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FLEXIBLE SENSORS INCORPORATING PIEZORESISTIVE COMPOSITE

MATERIALS AND FABRICATION METHODS

STATEMENT OF RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S. Provisional Patent Application No.

62/404,1 37 filed October 4 , 201 6 ; the disclosure of which is hereby incorporated by

reference herein in its entirety.

TECHNICAL FIELD

[0002] This disclosure relates to flexible sensors, such as pressure sensors,

proprioceptors, and shear sensors, that are suitable for use as tactile sensors in

prosthetic feedback systems and/or medical devices, as well as methods for fabricating

such sensors.

BACKGROUND

[0003] In the United States, about two million people have lost a limb, and about

185,000 people each year lose a limb, with hospital costs for amputations reaching

approximately $8.3 billion each year. Approximately 54% of limb losses are attributable

to vascular diseases, including diabetes and peripheral arterial disease; about 45% of

limb losses are attributable to physical trauma; and fewer than 2% of limb losses are

attributable to cancer, with a ratio of upper limb to lower limb loss of 1:4. Prosthetics

can cost up to $50,000 per limb, with a significant fraction of cost frequently not covered

by insurance. Additionally, many prosthetics need to be replaced as the user grows,

and health insurance often does not cover the cost of continual replacement.

[0004] Some of the main feedback systems used in prosthetics include tactile

(touch) sensors that relay to the user when the prosthetic has come into contact with an

object. Tactile sensors are typically composed of either a pressure or shear sensor,

and in certain situations contain both types of sensors. A pressure sensor detects

forces acting perpendicular to its loading surface, whereas a shear sensor detects

forces acting parallel to its loading surface. Other types of sensors useful with

prosthetics and medical devices include proprioceptors, which provide information

about joint angle, muscle length, and muscle tension, which may be integrated to give

information about the position of a limb in space. Proprioceptors in the human body are



specialized sensory receptors on nerve endings found in muscles, tendons, joints, and

the inner ear.

[0005] Upper limb prosthetic pressure sensors are typically placed on the hand of

the prosthetic due to the role they play in manipulating objects and daily activities.

Sensor types include capacitive, piezo-resistive/electric, inductive, optoelectric, and

strain gage based. The main design types used for current prosthetics are strain gage

sensors for detecting pressure or shear.

[0006] Strain gage sensors provide a large operating range that can detect very high

or low-pressure values, but are bulky and expensive. This may result in the prosthetic

fingers being too large, which decreases the fine motor grasping function of the

prosthetic. Bulky strain gage sensors also do not allow a sensing mechanism to be

placed or wrapped around the edges or tip of the finger. Being able to sense on the

edges and tip of the finger can greatly improve the fine motor control of a prosthetic.

[0007] To overcome the barriers of strain gage sensors, academic research has

developed many different types and styles of pressure sensors in the form of film, most

commonly referred to as thick or thin film sensors. These thick/thin film sensors are

mostly piezo-resistive/electric based sensors, but can be transistor-based, capacitance-

based, or optical-based, and can achieve high and low force detection. Thin/thick film

sensors may also be used for shear force detection.

[0008] In research, film-based sensors have been shown to reach very low-pressure

values, down to 0.001 Pa, and high-pressure values of up to 200 kPa. These pressure

values are well within the human skin threshold for pressure detection, where the

human skin is able to detect between 100 Pa - 1 MPa, and the pressure required for

common daily tasks is approximately 10 kPa.

[0009] Thick/thin film sensors include a top and bottom flexible layer, an inner

conductive layer, and a top and bottom electrode surface for signal recording. The end

sensor designs are bendable, but have a hard or smooth plastic finish that makes them

difficult to be implemented on a prosthetic and does not create a finish or feel like

human skin.

[0010] One conventional film sensor design includes a micropillar array-based

pressure sensor with the active pressure sensing area comprised of a PPy/PDMS

substrate and an Au covered micropillar array. Pillars of the micropillar array may have

a repeating cell unit of 70.0 µι χ 120.0 µι with the diameter of the pillars varying from

5 µι to 65 µι . A second conventional film sensor design includes a microstructured

rGO/PDMS film and ITO-coated PET film created through the use of silicon mold



masters produced via photolithography. Elastomer precursor may be applied to the

molds to create a base layer, with a layer-by- layer fabrication method used to add

layers of uniform microstructure graphene to the elastomer surface. A third

conventional (thin) film sensor design includes two layers laminated together, wherein

the bottom layer contains a source-drain electrode and a semiconducting polymer and

the top layer contains a gate electrode and a microstructure dielectric. These

examples of thick/thin film fabrication demonstrate the complexity of conventional film

sensor manufacturing processes. Although thick/thin film sensors are well-suited to

detect typical pressures encountered in daily human activities as well as pressures

consistent with a light touch on human skin, these sensors require complicated

manufacturing processes and are expensive. Additionally, these sensors do not

embody an appearance similar to human skin, and are difficult to implement in or with a

prosthetic.

[001 1] Thus, strain gage sensors and thick/thin film based sensors have their

respective benefits, but have limited utility with respect to their size, feel, and

manufacturing techniques. As stated previously, strain gage sensors are bulky and

expensive, whereas thick/thin film sensors lack the feel or appearance of synthetic

human skin, entail complicated manufacturing processes and high costs, and are

difficulty to implement in or with a prosthetic.

SUMMARY

[0012] Provided herein are flexible sensors incorporating piezoresistive elements

arranged between first and second electrodes. A piezoresistive element includes a

conductive filler material dispersed in a thermoplastic elastomer, wherein deformation

of the thermoplastic elastomer (e.g., by compression, bending, shear, etc.) alters the

spacing between conductive filler particles, thereby altering electrical resistance

between the first and second electrodes. In certain embodiments, a constant voltage

may be applied between the first and second electrodes, and current may be detected

as a basis to determine resistance according to Ohm's Law.

[0013] In one aspect, a flexible sensor provided herein includes a first electrode, a

second electrode, and a piezoresistive element comprising piezoresistive composite

material arranged between the first electrode and the second electrode. The

piezoresistive composite material includes a thermoplastic elastomer (TPE) and a

conductive filler material, and further comprises an elastic modulus value of less than

about 1 x 10 3 GPa (optionally in a range of from 1 x 10 5 to 9.9 x 10 4 GPa).



[0014] In certain embodiments, flexible sensors disclosed herein may be embodied

in pressure sensors, proprioceptors, or shear sensors. In certain embodiments, flexible

sensors disclosed herein may be incorporated in prosthetic feedback systems and

utilized for daily human activities. In certain embodiments, flexible sensors disclosed

herein may be incorporated in medical devices.

[0015] In certain embodiments, the flexible sensor exhibits a change in electrical

resistance of at least about 1 x 102 Ohms responsive to a change in pressure of 2 x 104

Pa applied to the piezoresistive composite material.

[0016] In certain embodiments, the TPE comprises polystyrene ethylene butylene

styrene (SEBS). In certain embodiments, the flexible sensor may have a thickness in a

range of from about 1 mm to about 3 mm.

[0017] In certain embodiments, the conductive filler material comprises carbon, such

as at least one of graphite, carbon black, graphene, or diamond. In certain

embodiments, the conductive filler material comprises an electrically conductive

polymer having a higher melting temperature than the TPE. In certain embodiments,

the conductive filler material is dispersed in the TPE.

[0018] In certain embodiments, at least one of the first electrode or the second

electrode comprises a metal. In certain embodiments, at least one of the first electrode

or the second electrode comprises a foil, a mesh, a grid, or a wire.

[0019] In certain embodiments, the piezoresistive element comprises a unitary fused

body structure. The piezoresistive element may be fabricated by a three-dimensional

printing ("3D printing") process, such as thermoplastic Fused Filament Fabrication

(FFF). A 3D printed sensor may be easily fabricated in custom sizes and shapes to

create individualized layouts or patterns for prosthetic or medical device sensor

feedback systems that may be tailored to individual users or patients (i.e.,

manufactured to user-specific geometries).

[0020] In certain embodiments, the piezoresistive element comprises a molded body

structure. The piezoresistive element may be formed via a molding process to yield the

molded body structure. In certain embodiments, a mold useful for forming a

piezoresistive element of a sensor disclosed herein may be produced by 3D printing to

create prosthetic or medical device sensor feedback systems that may be individualized

(tailored) to specific users or patients.

[0021] In certain embodiments, a prosthetic device or a medical device incorporates

the flexible sensor as disclosed herein.



[0022] In another aspect, a method of fabricating a flexible sensor as disclosed

herein includes multiple steps. One step includes forming a mixture of TPE and

conductive filler material. Another step includes heating the mixture of TPE and

conductive filler material to a flowable state. A further step includes shaping the heated

mixture to form the piezoresistive element.

[0023] In certain embodiments, the shaping of the heated mixture includes

selectively depositing the heated mixture in sequential layers, such as may be

performed via 3D printing (including, but not limited to, use of a fused filament

fabrication process).

[0024] In certain embodiments, the mixture of TPE and conductive filler material is

formed into a rod-like structure having a first width or diameter, and the fused filament

fabrication process comprises passing the rod-like structure through a heated structure

including a discharge nozzle comprising a second width or diameter, wherein the first

width or diameter is less than about 15% larger than the second width or diameter. By

providing a discharge nozzle with a width or diameter that is significantly larger than

normal, a low backpressure discharge condition is obtained, and mechanical properties

of the piezoresistive composite material are improved.

[0025] In certain embodiments, selective deposition of the heated mixture in

sequential layers is performed over one of the first electrode or the second electrode.

[0026] In certain embodiments, the method further includes forming at least one of

the first electrode or the second electrode via three-dimensional printing.

[0027] In certain embodiments, the shaping of the heated mixture includes supplying

the heated mixture of TPE and conductive filler material to a mold, and effectuating

removal of the piezoresistive element from the mold.

[0028] In certain embodiments, a piezoresistive element may be pre-fabricated. In

certain embodiments, the method further comprises applying at least one of the first

electrode or the second electrode to the piezoresistive element.

[0029] In certain embodiments, the forming of the mixture of TPE and conductive

filler material comprises applying a solvent to a thermoplastic block polymer to yield a

flowable product, dispersing the conductive filler material in the flowable product, and

evaporating the solvent from the flowable product. In certain embodiments, a mixture is

obtained, and the mixture may be heated and subsequently cooled to form a shaped

piezoresistive element.

[0030] In another aspect, any one or more aspects or features described herein may

be combined with any one or more other aspects or features for additional advantage.



BRIEF DESCRIPTION OF THE DRAWINGS

[0031] FIG. 1A is a cross-sectional view of a flexible sensor incorporating a

piezoresistive composite material arranged between a first electrode and a second

electrode in a first, uncompressed state.

[0032] FIG. 1B is a cross-sectional view of the flexible sensor of FIG. 1A in a

second, compressed state.

[0033] FIG. 2 is a side cross-sectional view of a heater tube / nozzle assembly of a

conventional fused filament fabrication apparatus.

[0034] FIG. 3 is a side cross-sectional view of a modified heater tube / nozzle

assembly useful for producing a piezoeresistive element as disclosed herein via fused

filament fabrication.

[0035] FIG. 4A is a plot of stress (GPa) versus strain tensile testing performed on

samples of ABS, POLYFLEX™ (Polymaker LLC, Great Neck, NY, USA), and

piezoresistive composite materials of four different conductive filler material to

elastomer (TPE) ratios ( 1 : 1 , 1.33:1 , 1.66:1 , and 2:1 ) .

[0036] FIG. 4B is a magnified portion of the stress versus strain plot of FIG. 4A

proximate to the origin, showing the piezoresistive composite materials only.

[0037] FIG. 5 is a plot of peak stress value (GPa) obtained by tensile testing versus

sample number, wherein the sample numbers represent the four different conductive

filler material to elastomer (TPE) ratios ( 1 : 1 , 1.33:1 , 1.66:1 , and 2:1 ) and the two

samples in each filament type.

[0038] FIG. 6 is a plot of current (amperes) versus potential (volts) obtained by cyclic

voltammetry testing to determine the optimal applied voltage level of various flexible

sensors incorporating piezoresistive composite materials with differing ratios of

conductive filler material and TPE.

[0039] FIG. 7A is a plot of current (amperes) versus potential (volts) obtained by

cyclic voltammetry testing of an unloaded molded pressure sensor to determine optimal

applied voltage.

[0040] FIG. 7B is a plot of current (amperes) versus potential (volts) obtained by

cyclic voltammetry of a flexible sensor incorporating a piezoresistive element including

a piezoresistive composite material having a 1.33:1 conductive filler material to

elastomer (TPE) ratio, and produced by a fused filament fabrication process.



[0041] FIG. 7C is a plot of current (amperes) versus potential (volts) obtained by

cyclic voltammetry of a flexible sensor incorporating a piezoresistive element including

a piezoresistive composite material having a 1: 1 conductive filler material to elastomer

(TPE) ratio, and produced by a fused filament fabrication process.

[0042] FIG. 8 is a photograph of a test fixture for a flexible pressure sensor

incorporating a piezoresistive composite material arranged between a first electrode

and a second electrode according to one embodiment.

[0043] FIG. 9 includes logi 0 plots of current and resistance as a function of pressure

(Pa) for a flexible sensor incorporating a piezoresistive element including a

piezoresistive composite material having a 1: 1 conductive filler material to elastomer

(TPE) ratio and produced by 3D printing according to a fused filament fabrication

process.

[0044] FIG. 10 includes log
0

plots of current and resistance as a function of

pressure (Pa) for a flexible sensor incorporating a piezoresistive element including a

piezoresistive composite material having a 1: 1 conductive filler material to elastomer

(TPE) ratio and produced by a molding process.

[0045] FIG. 11 includes logi 0 plots of current and resistance as a function of

pressure (Pa) for a flexible sensor incorporating a piezoresistive element including a

piezoresistive composite material having a 1.33:1 conductive filler material to elastomer

(TPE) ratio and produced by 3D printing according to a fused filament fabrication

process.

[0046] FIG. 12 includes logi 0 plots of current and resistance as a function of

pressure (Pa) for a flexible sensor incorporating a piezoresistive element including a

piezoresistive composite material having a 1.33:1 conductive filler material to elastomer

(TPE) ratio and produced by a molding process.

[0047] FIG. 13 includes logi 0 plots of current and resistance as a function of

pressure (Pa) for a flexible sensor incorporating a piezoresistive element including a

piezoresistive composite material having a 1.66:1 conductive filler material to elastomer

(TPE) ratio and produced by a molding process.

[0048] FIG. 14 includes logi 0 plots of current and resistance as a function of

pressure (Pa) for a flexible sensor incorporating a piezoresistive element including a

piezoresistive composite material having a 2:1 conductive filler material to elastomer

(TPE) ratio and produced by a molding process.

[0049] FIG. 15 includes logi 0 plots of current as a function of pressure (Pa) for two

flexible sensors incorporating piezoresistive elements including a piezoresistive



composite material having a 1: 1 conductive filler material to elastomer (TPE) ratio,

including one flexible sensor produced by 3D printing according to a fused filament

fabrication process and another flexible sensor produced by a molding process.

[0050] FIG. 16 includes logi 0 plots of current as a function of pressure (Pa) for two

flexible sensors incorporating piezoresistive elements including a piezoresistive

composite material having a 1.33:1 conductive filler material to elastomer (TPE) ratio,

including one flexible sensor produced by 3D printing according to a fused filament

fabrication process and another flexible sensor produced by a molding process.

[0051] FIG. 17 is a table including settings for a fused filament fabrication 3D printer

used for producing a piezoresistive element as disclosed herein.

[0052] FIG. 18 is a table including minimum and maximum mass values as well as

minimum and maximum pressure values for six flexible sensors disclosed herein.

[0053] FIG. 19 is a schematic representation of a proprioceptor test device including

different diameter rods (numbers 1 to 9) about which a flexible piezoresistive sensor

(number 0) may be wrapped and the output current recorded.

[0054] FIG. 20 is a plot of current (Amps) versus degrees of sensor bend obtained

with a flexible piezoresistive sensor wrapped around the different diameter rods

schematically illustrated in FIG. 19 .

[0055] FIG. 2 1A is a photograph showing a first piezoresistive composite material

formed by molding (at left) and a second piezoresistive composite material formed by

3D printing (at right).

[0056] FIG. 2 1B is a photograph showing the first piezoresistive composite material

and the second piezoresistive composite material of FIG. 2 1A, arranged proximate to a

centimeter scale.

[0057] FIG. 22A is a perspective view of the 3D printed second piezoresistive

composite material of FIGS. 2 1A and 2 1B.

[0058] FIG. 22B is a side elevation view of the 3D printed second piezoresistive

composite material of FIGS. 2 1A- 22A.

[0059] FIG. 23A is a 100x magnification image of the 3D printed second

piezoresistive composite material of FIGS. 2 1A- 22B.

[0060] FIG. 23B is a 200X magnification image of the 3D printed second

piezoresistive composite material of FIGS. 2 1A- 23A.

[0061] FIG. 24 provides plots of current (amperes) and resistance (ohms) versus

pressure (Pa) for a flexible sensor incorporating a piezoresistive composite material



having a 1: 1 conductive filler material to elastomer (TPE) ratio, and produced by 3D

printing according to a fused filament fabrication process.

[0062] FIG. 25 provides plots of current (amperes) and resistance (ohms) versus

pressure (Pa) for a flexible sensor incorporating a piezoresistive composite material

having a 1: 1 conductive filler material to elastomer (TPE) ratio, and produced by

molding (i.e., a non-printing process).

[0063] FIG. 26 provides plots of current (amperes) and resistance (ohms) versus

pressure (Pa) for a flexible sensor incorporating a piezoresistive composite material

having a 1.33:1 conductive filler material to elastomer (TPE) ratio, and produced by 3D

printing according to a fused filament fabrication process.

[0064] FIG. 27 provides plots of current (amperes) and resistance (ohms) versus

pressure (Pa) for a flexible sensor incorporating a piezoresistive composite material

having a 1.33:1 conductive filler material to elastomer (TPE) ratio, and produced by

molding.

[0065] FIG. 28 provides plots of current (amperes) and resistance (ohms) versus

pressure (Pa) for a flexible sensor incorporating a piezoresistive composite material

having a 1.66:1 conductive filler material to elastomer (TPE) ratio, and produced by

molding.

[0066] FIG. 29 provides plots of current (amperes) and resistance (ohms) versus

pressure (Pa) for a flexible sensor incorporating a piezoresistive composite material

having a 2:1 conductive filler material to elastomer (TPE) ratio, and produced by

molding.

[0067] FIG. 30 provides plots of fitted lines for current (amperes) versus pressure

(Pa) for a first flexible sensor produced by 3D printing according to a fused filament

fabrication process and a first flexible sensor produced by a molding process, with each

sensor incorporating a piezoresistive composite material having a 1: 1 conductive filler

material to elastomer (TPE) ratio.

[0068] FIG. 3 1 provides plots of fitted lines for current (amperes) versus pressure

(Pa) for a second flexible sensor produced by 3D printing according to a fused filament

fabrication process and a second flexible sensor produced by a molding process, with

each sensor incorporating a piezoresistive composite material having a 1.33:1

conductive filler material to elastomer (TPE) ratio.

[0069] FIG. 32A is a bar chart with superimposed trendlines, providing average

slope (amp/sec) versus percentage of applied load for a flexible sensor incorporating a



piezoresistive composite material having a 1: 1 conductive filler material to elastomer

(TPE) ratio, for seven load values ranging from 150 g to 750 g .

[0070] FIG. 32B is a bar chart with superimposed trendlines, providing average

slope (amps/sec) versus percentage of applied load for a flexible sensor incorporating a

piezoresistive composite material having a 1.33:1 conductive filler material to elastomer

(TPE) ratio, for seven load values ranging from 5 g to 300 g .

[0071] FIG. 33A is a bar chart providing average time to percentage of applied load

(seconds) versus percentage of applied load for a flexible sensor incorporating a

piezoresistive composite material having a 1: 1 conductive filler material to elastomer

(TPE) ratio, for seven load values ranging from 150 g to 750 g .

[0072] FIG. 33B is a bar chart providing average time to percentage (seconds)

versus percentage of applied load for a flexible sensor incorporating a piezoresistive

composite material having a 1.33:1 conductive filler material to elastomer (TPE) ratio,

for seven load values ranging from 5 g to 300 g .

[0073] FIG. 34 is a horizontal bar diagram showing human skin detection limits and

sensor ranges for three types of sensors, namely: flexible sensors including

piezoresistive composite material produced by 3D printing according to a fused filament

fabrication process, flexible sensors including piezoresistive composite material

produced by a molding process, and thick/thin film sensors.

DETAILED DESCRIPTION

[0074] Provided herein are flexible sensors incorporating piezoresistive elements

arranged between first and second electrodes. A piezoresistive element includes a

conductive filler material dispersed in a thermoplastic elastomer, wherein deformation

of the thermoplastic elastomer (e.g., by compression, bending, shear, etc.) alters the

spacing between conductive filler particles, thereby altering electrical resistance

between the first and second electrodes. In certain embodiments, a constant voltage

may be applied between the first and second electrodes, and current may be detected

as a basis to determine resistance according to Ohm's Law. Methods for fabricating

flexible sensors incorporating piezoresistive elements are further provided.

[0075] It will be understood that, although the terms first, second, etc. may be used

herein to describe various elements, these elements should not be limited by these

terms. These terms are only used to distinguish one element from another. For

example, a first element could be termed a second element, and, similarly, a second



element could be termed a first element, without departing from the scope of the

present disclosure. As used herein, the term "and/or" includes any and all

combinations of one or more of the associated listed items. Unless otherwise defined,

all terms (including technical and scientific terms) used herein have the same meaning

as commonly understood by one of ordinary skill in the art to which this disclosure

belongs. It will be further understood that terms used herein should be interpreted as

having a meaning that is consistent with their meaning in the context of this

specification and the relevant art and will not be interpreted in an idealized or overly

formal sense unless expressly so defined herein.

[0076] Unless otherwise defined, all terms (including technical and scientific terms)

used herein have the same meaning as commonly understood by one of ordinary skill

in the art to which this disclosure belongs. It will be further understood that terms used

herein should be interpreted as having a meaning that is consistent with their meaning

in the context of this specification and the relevant art and will not be interpreted in an

idealized or overly formal sense unless expressly so defined herein.

[0077] In certain embodiments, piezoresistive elements of flexible sensors may be

produced by steps including 3D printing or molding (e.g., gravity molding or injection

molding). To demonstrate aspects of the disclosure, various flexible sensors

incorporating piezoresistive elements arranged between first and second electrodes

were produced, utilizing thermoplastic Fused Filament Fabrication (FFF) 3D printing or

molding for producing composite piezoresistive materials incorporating conductive filler

material dispersed in a thermoplastic elastomer. Such sensors are suitable for use in

prosthetic and/or medical device feedback systems as applied to daily activities

encountered by users.

[0078] In certain embodiments, flexible sensors may incorporate low elastic modulus

composite piezoresistive materials comprising a compressible thermoplastic elastomer

and a conductive filler material such as carbon (e.g., graphite) dispersed therein. In

certain embodiments, composite piezoresistive materials may include a greater mass

fraction of conductive filler material than of thermoplastic elastomer.

[0079] Cross-sectional views of an exemplary flexible sensor 10 in an

uncompressed state and in a compressed state are shown in FIGS. 1A and 1B,

respectively. A change in spacing between conductive filler material (e.g., particles) 14

distributed in a thermoplastic elastomeric material 16 in an uncompressed state versus

a compressed state is visible upon comparison of FIGS. 1A and 1B. As shown in FIG.

1A, the flexible sensor 10 includes a piezoresistive composite material 12 , including a



conductive filler material 14 dispersed in the thermoplastic elastomeric material 16 ,

arranged between a first electrode 18 and a second electrode 20. Referring to FIG. 1B,

upon application of a compressive force F, the flexible sensor 10 is placed into a

compressed state, in which average spacing between particles of conductive filler

material 14 is reduced due to compression of the thermoplastic elastomeric material 16 .

Such compression alters the electrical properties of the piezoresistive composite

material 12 (e.g., by decreasing resistance between the first and second electrodes 18 ,

20). Upon application of a signal across the first and second electrodes 18 , 20, a

change in electrical properties of the piezoresistive composite material 12 may be

detected, with such variation correlating to a physical property exerted on the flexible

sensor 10 (e.g., pressure).

[0080] In certain embodiments, a flexible sensor incorporating a piezoresistive

element as disclosed herein is mechanically compressible to allow for a change in

resistance, is amenable to fabrication by molding or 3D printing (e.g., using FFF in one

step with no post-processing needed), is flexible, has a rubber-like finish that allows it to

feel similar to human skin, can be customized to various shapes and designs to

facilitate incorporation into a prosthetic or medical device, and has a thickness within

the average human skin thickness (e.g., from about 1 mm to about 3 mm).

[0081] Despite advances in 3D printing of medical devices, Applicant is not aware of

3D printed pressure sensors or sensors incorporating highly elastic piezoresistive

materials. Current work that may benefit from flexible sensors as disclosed herein

includes areas such as tissue scaffolding, anatomical molds for veterinarian research,

surgical and patient training, tissue regeneration guides, and prosthetic hands/fingers.

[0082] Piezoresistive elements fabricated by FFF 3D printing were printed on a

MAKERGEAR® M2 printing apparatus (MakerGear, LLC, Beachwood, OH, USA), with

SIMPLIFY3D® software (Simplify3D LLC, Cincinnati, OH, USA), and tested on an

MTS® Sintech Model 1/S tensile machine (MTS Systems Corp., Eden Prairie, MN,

USA) (with a maximum load cell capability of 1,000 lbs) and CH Instrument for

measuring changes in current. 3D printed designs were made using SOLIDWORKS®

3D CAD software (Dassault Systemes SolidWorks Corporation, Waltham, MA, USA)

and pellets of the composite material were fed through a filament extruder to create a

1.75 mm diameter filament for 3D printing. Additional piezoresistive elements were

produced using gravity molds as described herein.

[0083] Polystyrene ethylene butylene styrene (SEBS), a compressible thermoplastic

elastomer (TPE), was chosen due to its tactile feel, compressibility, and easy



application in injection molding. Since FFF 3D printing has a close relationship to

injection molding, SEBS provided an additional benefit in processability in filament form

along with its tactile feel and synthetic skin applications.

[0084] The piezoresistive composite material was created by first dissolving the

SEBS pellets in toluene, with a 1.2:1 ratio of toluene to SEBS, to break the SEBS

pellets down to a liquid state. SEBS is a difficult polymer to get into a flowable state

without injection molding. In order to incorporate the conductive filler material into the

TPE, the SEBS needed to be in a flowable state to permit it to be stirred. To

accomplish this, toluene was added to the SEBS pellets and left for 24 hours at room

temperature to dissolve the polymer and yield a flowable viscous gel.

[0085] Thereafter, conductive graphite was added to the flowable viscous gel. A

high filler fraction of graphite is necessary to create a conductive piezoresistive

composite material, such as a mass ratio range of from 1: 1 to 2:1 of graphite to SEBS

only (not SEBS plus toluene). The densities of SEBS and graphite are 0.85g/cm 3 and

2.25g/cm 3, respectively. Multiple iterations were created to assess changes in

conduction attributable to changes in conductive filler material ratios, and to assess

results of FFF 3D printing with materials with low elastic modulus and high filler ratios.

[0086] The graphite filler / gel mixture was then thoroughly stirred until the graphite

was dispersed within the polymer and toluene solution. Thereafter, the mixture was

placed in a gravity fed mold and allowed to sit for an additional 24 to 48 hours until the

toluene had fully evaporated out of mixture. Toluene was chosen since it is highly

evaporative at room temperature and pressure.

[0087] Following evaporation of toluene out of the mixture, the resulting product

included only graphite (carbon) distributed within the SEBS polymer. Distribution of the

conductive particles allowed the particles to be compressed when a pressure was

applied and brought the particles closer together. This allowed for a change in

resistance to take place due to the decrease in space between the conductive particles.

[0088] Following evaporation of the toluene, a first group of graphite/SEBS

composite samples were removed from the mold and cut into 12 mm x 12 mm square

shapes with a thickness of 2.54 mm to yield molded samples for testing. Additionally, a

second group of graphite/SEBS composite samples were cut into square pellets that

were fed into a filament extruder at 95-1 00°C to create a 1.75 mm filament for FFF 3D

printing. To create the 3D printed samples, filament was fed through the FFF 3D printer

with the settings specified in FIG. 17 , to yield 3D printed samples according to the

sample size stated above.



[0089] Printed samples were printed longitudinally (i.e., perpendicular to the

direction of applied compression) to provide the greatest strength, since printing parallel

to the direction of applied compression would result in a weaker sample due to the layer

adhesion strength of FFF parts. This same effect has been observed by others. 30

[0090] When printing on a Fused Filament Fabrication device, it is difficult to force a

weak and flexible material through the nozzle for extrusion. The difficulty is caused by

the fact that the filament relies on the high temperature of the nozzle along with

pressure from a feeder gear that is located away from a heating chamber and the

nozzle. With the composite materials described here, the feeder gear is far away from

the nozzle and may cause buckling within the feeder tube, heating chamber, and

nozzle.

[0091] A conventional heater tube / nozzle assembly 30 is shown in FIG. 2 . The

heater tube / nozzle assembly 30 includes a heater tube 32 arranged upstream of a

nozzle 34 having a tapered width, wherein a bore 33 defined by the heater tube 32 is

arranged in fluid communication with a bore 35 defined by the nozzle 34. A feeder tube

(not shown) is arranged upstream of the heater tube 32. FIG. 3 shows a modified

heater tube / nozzle assembly 40 useful for producing piezoresistive elements as

disclosed herein via fused filament fabrication. The modified heater tube / nozzle

assembly 40 includes a heater tube 42 arranged upstream of a nozzle 44 having a

tapered width, wherein a bore 43 defined by the heater tube 42 is arranged in fluid

communication with a bore 45 defined by the nozzle 44. A feeder gear 46 and

complementary idler pulley 48 engage a rod-like filament structure 49, whereby rotation

of the feeder gear 46 causes the rod-like filament structure 49 to advance through the

bores 43, 45 defined by the heater tube 42 and the nozzle 44, respectively. In order for

the samples to be 3D printed and to decrease the chance of buckling within a feeder

tube, the extruder nozzle bore and heater tube bore diameters needed to be increased

from the standard 0.35 mm diameter (shown in FIG. 2) to a much larger 1.58 mm

diameter (shown in FIG. 3) for both 1: 1 and 1.33:1 conductive filler material to TPE

ratios. The large 1.58 mm diameter of the bores 43, 45 defined by the heater tube 42

and nozzle 44, in tandem with the 1.75 mm diameter of the rod-like filament structure

49, resulted in very little backpressure to the feeder gear 46, and resulted in the use of

almost solely radiating heat to convert the composite filament to a molten state. This

style of printing differs from a standard FFF 3D printing technique in which temperature

and pressure are used to promote melting of the filament for extrusion. Thus, in certain

embodiments, a fused filament fabrication process comprises passing a rod-like



filament structure having a first width or diameter through a heated structure including a

discharge nozzle comprising a second width or diameter, wherein the first width or

diameter exceeds the second width or diameter, but is no more than than about 15%

larger than the second width or diameter.

[0092] Upon modification of the diameter of the bores 43, 45 of the heater tube 42

and nozzle 44, the modified nozzle diameter is only reduced by 0.1 7 mm relative to the

filament diameter, whereas printing with ABS uses a 0.35 mm nozzle diameter and

causes a diameter reduction of 1.4 mm. The larger nozzle opening (bore 45) allows for

little back-pressure on the rod-like filament structure 49 and also compensates for the

thermal expansion of the piezoresistive composite material. Since the piezoresistive

composite material uses a conductive filler material that is incompressible and non-

flowable, when the polymer matrix expands, it pushes the graphite particles in an

outwards direction and increases the diameter of the filament without having the

particles transition to a molten state. Therefore, mostly radiating heat is applied with

very little pressure and slow speeds to 3D print composites with large filler ratios. One

potential issue that can be encountered during FFF 3D printing is that the filament is

subject to slipping (and becoming stationary) during extrusion, resulting in stoppage of

extrusion. This slippage may be caused by the extremely soft, flexible, and low-friction

properties of the carbon-filled filament. To overcome this with current FFF feed

systems, the extrusion multiplier should be greater than one to maintain filament

extrusion despite slippage. The extrusion multiplier causes the rate of extrusion from

the feeder gear to be larger than a predefined software feed rate. Due to this higher

rate of extrusion, filament can emerge during nonslippage points in larger volumes,

which causes lobes to be printed instead of a continuing fine line. Despite this, the 3D

printed sensors characterized herein still provided accurate results based on the

slopes/trends and high correlation values shown between the 3D printed versus molded

samples, and based on the overall shapes of the 3D printed sensors being slightly

dimensionally different from the molded samples. If desired, an improved filament feed

system may be provided, in which a conventional feeder gear and idler pulley may be

replaced with a double-sided vertical rubber belt feed system that can increase the

contact area against the filament and support the filament in between the feeder system

and heating nozzle to prevent slippage. Additionally, a distance between the feeder

system and heating nozzle may be reduced to help prevent buckling within the feeder

system. This modification will help provide a constant flow rate of filament and allow for

the increased extrusion multiplier to go back to baseline.



[0093] To characterize the elasticity of the piezoresistive composites and provide a

basis for comparison to conventional 3D printing materials (ABS and POLYFLEX™),

tensile testing with a sample size of N =2 was performed. POLYFLEX™ is a flexible

material having a large strain to failure characteristic. Filament strands were tested

under tension to demonstrate the elastic modulus of the graphite/SEBS composite.

Tensile testing used fixtures in which the filament wrapped around a barrel on the top

and bottom and was then fixed in place, leaving a precise gage length for testing.

Samples were pulled at a strain rate of 500 mm/min, following the ASTM D638

standard. 500 mm/min was chosen over 5 or 50 mm/min because the high strain rate

places more emphasis on the elastic region of the composite rather than the energy

dampening effect of composite.

[0094] Results of tensile testing are shown in FIGS. 4A and 4B. FIG. 4A is a plot of

stress (GPa) versus strain tensile testing performed on samples of ABS, POLYFLEX™,

and piezoresistive composite materials of four different conductive filler material to

elastomer (TPE) ratios ( 1 : 1 , 1.33:1 , 1.66:1 , and 2:1 ) , whereas FIG. 4B is a magnified

portion of FIG. 4A proximate to the origin, showing the piezoresistive composite

materials only. Sensor composite filaments were plotted with a moving average, with

the top runs being the 2:1 ratio and with the 1: 1 ratio runs at the bottom.

[0095] The piezoresistive composite materials exhibited such low elastic modules

values that their plots are barely visible at the bottom of FIG. 4A, thereby giving rise to

the need for the magnified view shown in FIG. 4B. The results show that with the

increase in filler mass or volume, the ultimate tensile strength and elastic modulus

increases from 1.83x1 0 4 GPa for a 1: 1 ratio to 6.01 x 10 4 GPa for a 2:1 ratio, with 1.33:1

and 1.66:1 having modulus values of 3.1 7 x 10 4 GPa and 4.64 x 10 4 GPa respectively.

The plotted data of the composites uses a moving average to remove noise from the

data plots. These results are expected and follow correct mechanical and material

science theories. The increase in mechanical reinforcements to a matrix increases the

load absorbing properties by allowing a transfer of load to the higher strength material

from the weaker matrix and decreases the mechanical strain caused by the

reinforcement material that a composite can withstand.

[0096] When comparing the composite modulus of elasticity results to ABS or

POLYFLEX™, which have modulus of elasticity values of 0.1 8 GPa and 2.72 x 10 3 GPa

respectively, we can see in FIGS. 4A and 4B that the modulus of elasticity, and

additionally the maximum tensile strengths, of the composites are low are compared to

these standard FFF 3D printing materials. This demonstrates that piezoresistive



composite material is extremely weak, with maximum tensile strengths between

0.00057 GPa - 0.001 1 GPa, as compared with ABS and POLYFLEX™ having tensile

strengths of 0.41 GPa and 0.70 GPa, respectively.

[0097] FIG. 5 is a plot of peak stress value (GPa) obtained by tensile testing versus

sample number, wherein the sample numbers ( 1 to 8) represent the four different

conductive filler material to elastomer (TPE) ratios ( 1 : 1 , 1.33:1 , 1.66:1 , and 2:1 ) and the

two samples in each filament type. As shown in FIG. 5 , each pair of samples ( 1 and 2 ,

3 and 4 , 5 and 6 , 7 and 8) exhibited consistent properties, with a substantially linearly

relationship between peak stress value and increasing conductive filler ratio.

[0098] To determine the optimal applied voltage for sensors incorporating the

piezoresistive composite materials as disclosed herein, cyclic voltammetry (CV) was

performed on a molded sample with no applied pressure, as shown in FIG. 6 . CV

testing was performed on a 12 mm x 12 mm x 2.54 mm sample with a 2:1 composite

ratio with no applied pressure to its surface. The 2:1 sample was placed on a pressure

test fixture, and a CH Instrument performed five sweeps from - 1 .0V to 1.0V and records

the current output, where a sweep was from - 1 .0V to 1.0V. The ideal voltage was

selected by choosing the location where each sweep had the greatest overlap. The

ideal voltage chosen for the 2:1 sample and subsequently all other composite ratios

was -0.2V. When reviewing FIG. 6 , we can see that there is more scatter at the outer

edges of the sweep pattern. If a voltage was chosen within the scatter areas, then it

could induce noise into the pressure sensor data and cause an error in the recordings.

[0099] FIGS. 7A-7C provide plots of current (amperes) versus potential (volts)

obtained by additional cyclic voltammetry testing runs. FIG. 7A is a plot of current

versus potential obtained by cyclic voltammetry testing of an unloaded molded pressure

sensor. FIGS. 7B and 7C provide plots of current versus potential obtained by cyclic

voltammetry of flexible sensors each incorporating a piezoresistive element including a

piezoresistive composite material having 1.33:1 and 1: 1 conductive filler material to

elastomer (TPE) ratios, respectively, and produced by a fused filament fabrication

process.

[00100] The same applied voltage was used for consistency across all data samples,

except for the 1: 1 3D printed sample, and for future sensor design simplicity. If multiple

composites were to be used in tandem to create a dual-purpose pressure sensor, then

having one voltage for calibration would have reduced the complexity of the system.

[00101] Subsequently, the determined applied voltage of -0.2 volts was used for

testing the molded and 3D printed samples. Use of a low operating voltage renders a



flexible sensor safe for use with prosthetics and/or medical devices, and safe for

interfacing with various objects.

[00102] After characterizing the elastic moduli of the multiple piezoresistive composite

materials and determining the ideal applied voltage, flexible pressure sensors including

molded and 3D printed piezoresistive elements were pressure tested with masses

ranging from 0.25 grams to 750 grams. All samples were tested with various applied

pressures using calibrated masses and a constant applied voltage.

[00103] The various composite mass-to-mass ratios used were 0.75:1 , 1: 1 , 1.33:1 ,

1.66:1 , and 2:1 (conductive filler material to TPE), to demonstrate the lower limit of

conductive filler material necessary to render the piezoresistive composite material

electrically conductive, and to demonstrate the upper limit of conductive filler material to

TPE ratio that can be FFF 3D printed and be mixed together until no improvement in

sensing can be measured (in other words, a point at which the lower pressure detection

limit did not improve from the previous iteration).

[00104] All pressure testing samples of piezoresistive composite material were placed

on a custom test fixture with a copper plate on the bottom to serve as the bottom

electrode, and with a copper wire electrode placed on top to form a circuit. The test

fixture with a flexible pressure sensor contained therein is shown in FIG. 8 . White

dotted line arrows represent the flow of current through the circuit. 3D FFF printed

piezoresistive composite material was arranged on a flat copper electrode and a copper

wire electrode was applied to a top surface of the piezoresistive composite material.

Vinyl insulating tape was used above the copper wire electrode to prevent any electrical

interaction between the copper wire electrode and the brass weights used to apply

pressure to the sample. In the test setup, the top side copper wire electrode carried the

applied voltage and the bottom side copper plate electrode carried the output signal to

the CH Instrument. Although a copper plate and wire were used in this embodiment, it

is to be appreciated that electrodes of any suitable material and conformation may be

used. In certain embodiments, one or more metal layers (e.g., foils, plates, strips, or

the like) may directly receive piezoresistive composite material that is printed or molded

thereon, or electrical and mechanical connections with such metal layer(s) may be

made by suitable electrically conductive adhesives. In certain embodiments,

conductive polymers may be used for the electrodes.

[00105] After determining the applied constant voltage and characterizing the

composite mechanical properties, the molded and 3D printed samples with ratios

ranging from 0.75:1 to 2:1 were tested to determine the pressure range that each



sensor type could record. The molded samples were formed in a cylinder mold and cut

into the 12 mm x 12 mm x 2.54 mm samples, while the 3D printed samples were

printed with a layer height of 0.6 mm and seven shells to print a 12 mm x 12 mm x 2.54

mm sensor. A layer height of 0.6 mm was the only successful printing layer since

smaller layer heights caused large gaps to occur and a larger layer would cause the

last layer to be drastically different from the lower layers. Once the samples were

fabricated, the samples were placed on the pressure sensor fixture and calibrated

masses were placed and centered on top of the sensor.

[00106] FIG. 18 shows the minimum and maximum pressures that each molded and

printed sensor can detect along with the masses used to reach each pressure. The

table shows that there is a difference in the maximum and minimum pressures

depending on the amount of conductive material added to the base polymer matrix.

There are large differences between the lower and high ratio composites where the 1: 1

and 1.33:1 ratio sensor composites are able to detect higher pressures limits than the

1.66:1 and 2:1 ratio sensor composites. The 1: 1 sensor is able to detect between

3.4063 kPa - 5 1 .0938 kPa (50-750 grams) and the 1.33:1 sensor has the same range

as its molded equivalence. The reason for the change in detectable range for the 1: 1

sensor is that during the printing process there are gaps or spaces that occur between

each layer allowing for greater compression needed to compress the graphite particles

closer to together to make an initial path for the current to travel across and cause the

higher limit detection to travel upwards with the change in initial pressure threshold.

Additionally, the conductive particles could be slightly rearranged during the printing

fabrication, resulting in gaps or voids within the composite that might cause a break in

the current path. This may be investigated in further detail, but for the 1: 1 printed

sample, an applied voltage of -0.5 V needed to be used, which could signify the

presence of the additional voids caused by FFF 3D printing.

[00107] Among the molded samples, the higher ratio sensors are able to detect

between 0.01 70 kPa - 20.4375 kPa (0.25-300 grams) where the lower 1.33:1 and 1: 1

ratio sensors are able to detect between 0.3406 kPa - 20.4375 kPa (5-300 grams), and

2.0438 kPa - 47.6875 kPa (30-700 grams). These sensors are able to detect a whole

magnitude beneath what a light touch is considered for the human skin, and go over

what is required for daily activities by 370%. A light touch is considered to be 100 Pa of

pressure on the skin and the pressure required to manipulate objects for daily activities

to be 10 kPa.



[00108] The testing showed that the lowest composite mixture capable of providing

desired piezoresistive properties is a 1: 1 ratio of conductive filler material to TPE. The

sample with the 0.75:1 mass-to-mass ratio of graphite filler to SEBS proved to be

nonconductive under all pressures and applied voltages. Additionally, the only samples

that could be FFF 3D printed were the 1: 1 and 1.33:1 mixtures. Although the 0.75:1

mixture could have been 3D printed, it was not due to its lack of sufficient conduction.

Composites with graphite to SEBS ratios of 1.66:1 or 2:1 were not amenable to FFF 3D

printing due to the lack of sufficient thermoplastic matrix.

[00109] The flexible pressure sensors disclosed herein are capable of achieving

values as low as 17.03 Pa and up to 5 1 .09 kPa. These values fully encompass

pressures experienced during daily human activities, typically in a range of 100 Pa

(e.g., a light touch) to about 10 kPa. In particular, the 3D printed sensors are able to

achieve between 340.63 Pa and 5 1.09 kPa and the molded sensors are able to detect

pressure levels between 17.03 Pa and 47.69 kPa. Since the molded sensors can have

a higher ratio of conductive material to polymer matrix, they are able to have a greater

sensitivity to changes in pressure, whereas the 3D printed sensors need to have a

greater ratio of polymer matrix to conductive material in order to be amenable to FFF

3D printing. In certain embodiments, sensors incorporating molded piezoresistive

elements can be molded in 3D printed molds to create custom and precise pressure

sensors for prosthetics or other medical devices.

[001 10] Within the 3D printed samples, there are only slight changes from the

detectable levels for the composites that are 3D printable. For the 3D printed samples,

only 1: 1 and 1.33:1 sensors are able to be 3D printed due to thermal expansion and the

large volume fractions of conductive material within the matrix.

[001 11] The data for the pressure sensors were plotted on logi 0 graphs as depicted in

FIGS. 9-14, with resistance plotted in the lower section and current plotted in the upper

section of each figure. The data follows a logarithmic trend with a high R2 value with a

power analysis (R2>0.93 in each instance). At each pressure value shown, certain

pressure values are hidden to allow the fitted graph to be more clearly seen. A sample

size of N=3 was used to show the variation in data with the same pressure applied.

[001 12] FIGS. 15 and 16 each include logi 0 plots of current as a function of pressure

(Pa) for two flexible sensors incorporating piezoresistive elements including a

piezoresistive composite material, including one flexible sensor produced by 3D printing

according to a fused filament fabrication process and another flexible sensor produced

by a molding process. In FIG. 15 , the piezoresistive composite material has a 1: 1



conductive filler material to elastomer (TPE) ratio, whereas in FIG. 16 , the

piezoresistive composite material has a 1.33:1 conductive filler material to elastomer

(TPE) ratio. As shown in FIGS. 15 and 16 , when the 1: 1 and 1.33:1 3D printed flexible

piezoresistive sensors are compared to their molded equivalents, the samples follow

similar trends (e.g., curve shapes) differing only in their output current value. In

particular, the 3D printed samples operate on an outputted current value about four

magnitudes lower than the molded samples.

[001 13] In certain embodiments, the flexible sensors incorporating piezoeresistive

composite materials presented herein can be used as pressure sensors for daily

activities and can be used to detect levels just above a light touch. FIG. 34 is a

horizontal bar diagram showing human skin detection limits and sensor ranges for three

types of sensors, namely: flexible sensors piezoresistive composite material produced

by 3D printing according to a fused filament fabrication process, and flexible sensors

piezoresistive composite material produced by a molding process. Since the 1: 1 or

1.33:1 3D printed sensors can detect between 3.4063 kPa - 5 1 .0938 kPa (50-750

grams) and 0.3406 kPa - 20.4375 kPa (5-300 grams), and daily activities (DA) and a

light touch operate in the 10 kPa and 100 Pa range, the sensors presented here can be

used in conjunction with one another to create a dual or zone sensor that can operate

for DAs and light pressures. This allows for low cost, simple fabrication of low-level

detection pressure sensors that can be customized to the needs and wants of the user.

[001 14] In certain embodiments, a flexible pressure sensor incorporating a single

piezoresistive composite material as disclosed herein may be incorporated in a

prosthetic or medical device and designed to accommodate sensor feedback needed

for meeting the demands of routine human (e.g., daily) activities. In other

embodiments, multiple flexible pressure sensors incorporating different piezoresistive

composite materials having different operative pressure ranges may be utilized together

in a prosthetic or medical device as part of a two-part or multi-part feedback system

suitable to meet the demands of routine human activities.

[001 15] 3D printed sensors also have the ability to be embedded within a 3D printed

part to allow for complex devices to be manufactured or to create pressure sensors with

unique geometries to be placed in locations where it is currently difficult or impossible to

place a current or academic research sensor. Being able to 3D print a fully functioning

sensor without the need for additional manufacturing, or even only being able to create

a 3D printed housing for a sensor, will open up opportunities for new and intelligent 3D

printed devices to be fabricated.



[001 16] Additionally, molded sensors can to be formed into any 3D printed mold to

create unique geometries and ideal pressure sensor designs. These molded sensors

will not have the same flexibility and ideal fabrication techniques as fully 3D printed

sensors, but they can be low cost, effective pressure sensors that can detect pressure

values all the way down to 17 Pa, well below the pressure value for a light touch.

Detecting values well below the light touch threshold will allow prosthetics to be able to

detect the early onset of contact with an object, allowing the prosthetic user to have

feedback before a person without a prosthetic could.

[001 17] Although the preceding discussion has focused primarily on flexible sensors

incorporating piezoresistive materials, it is to be appreciated that flexible sensors

incorporating piezoresistive materials may be utilized as shear sensors or

proprioceptors in certain embodiments.

[001 18] FIG. 19 is a schematic representation of a proprioceptor test device including

different diameter rods (numbers 1 to 9) about which a flexible piezoresistive sensor

(number 0) may be wrapped and the output current recorded. The flexible

piezoresistive sensor includes a flexible piezoresistive element arranged between first

and second electrodes.

[001 19] FIG. 20 is a plot of current (Amps) versus degrees of sensor bend obtained

with a flexible piezoresistive sensor (number 0) wrapped around the different diameter

rods schematically illustrated in FIG. 19. FIG. 20 depicts the degree of sensor bend or

flexion as a result of output current of a molded proprioceptor sensor with a constant

applied voltage. Results show an upward power trend as the bend angle increases

from 0 to 180 degrees due to the decrease in sensor thickness during flexion. The

sensor design was a rectangle with dimensions of 12 mm x 2.54 mm x 2.54 mm.

[00120] FIG. 2 1A is a photograph showing a first piezoresistive composite material

formed by molding (at left) and a second piezoresistive composite material formed by

3D printing (at right). FIG. 2 1B is a photograph showing the first piezoresistive

composite material and the second piezoresistive composite material of FIG. 2 1A ,

arranged proximate to a centimeter scale. Each sensor design was rectangular with

dimensions of roughly 12 mm x 2.54 mm x 2.54 mm. FIGS. 22A and 22B provide

perspective and side elevation views, respectively, of the 3D printed second

piezoresistive composite material of FIGS. 2 1A and 2 1B. Additionally, FIGS. 23A and

23B provide 100x and 200x magnification images, respectively, of the 3D printed

second piezoresistive composite material of FIGS. 21A-22B.



[00121] FIGS. 24 to 29 provide plots of current (amperes) and resistance (Ohms)

versus pressure (Pa) for flexible sensors incorporating piezoresistive composite

materials of different conductive filler material to elastomer (TPE) ratios.

[00122] FIG. 24 provides plots of current and resistance versus pressure for a flexible

sensor incorporating a piezoresistive composite material having a 1: 1 conductive filler

material to elastomer (TPE) ratio, and produced by 3D printing according to a fused

filament fabrication process. FIG. 25 provides plots of current and resistance versus

pressure for a flexible sensor incorporating a piezoresistive composite material having a

1: 1 conductive filler material to elastomer (TPE) ratio, and produced by molding (i.e., a

non-printing process). As shown in FIGS. 24 and 25, the sensors produced by FFF 3D

and molding processes perform similarly.

[00123] FIG. 26 provides plots of current and resistance versus pressure for a flexible

sensor incorporating a piezoresistive composite material having a 1.33:1 conductive

filler material to elastomer (TPE) ratio, and produced by 3D printing according to a

fused filament fabrication process. FIG. 27 provides plots of current and resistance

versus pressure for a flexible sensor incorporating a piezoresistive composite material

having a 1.33:1 conductive filler material to elastomer (TPE) ratio, and produced by

molding. As shown in FIGS. 26 and 27, the sensors produced by FFF 3D and molding

processes perform similarly.

[00124] FIG. 28 provides plots of current and resistance versus pressure for a flexible

sensor incorporating a piezoresistive composite material having a 1.66:1 conductive

filler material to elastomer (TPE) ratio, and produced by molding. FIG. 29 plots of

provides current and resistance versus pressure for a flexible sensor incorporating a

piezoresistive composite material having a 2:1 conductive filler material to elastomer

(TPE) ratio, and produced by molding. Current and resistance values follow similar

trendlines despite the change in conductive filler material to elastomer (TPE) ratio.

[00125] FIG. 30 provides plots of fitted lines for current (amperes) versus pressure

(Pa) for a first flexible sensor produced by 3D printing according to a fused filament

fabrication process and a first flexible sensor produced by a molding process, with each

sensor incorporating a piezoresistive composite material having a 1: 1 conductive filler

material to elastomer (TPE) ratio. Similarly, FIG. 3 1 provides plots of fitted lines for

current (amperes) versus pressure (Pa) for a second flexible sensor produced by 3D

printing according to a fused filament fabrication process and a second flexible sensor

produced by a molding process, with each sensor incorporating a piezoresistive

composite material having a 1.33:1 conductive filler material to elastomer (TPE) ratio.



Similar data trends are observed despite the change in conductive filler material to

elastomer (TPE) ratio. FFF 3D printed samples have slight changes to their pressure

detection ranges due to manufacturing fabrication.

[00126] FIG. 32A is a bar chart with superimposed trendlines, providing average

slope (amp/sec) versus percentage of applied load for a flexible sensor incorporating a

piezoresistive composite material having a 1: 1 conductive filler material to elastomer

(TPE) ratio, for seven load values ranging from 150 g to 750 g . FIG. 32B is a bar chart

with superimposed trendlines, providing average slope (amp/sec) versus percentage of

applied load for a flexible sensor incorporating a piezoresistive composite material

having a 1.33:1 conductive filler material to elastomer (TPE) ratio, for seven load values

ranging from 5 g to 300 g . As shown, varying the conductive filler material to elastomer

(TPE) ratio alters the operating loading or pressure range for a flexible sensor

incorporating a piezoresistive composite material.

[00127] FIG. 33A is a bar chart providing average time to percentage of applied load

(seconds) versus percentage of applied load for a flexible sensor incorporating a

piezoresistive composite material having a 1: 1 conductive filler material to elastomer

(TPE) ratio, for seven load values ranging from 150 g to 750 g . FIG. 33B is a bar chart

providing average time to percentage of load (seconds) versus percentage of applied

load for a flexible sensor incorporating a piezoresistive composite material having a

1.33:1 conductive filler material to elastomer (TPE) ratio, for seven load values ranging

from 5 g to 300 g . Similar trends were observed between FIGS. 33A and 33B.

[00128] Disclosed herein are alternatives to the current strain gage and thick/thin film

sensors. Flexible sensors incorporating piezoresistive composite materials may be

formed by molding or 3D printing and can operate within the daily activity range and

within the same magnitude as a light touch on human skin. 3D printed sensors can be

printed in one step with no post-processing needed, with an approximate manufacturing

cost of $0 125, ignoring equipment and manufacturing overhead. In certain

embodiments, a sensor can also be embedded within a 3D printed prosthetic or

medical device to create intelligent devices with reduced manufacturing steps. The

option for creating embedded electronics will allow for improvements and help grow the

area of 3D printing and medical devices. Radiating heat with little nozzle pressure to

create a 3D printed part utilizing low elastic modulus composite materials has also been

demonstrated.

[00129] Flexible piezoresistive sensors disclosed herein represent an improvement

upon the current prosthetic pressure sensors that are either strain gage based sensors



or thick/thin film based sensors. Flexible piezoresistive sensors disclosed herein have

a thickness and feel similar to human skin, may be produced by simple fabrication

techniques, and can be manufactured into user-specific geometries. When produced

by FFF 3D printing, a flexible piezoresistive sensor can be easily printed into smaller or

larger sizes to create custom layouts or patterns for pressure sensor feedback systems.

[00130] Upon reading the foregoing description in light of the accompanying drawing

figures, those skilled in the art will understand the concepts of the disclosure and will

recognize applications of these concepts not particularly addressed herein. Those

skilled in the art will recognize improvements and modifications to the preferred

embodiments of the present disclosure. All such improvements and modifications are

considered within the scope of the concepts disclosed herein and the claims that follow.



Claims

What is claimed is:

1. A flexible sensor comprising:

a first electrode and a second electrode; and

a piezoresistive element comprising piezoresistive composite material arranged

between the first electrode and the second electrode, wherein the piezoresistive

composite material comprises a thermoplastic elastomer (TPE) and a conductive filler

material, and the piezoresistive composite material comprises an elastic modulus value

of less than about 1 x 10 3 GPa.

2 . The flexible sensor of claim 1, wherein the piezoresistive composite material

comprises an elastic modulus value in a range of from 1 x 10 5 to 9.9 x 10 4

3 . The flexible sensor of claim 1, wherein the flexible sensor exhibits a change in

electrical resistance of at least about 1 x 102 Ohms responsive to a change in pressure

of 2 x 104 Pa applied to the piezoresistive composite material.

4 . The flexible sensor of claim 1, wherein the TPE comprises polystyrene ethylene

butylene styrene (SEBS).

5 . The flexible sensor of claim 1, wherein the conductive filler material comprises

carbon.

6 . The flexible sensor of claim 5 , wherein the conductive filler material comprises at

least one of graphite, carbon black, graphene, or diamond.

7 . The flexible sensor of claim 1, wherein the conductive filler material comprises

an electrically conductive polymer having a higher melting temperature than the TPE.

8 . The flexible sensor of claim 1, wherein the conductive filler material is dispersed

in the TPE.

9 . The flexible sensor of claim 1, wherein at least one of the first electrode or the

second electrode comprises a metal.



10 . The flexible sensor of claim 1, wherein at least one of the first electrode or the

second electrode comprises a foil, a mesh, a grid, or a wire.

11. The flexible sensor of claim 1, wherein the piezoresistive element comprises a

unitary fused body structure.

12 . The flexible sensor of claim 11, wherein the piezoresistive element is fabricated

by a fused filament fabrication process.

13 . The flexible sensor of claim 1, wherein the piezoresistive element comprises a

molded body structure.

14. The flexible sensor of claim 1, comprising a thickness in a range of from about 1

mm to about 3 mm.

15 . The flexible sensor of claim 1, embodied in a pressure sensor.

16 . The flexible sensor of claim 1, embodied in a proprioceptor.

17 . The flexible sensor of claim 1, embodied in a shear sensor.

18 . A prosthetic device or a medical device comprising the flexible sensor of claim 1.

19 . A method of fabricating a flexible sensor according to claim 1, the method

comprising:

forming a mixture of thermoplastic elastomer (TPE) and conductive filler

material;

heating the mixture of TPE and conductive filler material to a flowable state; and

shaping the heated mixture to form the piezoresistive element.

20. The method of claim 19 , wherein the shaping of the heated mixture comprises

selectively depositing the heated mixture in sequential layers.



2 1. The method of claim 20, wherein the selective deposition of the heated mixture

in sequential layers comprises use of a fused filament fabrication process.

22. The method of claim 2 1, wherein the mixture of TPE and conductive filler

material is formed into a rod-like structure having a first width or diameter, and the

fused filament fabrication process comprises passing the rod-like structure through a

heated structure including a discharge nozzle comprising a second width or diameter,

wherein the first width or diameter is less than about 15% larger than the second width

or diameter.

23. The method of claim 20, wherein the selective deposition of the heated mixture

in sequential layers is performed over one of the first electrode or the second electrode.

24. The method of claim 20, further comprising forming at least one of the first

electrode or the second electrode via three-dimensional printing.

25. The method of claim 19 , wherein the shaping of the heated mixture comprises

supplying the heated mixture to a mold, and effectuating removal of the piezoeresistive

element from the mold.

26. The method of claim 19 , further comprising applying at least one of the first

electrode or the second electrode to the piezoeresistive element.

27. The method of claim 19 , wherein the forming of the mixture of TPE and

conductive filler material comprises applying a solvent to a thermoplastic block polymer

to yield a flowable product, dispersing the conductive filler material in the flowable

product, and evaporating the solvent from the flowable product.
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