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MULTIMODE ENERGY HARVESTING DEVICE
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to and the benefit of the filing date of U.S. Patent
Application No. 17/514,230, filed October 29, 2021, the entire disclosure of which is incorporated by
reference herein,
BACKGROUND
[0002] The Internet of Things (IoT) is the inter-networking of physical objects, such as products,
packages, vehicles, buildings, etc., that are embedded with eclectronic components for network
connectivity. The embedded components enable objects to detect others, be detected by others,
collect data and/or transmit data. In some examples, the embedded components may include tags or
labels attached to the physical objects. These tags or labels may be passive or active. The inter-
networking capabilities may be leveraged for tracking locations of physical abjects.
BRIEF SUMMARY
[6603] Aspects of the disclosure provide for an energy harvesting tape. The energy harvesting tape
includes a plurality of flexible layers and one or more processing units on at least one of the plurality
of flexible layers. The plurality of flexible lavers includes a solar cell layer configured to capture
solar energy, a thermoelectric layer configured to capture thermal energy, one or more piezoelectric
layers configured to capture mechanical energy; and an electrode laver configured to capture
radiofrequency energy and to transmit a radiofrequency signal. The one or more processing units are
configured to usc the captured energy from the plurality of flexible lavers to transmit the
radiofrequency signal. The energy harvesting tape has a length, a width, and a thickness, where the
{ength is greater than the width, and the width is greater than the thickness.
[0004] In one e¢xample, the energy harvesting tape also includes an energy storage device. In this
example, the energy storage device ts optionally attached to a first end of the energy harvesting tape.
Also in this example, the energy storage device is optionally included on one of the plurality of
flexible layers. Further in this exaraple, the energy storage device optionally includes a rechargeable
printed battery. Still further in this example, the energy harvesting tape also includes a rectification
circuit between the plurality of flexible layers and the energy storage device.
[06005] In another example, the electrode layer includes an antenna. In this example, the energy
harvesting tape also optionally includes a first electrode pair between the electrode layer and an
energy storage device and a second electrode pair between the electrode laver and the antenna. Ina
further example, the energy harvesting tape also includes an attachment means on an edge of a first
end and an edge of a second end opposite the first end, where the attachment means is configured to
couple to a surface. In this example, the energy harvesting tape is optionally configured to vibrate
when the attachment means is coupled to the surface. In vet another example, the electrode layer is

configured to capture multi-band radiofrequency encrgy.
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[0006] In a still further example, the transmitted radiofrequency signal is a multi-band
radiofrequency signal. In another example, the one or more processing units are configured to
transmit the radiofrequency signal that can power a set of identifymng passive tags. In a further
example, the energy harvesting tape 1s configured to be stored in a roll. In yet another example, the
plurality of flexible layers is assembled directly atop one another. In a still further example, the
energy harvesting tape also includes one or more adhesive layers between the plurality of flexible
tayers.

[0087] Other aspects of the disclosure provide for a kit. The kit includes the energy harvesting tape
described above; a plurality of identifving passive tags; and a reader including one or more computing
devices configured to detect the signal emitted by the plurality of identifying passive tags.

[6008] Further aspects of the disclosure provide for a method of manufacturing an energy harvesting
tape. The method includes constructing a plurality of energy harvesting layers for a flexible tape
segment using one or more roll-to-roll processing techniques, where the plurality of energy harvesting
layers inclirdes a solar cell layer configured to capture solar energy, a thermoelectric laver configured
to capture thermal energy, and one or more piczoelectric layers configured to capture mechanical or
radiofrequency energy and to transmit a radiofrequency signal; and sssembling the plurality of enetgy
harvesting layers directly atop one another to form the energy harvesting tape having a length, a
width, and a thickuaess, where the length is greater than the width, and the width is greater than the
thickness.

[6009] In one example, constructing the one or more piezoelectric layers further includes attaching
one of niore processing units on a first piezoelectric layer. In another example, the method also
includes determining the length of the energy harvesting tape based on a target frequency for capture.
BRIEF DESCRIPTION OF THE DRAWINGS

[6010] FIGURE 1A is a functional diagram of an example system including a multimode energy
harvesting device in accordance with aspects of the disclosure.

[6611} FIGURE 1B shows pictorial diagrams of various environments in which the example system
is deployed in accordance with aspects of the disclosure.

[6612] FIGURE 2 is a pictorial diagram of an example network in accordance with aspects of the
disciosure.

[0613] FIGURE 3 is a functional diagram of the example network in FIGURE 2 in accordance with
aspects of the disclosure.

[6014] FIGURE 4A is a perspective view of a multimode energy harvesting device in accordance
with aspects of the disclosure,

[0015] FIGURE 4B is a side view of a multimode energy harvesting device in accordance with

aspects of the disclosure.
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[0616] FIGURE 4C is another side view of a multimode energy harvesting device in accordance with
aspects of the disclosure.

[6017] FIGURE 5 is a flow diagram of an example method in accordance with aspects of the
disclosure.

DETAILED DESCRIPTION

OVERVIEW

[6018] The technology relates to a multimode energy harvesting tape that is designed to harvest
energy of all different forms and enrich the radiofrequency (RF) environment. The tape may be used
in a tracking system that includes identifiers or other tracking devices that are passively powered
using the radiofrequency signal output by the tape. Using the tape in the tracking system means the
energy harvesting module of the passive identifiers or tracking devices may be simplified or may have
more flexibility with respect to form. The size and the cost of the identifiers or tracking devices may
also be reduced.

[0019] The tracking system may include one or more tape segments, a plurality of passive tags, and a
reader. Each passive tag may be attached to an item to be tracked, like a package. The one or more
tape segments may be attached to an environment for the item, such as an mterior wall of a delivery
truck or warehouse. In some implementations, the tracking system may further include a central
server and an application that may be installed on one or more client devices and may access the
central server. The reader may track the passive tags and transmit data to the central server through a
network, and the client devices may access the central server through the network.

[6828] Each tape segment may have a plurality of layers that define the thickness of the tape. The
plurality of layers may include a solar cell layer configured to capture solar energy, a thermoelectric
layer to capture thermal energy through temperature gradients, one or more piezoelectric layers to
capture mechanical (vibration), and/or one or more clectrode layers to capture radiofrequency energy.
The one or more electrode layers may include one or more electrodes, a radiofrequency
complementary metal-oxide-semiconductor (RF CMOS), diodes and/or piczoelectric components. In
some impiementations, the one or more electrode layers may inchide one or more integrated circuit
tayers. In sonie cases, a given tape segment may have a single layer that 1s configured as more than
one type of layer (solar cell, thermoelectric, piezoelectric, or electrode). The captured radiofrequency
energy may be multi-band radiofrequency energy. At least one of the plurality of layers may also
include an energy storage device, such as one or more capacitors of a rechargeable printed battery.
One of the aforementioned layers may also include one or more antennas and one or more processing
units configured to receive energy captured by the plurality of layers, rectify the energy, store the
energy, and/or ouiputting an RF signal. For capturing multi-band radiofrequency energy, the antenna
may include one or more multi-band antennas. In some implementations, the layer including the

antenna and the one or more processing units may also be one of the clectrode layers. In other
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implementations, the layer including the antenna and the one or more processing units may also be the
solar layer, the thermoelectric layer, or one of the piezoelectric layers.

[0821] One or more of the lavers may be manufactured using one or more techniques from roll-to-
roll (R2R) processing. The manufacturing process of each layer may include performing steps related
to deposition of insulating, conducting, piezoelectric, and/or thermoelectric materials, imprinting, and
etching. The layers may be assembled to each other, such as with an adhesive, with one layer directly
atop another to form the tape segment, Installing the tape segment may inchude adhering the first end
and the second end of the tape to a surface, such as the side of a delivery truck or a wall on the
warehouse.

[6022] The multimode energy harvesting tape described herein increases the utility of passive
tracking devices. Because some of the energy harvesting function of a passive identifier can be
removed, the form and function of the passive identifier becomes more flexible. By collecting more
than one kind of energy, the tape can enrich the radiofrequency environment to provide more
consistent power to the passive identifiers, which increases detectability and improves tracking.
EXAMPLE SYSTEMS

[0023] FIGURES 1A and IB are functional and pictorial diagrams of a tracking system 100
employed in various environments. The tracking system 100 may include one or more multimode
energy harvesting devices 102, such as one or more tape segmetits, a plurality of passive tags 104
(such as identifier chips), and a reader 106. Each passive tag may be attached to an item to be
tracked, like a package. The one or more multimode energy harvesting devices 102 may be
configured to capture, or harvest, energy from sources in their environments. For example, the
sources may include a light energy source 108, a vibration energy source 110, or a heat energy source
£12, among others.

[0024] The one or more multimode energy harvesting devices 102 may be installed in an area
through which an item having a passive tag is to be tracked. For example, a tape segment 102 may be
installed on an interior wall of a butlding 120, surface of transport vehicle 122 in a building, interior
of delivery truck 124, surface of pallets 126, or on outer surfaces of packages 128. Ag shown in
FIGURE 1B, tape segments 102a, 102b may be installed in a warehouse 120a, which includes a light
source 130 and has a forklift 1223, The tape segment 102a may be attached to the forklift 122a, and
the tape segment 102b may be attached to an interior wall of the warehouse 120a. Being on the
forklift 122a, the tape segment 1023 may recetve light energy when light from the light source 130
reaches the tape segment 102a, as well as vibration energy from the movement of the forkiift 122a.
Being on the wall, the tape segment 102b may receive light energy from the light source 130, and
receive 1t more directly than the tape segment 102a does. Tape segment 102¢ may be instatled on an
interior wall of a delivery truck 124, From the interior of the delivery truck, the tape segment 102¢
may receive vibration energy from the movement of the delivery truck 124, Tape segments 1024,

i02e may be instalied on pallets 126. When the pallets 126 are being moved, such as on a forklift
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122a or delivery truck 124, the tape segments 102d, 102e may receive vibration energy. When the
pallets 126 are placed outside, such as on an airport tarmac, the tape segments 102d, 102e may receive
light energy from the Sun 132 or other nearby light sources, as well as heat energy from a temperature
gradient caused by the Sun 132. Tape segments 102f, 102g may be mstalled in a hospital 120b, which
includes packages 128, light sources 130, wheeichair 122b. The tape segment 102f may be attached
to the wheelchair 122b, and the tape segment 102g may be attached to an interior wall of the hospital
120b. Being on the wheelchair 122b, the tape segment 102f may receive light energy when hight from
the light source 130 reaches the tape segment 1021, as well as vibration energy from the movement of
the wheelchair 122b. Being on the wall, the tape segment 102g may receive light energy from the
light source 130, and receive it more dirgctly than the tape segment 102f does. In some examples,
tape segments 102b, 102g may be placed on the wall near a heating or cooling vent that creates a
temperature gradient on the tape segments [02b, 102g to allow for capturing heat energy.

[@025] After capturing energy from their environment, the one or more multimode energy harvesting
devices 102 may transmit a RF signal into the environment for the phurality of passive tags 104, The
signal may be a particular band that can power the plurality of passive tags 104, and as a result, may
add to the available power for the plurality of passive tags 104 in the environment. When powered,
the plurality of passive tags 104 may emit a signal to indicate a respective location. The reader 106
may be a computing device configured to detect the signal emitted by the plurality of passive tags
{04, then store and/or transmit data related to the locations of the detected tags. The reader 106 may
include one or more processors 114, memory 116 and other components typically present in general
purpose computing devices.

[06026] The one or more processors 114 may be any conventional processors, such as commercially
available CPUs. Alternatively, the on¢ or more processors may be a dedicated device such as an
ASIC or other hardware-based processor, such as a field programmable gate array (FPGA). Although
FIGURE 1 functionally illustrates the processor(s), memory, and other elements of the reader 106 as
being within the same block, it will be understood by those of ordinary skill in the art that the
processor, computing device, or memory may actually imclude muitiple processors, computing
devices, or memories that may ot may not be stored within the same physical housing. For example,
memory may be a hard drive or other storage media located in a housing different from that of the
reader 106. Accordingly, references to a processor or computing device will be understood to include
references to a collection of processors or computing devices or memories that may or may not
operate in paratlel.

[8027] The memory 116 stores information accessible by the one or more processors 114, including
data 117 and instructions 118 that may be executed or otherwise used by the processor(s) 114. The
memory 116 may be of any type capable of storing information accessible by the processor(s),
including a computing device-readable medium, or other medium that stores data that may be read

with the aid of an electronic device, such as a hard-drive, memory card, ROM, RAM, DVD or other
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optical disks, as well as other write-capable and read-only memories. Systems and methods may
include different combinations of the foregoing, whereby different portions of the instructions and
data are stored on different types of media.

[6628] The data 117 may be refrieved, stored or medified by processor(s) 114 in accordance with the
instructions 118, For instance, although the claimed subject matter is not limited by any particular
data structure, the data may be stored in computing device registers, in a relational database as a table
having a plurality of different fields and records, XML documents or flat files. The data may also be
formatted in any computing device-readable format.

[6629] The instructions 118 may be any set of instructions to be executed directly (such as machine
code) or indirectly (such as scripts) by the processor. For example, the instructions may be stored as
computing device code on the computing device-readable medium. In that regard, the terms
"instructions” and "programs™ may be used interchangeably herein. The instructions may be stored in
object code format for direct processing by the processor, or in any other computing device language
including scripts or collections of independent source code modules that are interpreted on demand or
compiled in advance. Functions, methods and routines of the instructions are explained in more detail
below.

[6030] FIGURES 2 and 3 are pictorial and functional diagrams, respectively, of an example system
200 that includes a plurality of computing devices 210, 220, 230, 240 and a storage system 250
connected via a network 260. System 200 also includes passive tags 104a, 104b and reader 106.
Although only a few tags and computing devices are depicted for simplicity, a typical system may
include significantly more.

[0031] In some implementations, the tracking system 100 may further include a central server, such
as one or more server computing devices 210, and an application that may be installed on one or more
client computing devices 220, 230, 240 and may access the central server 210. After detecting
location of passive tags 104, the reader 106 may transmit the location data 1o the central server 210
through the network 260. The client computing devices 220, 230, 240 may access the location data
on the central server 210 through the network 260.

[6032] Using the client computing devices, users, such as user 222, 232, 242, may view the location
data on a display, such as displays 224, 234, 244 of computing devices 220, 230, 240. As shown in
FIGURE 3, each client computing device 220, 230, 240 may be a personal computing device intended
for use by a user 222, 232, 242, and have all of the components normally used in connection with a
personal computing device including a one or more processors (€.g., a central processing unit (CPU)),
memory {e.g., RAM and internal hard drives) storing data and instructions, a display such as displays
224, 234, 244 (e.g., a monitor having a screen, a touch-screen, a projector, a television, or other
device that is operable to display mformation), and user input devices 226, 236, 246 (e.g., a mouse,

kevboard, touch screen or microphone). The client computing devices may alse include speakers, a
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network imterface device, and all of the components used for connecting these clements to one
another.

[0833] Although the client computing devices 220, 230, and 240 may each comprise a full-sized
personal computing device, they may altematively comprise mobile computing devices capable of
wirglessly exchanging data with a server over a network such as the Intemet. By way of example
only, client computing device 220 may be a mobile phone or a device such as a wireless-cnabled
PDA, a tablet PC, a wearable computing device or system, or a netbook that is capable of obtaining
information via the Internet or other networks. In another example, client computing device 230 may
be a wearable computing systen, shown as a wristwatch in FIGURE 2. As an example, the user may
input information using a small keyboard, a keypad, microphone, using visual signals with a camera,
or a touch screen.

[6034] For the one or more multimode energy harvesting devices 102, one or more tape segments
may be included, and may be configured as shown in FIGURES 4A-4C and discussed herein. As
shown in FIGURE 4A, cach tape segment 400 may have a first end 402, a second end 404, a length
406 between the first end and the second end, a width 408, and a thickness 410. The length 406 of the
tape segment is longer than the width 408. The length 406 of the tape segment may be determined
based on a frequency band targeted for capture. For example, the frequency band may include 60 Hz
for inductive coupling or be in a radiofrequency range for radiofrequency capture. In some
implementations, the length 406 may be determined based on a target area size for semiconductors to
be exposed to light for generating a current. The thickness 410 of the tape is smaller than the length
406 and the width 408. For example. the length 406 may be 100 cm, the width 408 may be 15 ¢my
and the thickness 410 may be at or about T mm. In other examples, the thickness 410 may be more or
less than | mm. In addition, for a given length of a given {ape segment, the thickness of the
piezoclectric material in the given tape segment may be selected to provide a flexural rigidity that
causes the given tape segment to vibrate at a target resonant frequency. The tape segment 400 may be
a traditional rectangutlar shape or be a different type of shape. The material of the tape segment may
be flexible and thin. Other tape segments may have different dimensions, shapes, or materials.

[0035] Each tape segment 400 may have a plurality of layers that define the thickness 410 of the
tape. Each of the plurality of layers may be less than 500 micrometers. The plarality of layers may
be configured to capture a wide variety of electromagnetic radiation, such as including radiofrequency
wavelengths, infrared wavelengihs, opiical (visible) wavelengths, ultraviolet wavelengths, x-ray
wavelengths, or gamma wavelengths. Different layers may be configured to capture different ranges
in electromaghetic radiation. For example, one layer may capture one or more bands of the
radiofrequency wavelengths, another layer may capture visible wavelengths, and vet another layer
may capture gamma wavelengths. A single layer may also be configured to capture wavelengths in

more than one category of electromagnetic radiation.
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[6636] As shown in FIGURE 4B, the plurality of layers may include a first layer 420 configured as a
solar cell layer that captures solar energy, a second layer 424 configured as both a piezoelectric layer
that captures mechanical {vibration) and/or an electrode layer that captures radiofrequency energy,
and a third layer 428 configured as a thermoelectric layer that captures thermal energy. Each of the
layers shown in FIGURE 4B may be between approximately 100 micrometers and approximately 200
micrometers. One or more additional layers may be inchuided to capture more energy which may be
the same or different type of energy as the other lavers. In alternative examples, there may be
separate lavers for the piezoelectric laver and the electrode laver. There may be an adhesive layer
between the energy capture layers. For example, adhesive layer 422 may be between solar cell layer
420 and a piczoelectric/electrode layer 424, and adhesive layer 426 may be between
piezoelectric/electrode layer 424 and thermoelectric layer 428. One of the aforementioned layers,
such as solar cell layer 420 as shown in FIGURE 4A, may include an antenna 430 and one or more
processing units 432 for outputting a radiofrequency signal. In alternative examples, the antenna 430
and/or the one or more processing units 432 may be included in the piezoelectric/electrode layer 424
or the thermoelectric layer 428.

[0037] At leastone of the plurality of layers may be attached to an energy storage device, such as one
or more capacitors or a@ rechargeable printed battery. In some examples, the encrgy storage device
may be attached to the plurality of layers near the first end and/or the second end, such as via
electrodes. A rectification circuit may be included in the connection between the energy storage
device and one or more of the layers to rectify an incoming signal. The rectifying elements may be
fabricated by printing semiconductor/metal or semiconductor/metal junctions on a given layer, or
rectifying chiplets implemented on silicon chips may be attached to the given layer. The rectification
circuit may be configured to shield the impedances of the electrical energy coming from different
lavers or different sources on each layer from each other, only allowing charge to flow towards the
energy storage device. The shielding feature may increase efficiency for collecting/storing energy
from different sources with differing impedances. For example, for solar energy. the diodes, such as
PN diodes, are typically forward-biased under illumination and have low output impedances. In
contrast, piczoelectric vibration harvesters have high output mmpedances. Alternatively, active
switches may be controlled, such as by one or more processing units 432, to switch between
connecting different sources to the energy storage device, and the energy storage device may be
configured to receive energy from one source at a time.

[0038] The one or more energy storage devices may be electrically attached to the antenna in the
plurality of layers, such as through electrodes. As shown in FIGURE 4B, energy storage devices
440a, 440b may be attached at or near the first end 402 and the sccond end 404, respectively. Each of
the energy storage devices 440 may be electrically attached to the solar cell laver 420 via electrodes
pairs 442, 444, one of which may be connected to the antenna 430 1n the solar cell layer. In addition,

each of the energy storage devices 440 may be electrically attached to the piezoelectric/electrode layer
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424 via electrode pair 446 and to the thermoelectric laver 428 via electrode pair 448. Alternatively,
the energy storage device may be included on at least one of the plurality of layers.__The energy
storage device may inchude a capacitor or a battery.

[6639] The one or more processing units 432, such as an integrated circuit, may be configured to
receive energy from the plurality of layers, which includes rectifying the energy as needed. For
example, the integrated circuit may receive elecirical energy generated by each electrode pair 442,
444, 446, 448 and store the received energy using the energy storage device. The one or more
processing units 432 may include a plurality of conductive traces that connect to the other components
of the tape segment, which may include connecting to vias that pass through layers. The conductive
traces may direct energy to the one or more processing units 432 and towards the energy storage
device, and may also direct energy towards an antenna 430 for transmitiing signals.

[8040] For layers where the generated energy require rectification, such as the piezoelectric/electrode
layer 424, the electrode pair 446 may be connecied to the rectification circuit to rectify the energy
before storage. Alternatively, the one or more processing units 432 may control one or more switches
to direct energy from different sources fowards the energy storage device. The one or more
processing units 432 may control the one or more switches based on detected conditions, such as
energy levels received at the layers or detected environmental conditions from an ensrgy source
related to a type of layer.

[0041] Recetving the energy from the plurality of layers may also 1nciude summing different power
{energy) modes. The method of summing the different power modes may involve storage of the
different received energies at an energy storage device, such as energy store devices 440a, 440b or
another separate device, before drawing from the stored energy to transmit a signal. The
configuration for summing the different power modes may prevent energy stored from a first layer
from leaking out to a second layer.

[0042] Using the generated electrical energy, the one or more processing units 432 may use the
antenna 430 to transmit signals on a particular band associated with the passive tags 104, such as 960
MHz. The one or more processing units 432 may activate the antenna using the electrode pair 442 or
444 conmected to the energy storage device 440. Aliernatively, the one or more processing units may
include discrete circuit components. The one or more processing units 432 may initiate transmission
of the signal afier a set of conditions is satisfied, such as a threshold amount of energy is received or
stored. In some cases, the one or more processing units 432 may select the particular band for the
signal based on a target band for the tracking devices, user input, or detected environmental
conditions.

[0043] Each tape segment may opticnally include an adhesive, or another attachment means for
attaching the tape segment onto a surface. The adhesive may be added on an outer surface of the tape
segment or may be a separate adhesive layer. For example, the adhesive may be on the available

surface of thermoelectric layer 428 of tape segment 400 opposite the adhesive layer 426. With this
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type of adhesive arrangement, the tape segment 400 may be installed on a surface 450, such as a wall,
vehicle, pallet, or package, with the entire bottom surface adhered to the surface, as shown in
configuration 460 in FIGURE 4C. Altematively, the attachment means may be on the edge of the
first end and the edge of the second end of each tape segment. For example, the attachment means,
such as a clip or a hook, may be positioned on the first end 402 and the second end 404 of the tape
segment 400, With this type of attachment micans arrangement, the tape segment 400 may be
installed on a surface 450 with the first end 402 and the second end 404 attached to the surface 430,
with the rest of the length of tape segment 400 unattached and free to move or vibrate, as shown in
configuratien 470 in FIGURE 4C. In this example, the surface 450 may have attachment means 472,
474 configured to couple with the attachment means on the tape segment 400. The attachment means
may be flexible or may otherwise allow the tape segment 400 to flex or vibrate in a desired range.
EXAMPLE METHODS

[06044] In addition to the operations described above and illustrated in the figures, various operations
will now be described. It should be understood that the following operations do not have to be
performed in the precise-order described below,

[06045] FIGURE 5 is an example flow diagram 500 including a method for manufacturing a tape
segment in accordance with some of the aspecis described above. The method may be performed by
one or more computing devices controlling machinery that is customized for the steps of the method.
While FIGURE 5 shows blocks in a particular order, the order may be varied and that multiple
operations may be performed simultaneously. Also, aperations may be added or omitted.

[6046] One or more of the layers of the tape segment may be manufactured using one or more
technigues from roll-to-roll (R2R) processing, which fabricates flexible electronics. At block 502,
each energy harvesting layer of the plurality of layers may be constructed to include the features
described above using techniques from R2R processing. In particular, the manufacture of each energy
harvesting layer may include performing deposition, imprint, and etch steps of R2R processing. Each
energy harvesting layer may be manufactured having a same or similar length based on a
predetermined length of the tape segment. In some implementations, the predetermined length of the
tape segment may be determmed by the one or more computing devices performing the
manufactiring based on input indicating a target frequency for energy capture. In other
implementations, the predetermined length of the tape segment may additionally or alternatively be
determined by the one or more computng devices based on mput indicating a target minimum area
for semiconductors to be exposed to light for harvesting solar energy or indicating a target amount of
current from solar energy. In further implementations, a thickness of piezoelectric materials for the
tape segment may be determined by the one or more computing devices based on a target resonant
frequency and a selected or determined length of the tape segment. The target resonant frequency or
frequency band may be received as input to the one or more computing devices or may be determined

by the one or more computing devices based on an input indicating a target flexural rigidity. At block
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504, the energy harvesting layers may be assembled to each other with one laver directly atop another
using adhesive layers. For example, the solar cell layver 420 may be assembled directly atop
pigzoelectric/electrode layer 424 using adhesive layer 422, and the piezoelectric/elecirode laver 424
may be assembled directly atop the thermoeleciric layer 428 using adhesive layer 426. The
dimensions and materials for the assembly may be based on the determinations described in block
502. The adhesive layers may be spray-coated. For some tape segments, adhesive may be applied to
a given laver before all the layers are constructed at block 502. At block 506, one or more energy
storage devices may be connected to the energy harvesting layers. The one or more energy storage
devices may include one or more capacitors or a rechargeable printed battery. For some tape
segments, the ong or more energy storage devices may be constructed as part of the R2R processing at
block 502.

[0047] In some implementations, a length of more than one tape segment may be manufactured in a
run. In these implementations, the method may further include segmenting the manufactured run into
a plurality of tape segments at block 508. Some further implementations may include storing the
plurality of tape segments in a roll at block 510, such as arranged end-to-end or at least slightly
overlapping.

[0048] Installing a tape segment may include one or more of the following features. The first end
and the second end of the tape segment may be adhered to a surface, such as the side of a delivery
truck or a wall on the warchouse. As shown in configuration 460 of FIGURE 4C, the whole length of
the tape may be adhered to the surface for more stability. Alternatively, the length between first end
and second end of the tape segment may not be adhered to the surface, but pulled taut to allow the
tape segment to vibrate, as shown m configuration 470 of FIGURE 4C. In tius manner, the vibration
energy may be captured by a piezoelectric laver of the tape segment. The tape segmeni may be
installed in a particular orientation, such as perpendicular or parallel to the ground or a floor of a
container or building. In some cases, the first end of the tape segment may be positioned in a warmer
location, such as more proximal to a heat source, and the second end may be positioned in a cooler
location. Different tape segments may be installed in different orientations.

[06049] In some allernative implementations, the plurality of layers may be arranged in different
configurations. As such, the alternative implementations may include positioning the layers in non-
tape form. For example, the layers may be positioned on surfaces of a box or different containers.
The layers may alternatively be positioned independently of one another based on where different
types of energy i available. Regardless of form, the layers may be elecirically or otherwise
operatively coupled to the one or more processing units that are configured to receive, store, rectify,
and/or transmit the captured energy.

[@050] The muliimode energy harvesting tape described herein increases the utility of passive
tracking devices. Because some of the energy harvesting function of a passive identifier can be

removed, the form and function of the passive identifier becomes more flexible. By collecting more
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than one kind of energy, the tape is able to enrich the radiofrequency environment to provide more
cousistent power to the passive identifiers, which increases detectability and improves tracking. For
example, the tape may be useful when solar energy is not available, but vibration energy is available,
such as inside a packaged box or a palette where light cannot penetiate but vibrations can still be felt
during transport or other movements,

[#051] Unless otherwise stated, the foregoing altemative examples are not mutually exclustve, but
may be implemented 1n various combinations to achieve unique advantages. As these and other
variations and combinations of the features discussed above can be utilized without departing from
the subject matter defined by the claims, the foregoing description of the embodiments should be
taken by way of illustration rather than by way of limitation of the subject matter defined by the
claims. In addition, the provision of the examples described herein, as well as clauses phrased as
"such as,” "including” and the like, should not be interpreted as limiting the subject matter of the
claims to the specific examples; rather, the examples are intended to illustrate only one of many
possible embodiments. Further, the same reference mumbers in different drawings can identify the

same or similar elements.
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CLAIMS
1. An energy harvesting tape comprising:
a plurality of flexible layers including:
a solar cell layer configured to capture solar energy,
a thermoelectric layer configured to capture thermal energy,
ong or more piezoelectric layers configured to capture mechanical energy; and
an clectrode laver configuwred to capture radiofrequency energy and to transmit a
radiofrequency signal; and
ong Of More processing units on at least one of the plurality of flexible layers, the one or more
processing units being configured to use the captured energy from the plurality of flexible layers to
transmit the radiofrequency signal; and
wherein the energy harvesting tape has a length, a width, and a thickness, where the length is

greater than the width, and the width is greater than the thickness.

2. The energy harvesting tape of claim 1, further comprising an energy storage device.
3. The energy harvesting tape of claim 2, wherein the energy storage device is attached

to a first end of the energy harvesting tape,

4. The energy harvesting tape of claim 2, wherein the energy storage device is included

on one of the plurality of flexible layers.

S. The energy harvesting tape of claim 2, wherein the energy storage device includes a

rechargeable printed battery.

0. The energy harvesting tape of claim 2, further comprising a rectification circuit

between the plurality of flexible layers and the energy storage device,

7. The energy harvesting tape of claim 1, wherein the electrode layer includes an

anienna.

8. The energy harvesting tape of claim 7, further comprising a first electrode pair
between the electrode layver and an energy storage device and a second electrode pair between the

electrode layer and the antenna.
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9. The energy barvesting tape of claim 1, further comprising an attachment means on an
edge of 2 first end and an edge of a second end opposite the first end, the attachment means being

configured to couple to a surface.

10. The energy harvesting tape of claim 9, wherein the energy barvesting tape is

configured to vibrate when the attachment means is coupled to the surface.

i1, The energy harvesting tape of claim 1, wherein the electrode layer is configured to

capture multi-band radiofreguency energy.

12. The energy harvesting tape of claim 1, wherein the transmitted radiofrequency signal

is a muulti-band radiofrequency signal.

13, The energy harvesting tape of claim 1, wherein the one or more processing units are

configured to transmit the radiofrequency signal that can power a set of identifying passive tags.

14 The energy harvesting tape of claim 1, wherein the energy harvesting tape is

configured to be stored in a roll.

15. The energy harvesting tape of claim 1, wherein the plurality of flexible layers is

assembled directly atop one another.

16, The energy harvesting tape of claim 1, further comprising one or more adhesive

layers between the plurality of flexible layers.

17. A kit comprising:

the energy harvesting tape of claim 1;

a plurality of identifying passive tags; and

a reader including one or mere computing devices counfigured to detect the signal emitted by

the plurality of identifying passive tags.

i8. A method of manufacturing an energy harvesting tape, the method comprising:
constructing a plurality of energy harvesting layers for a flexible tape segment using one or
more roll-to-roll processing techniques, the plurality of energy harvesting layers including:
a solar cell layer configured to capture solar energy,

a thermoelectric layer configured to capture thermal energy, and
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ong or more piezocleciric lavers configured to capture mechanical or

radiofrequency energy and to transmit a radiofrequency signal; and
assembling the plurality of energy harvesting layers directly atop one another to form the
energy harvesting tape having a length, a width, and a thickness, where the length is greater than the

width, and the width is greater than the thickness.

19. The method of manufacturing in claim 18, wherein constructing the one or more
piezoelectric layers further includes attaching one or more processing units on a first piezoelectric

tayer.

20. The method of manufacturing in claim 18, further comprising determining the length

of the energy harvesting tape based on a target frequency for capture.
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502 Construct a plurality of energy harvesting layers for
N a flexible tape segment using one or more roll-to-
roll processing techniques

'

504 | Assemble the plurality of energy harvesting layers
directly atop one another using adhesive layers

'

506 ~ Connect one or more energy storage devices to the
plurality of energy harvesting layers

'

508 U Segment a manufactured run into a plurality of tape
segments

!

N Store the plurality of tape segments in a roll

U1
[e)

FIGURE 5
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