth strain gauge sensor is positioned between the fourth mounting portion and the contact

portion, wherein each of the mounting portions mount the substrate to a rigid curved surface.

14, The sensor device of any one of claims 10-13, wherein the rigid curved

surface comprises an end effector of a robotic device.
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15, The sensor device of any one of claims 10-14, wherein the substrate comprises

a material that 1s soft to shear displacement but stiff to tensile displacement.

16.  The sensor device of any one of claims 10-15, wherein the substrate further
comprises a softened region positioned between each of the first tab and the contact portion,
the second tab and the contact portion, the third tab and the contact portion, and the fourth tab

and the contact portion.

17.  The sensor device of claim 16, wherein the softened region comprises a

plurality of holes to reduce a local stiffness of the substrate.

18.  The sensor device of claim 16, wherein the softened region comprises an

anisotropic material that is soft to shear displacement but stiff to tensile displacement.

19. A sensor system comprising;
a sensor device including:
a substrate having a first end and a second end, wherein the substrate includes
a contact portion, a first sensor portion positioned between the first end of the
substrate and the contact portion, and a second sensor portion positioned between the
second end of the substrate and the contact portion, wherein the first and second
sensor portions are spaced apart and separated by the contact portion;
a first strain gauge sensor positioned at the first sensor portion; and
a second strain gauge sensor positioned at the second sensor portion; and
a rigid curved surface coupled to the substrate such that the first sensor portion and
the second sensor portion are non-coplanar with the contact portion, wherein the first end of
the substrate and the second end of the substrate are coupled to the rigid curved surface, and
wherein the sensor system is configured such that a force applied to the contact portion of the
substrate will be sensed by each of the first strain gauge sensor and the second strain gauge

sensor due to a movement of the substrate with respect to the rigid curved surface.

20.  The sensor system of any one of claim 19, further comprising:
a first mounting portion positioned between the first end of the substrate and the first

sensor portion; and
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a second mounting portion positioned between the second end of the substrate and the
second sensor portion, wherein the first mounting portion and the second mounting portion

mount the substrate to the rigid curved surface.

21.  The sensor system of any one of claims 19-20, wherein the rigid curved

surface comprises an end effector of a robotic device.

22, The sensor system of any one of claims 19-21, further comprising a lubricant

positioned between the substrate and the rigid curved surface.

23. A method for detecting a force on a rigid curved surface, the method
comprising:

positioning the sensor device of any one of claims 1-22 on the rigid curved surface;

applying the force to the sensor device; and

the first strain gauge sensor and the second strain gauge sensor sensing the applied
force due to a movement of the substrate with respect to the rigid curved surface to thereby

determine a resistance in each of the first strain gauge and the second strain gauge.

24, The method of claim 23, wherein the force applied to the sensor device
comprises a shear force, and wherein a difference between the determined resistance in the
first strain gauge sensor and the determined resistance in the second strain gauge sensor 1S

used to determine the shear force applied to the contact portion.

25,  The method of any one of claims 23-24, wherein the force applied to the

sensor device comprises a vibrational force.
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