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Figure 1: Example applications enabled by our design. (a) e-NABLE arm functioning as a wireless controller. (b) Pill bottle tracks when it is
opened and closed. (c) Insulin pen stores usage data when it is outside the range of a wireless receiver.

ABSTRACT

We present the first wireless physical analytics system for 3D
printed objects using commonly available conductive plastic
filaments. Our design can enable various data capture and
wireless physical analytics capabilities for 3D printed objects,
without the need for electronics. To achieve this goal, we
make three key contributions: (1) demonstrate room scale
backscatter communication and sensing using conductive plas-
tic filaments, (2) introduce the first backscatter designs that
detect a variety of bi-directional motions and support linear
and rotational movements, and (3) enable data capture and
storage for later retrieval when outside the range of the wire-
less coverage, using a ratchet and gear system. We validate our
approach by wirelessly detecting the opening and closing of a
pill bottle, capturing the joint angles of a 3D printed e-NABLE
prosthetic hand, and an insulin pen that can store information
to track its use outside the range of a wireless receiver.

CCS Concepts

Human-centered computing → Interaction devices; Interac-
tive systems and tools;
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INTRODUCTION

The growth of the 3D printing community has led to the cre-
ation and sharing of many useful objects such as assistive

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from Permissions@acm.org.
UIST ’18, October 14 – 17, 2018, Berlin, Germany
© 2018 Copyright is held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-5948-1/18/10 ... $15.00
https://doi.org/10.1145/3242587.3242639

technologies [1, 10] and other functional objects [35]. If sens-
ing could be embedded in such objects, it could increase their
utility by supporting interactivity, and enable capture of infor-
mation such as use over time.

In particular, it would be ideal if sensors could be printed,
intrinsic to the objects being created, that could easily track
their use, as expressed through invocation of their mechani-
cal function. In fact, a variety of mechanisms exist for 3D
printing sensors, such as detecting changes in pressure [51],
proximity [30], light [43] and touch [47]. Such 3D printed
sensors can be used to construct interactions such as knobs and
sliders, are easy to customize, and require little or no assembly.
However, these past works require close proximity to some
sort of digital device such as a mobile phone, and lacked an
ability to collect historical data when away from that device.

Better support for stand-alone 3D printed objects whose use
can be captured wirelessly would open the door for a vari-
ety of analytics applications. For example, wireless capture
of actuation of an e-NABLE prosthetic could yield valuable
analytics about the use of the device over time. Similarly, in
the context of prescription drugs, capturing the opening and
closing of a 3D printed pill bottle could help manage patients’
adherence to their doctors’ guidelines or even potential misuse.
More importantly, the ability to store this captured information
within the 3D printed object itself would provide a practical
solution for highly mobile objects. For example, a diabetic
patient may carry a 3D printed insulin pen and use it outdoors
away from wireless receivers but could upload the stored infor-
mation about usage, with the push of a button upon returning
home back into wireless coverage.

While pure wireless sensing has been recently demonstrated at
very short ranges with printed conductive plastics [24] sensed
using backscatter communication, the range is limited to less
than 0.5 m and sensing is limited to uni-directional motion.
However, achieving true wireless analytics requires i) support



for room-scale sensing, ii) a rich set of sensing capabilities
that go beyond just uni-directional motion and iii) wireless
analytics capabilities beyond a single room by supporting
capture and storage of data outside of wireless coverage.

This paper introduces PrintedAnalytics which addresses the
above challenges and demonstrates, to the best of our knowl-
edge, the first wireless, circuitless, physical analytics and
capture system for 3D printed objects using commonly avail-
able conductive plastic filaments. To this end, we make the
following key technical contributions.

• Room-scale wireless sensing. We present a solution to
achieve room-scale communication ranges for 3D printed ob-
jects. Specifically, we increase the wireless communication
range of 3D printed objects by leveraging interference can-
cellation [12] to enable receivers that can detect the weak
backscattered signals from 3D printed objects. We are able to
achieve a communication range of 4 m, without the need for
placing a wireless receiver close to the 3D printed object.

• Enriched sensor designs. Sensing analytics about device
use requires the basic ability to sense bi-directional motion.
We present a compact bi-directional backscatter switch, which
provides the basic ability necessary for sensing mechanical
device analytics. Specifically, unlike prior designs [24], that
can support backscatter with only uni-directional motion, our
new design can support bi-directional motion and is more
compact. This allows it to be easily integrated within existing
3D printed objects like prosthetic arms and pill bottles that
require bi-directional motion.

• Anywhere analytics. Full support for analytics requires
sensing use over time, even when an object is out of sensor
range. We present a mechanical capture and data storage
mechanism. Our ratchet and gear storage system can function
outside the range of a wireless receiver to store physical ana-
lytics data. It communicates the stored information when it is
back in the receiver’s range, with the push of a button.

We validate our approach, by integrating our backscatter de-
signs within existing CAD models. Specifically, we integrate
our solution with an e-NABLE prosthetic arm that can wire-
lessly backscatter information across a room. Our system is
able to capture the arm opening and closing motions at an
angular granularity of 15°. Additionally, we demonstrate a
pill bottle with an integrated mechanism to capture its opening
and closing. Finally we design an insulin pen prototype using
our ratchet mechanism to store a user’s dosage history by mea-
suring how far the syringe’s plunger has been depressed as a
proxy for the amount of insulin administered by the user.

RELATED WORK

The ability to capture the interaction and use of objects is a
natural next step after creating such objects, and one that has
been explored in multiple bodies of work. One approach to in-
teracting with 3D printed objects is to embed circuits in them
(e.g., [44]). However, electronic-based solutions are more
complex to design and assemble and require mastery of hard-
ware and software. Further, they are less customizable than
fully 3D printed objects. Thus, electronics-free approaches
have seen significant recent interest.

One category of electronics-free approaches simply encodes
data in 3D printed objects, which can then be retrieved with
a reader. Acoustic Barcodes [21] use structured patterns of
physical notches that when swiped produce a characteristic
sound that can be resolved to a set of bits. Acoustic Vox-
els [32] 3D prints acoustic filters that modulate audio waves
to encode data in the transmission loss curve. AirCode [33]
stores data beneath the surface of a 3D printed object using
carefully designed air pockets that can be read using computa-
tional imaging techniques. Lamello [45] uses 3D cantilevers
printed along user interaction paths to create acoustic signals
that can be read by a contact microphone placed on the ob-
ject. Infrastructs [56] uses TeraHertz imaging techniques to
read static information encoded in the design of an object at
fabrication time. Maglink [24] manipulates the polarity of
magnetized printed material to encode static data including
bit strings on 3D printed objects. These approaches, however,
require a nearby (often are wired to) computer or mobile de-
vice and cannot achieve the physical analytics and tracking
capabilities shown in this paper.

A more difficult (and more powerful) option is to embed print-
able sensing in fabricated objects. A number of solutions
exist that depend on an attached circuit and/or computer (e.g.,
[30, 43, 47, 51]). Less work has focused on circuitless, wire-
less sensing. As described in the introduction, pure wireless
sensing has been demonstrated in printed Wi-Fi [24] under
very limited range conditions. In addition to the range limita-
tions, [24] has limited sensing capabilities, can only support
unidirectional motion and cannot capture and store data out-
side of wireless coverage. Another approach for wireless
sensing, using RFID tags, is explored by [48] which uses
copper or other material to block their visibility to a receiver
and demonstrate sensing up to a range of about 1.5m. While
RFID tags are an alternative to enabling wireless sensing, prior
RFID work has not demonstrated the wide variety of mechan-
ical functions shown in our paper. This is easier with fully
3D printed solutions, such as [24]. Further, the RFID sensing
approach did not propose any mechanism for data capture
and storage when outside of the range of the RFID reader.
While chipless RFID designs [15, 16, 41] have been explored,
they require custom fabrication processes not yet available on
commercial off-the-shelf 3D printers. The ability to 3D print
wireless sensing capabilities, as demonstrated in this paper,
allows the design of sensors that can be used to capture inter-
action with 3D printed objects (e.g., the angular motion of the
e-NABLE prosthetic arm or use of an insulin pen). Our paper
can be thought of as designing the first chipless tags at Wi-Fi
frequencies using commodity 3D printers and enabling various
data capture and wireless physical analytics capabilities.

Another related research effort is in the field of printed elec-
tronics [11, 17] which is focused on making basic components
like transistors and interconnects. However printed electron-
ics faces fundamental material hurdles for operation at RF
frequencies and we believe it will be quite some time before
printed electronics will become a reality. Our approach which
leverages mechanical designs shows a way to achieve this
connectivity today as well as provides a framework for future
3D printer designs (vis-a-vis, miniaturization).



Figure 2: Printed backscatter design. The signal at the receiver is
a combination of the transmitted signal from the RF source and the
backscattered signal from the 3D printed object.

Finally, concurrent work [46] stores data about interaction
with 3D printed objects using conductive fluids and reads them
with touch screens. This is similar in spirit to the concept of
anywhere analytics presented in our work but differs in that
we introduce a mechanical capture and storage mechanism to
store interaction and communicate the stored data using RF
signals at a larger range, without requiring contact.

ROOM-SCALE PRINTED BACKSCATTER

We now briefly introduce backscatter and explain its suitability
for 3D printing. We then present our first contribution, a novel
printed backscatter approach for increasing transmit range.

Primer on Backscatter Communication

Backscatter communication systems transmit data by reflect-
ing radio signals that are already on the wireless medium
instead of generating their own. Most prior work on backscat-
ter [25, 26, 27, 34, 36, 37, 49, 53, 57] relies on electronics and
digital logic to store and communicate data and hence cannot
be 3D printed. However [24] demonstrated that it is possible to
decouple a radio transmitter that generates those signals onto
a device (e.g., a router) separate from the 3D printed object.

At a high level, a printed version of backscatter communica-
tion [24] has a regular radio transmitter (e.g., a router) that
transmits radio signals on the wireless medium. The backscat-
ter device reflects these radio signals, which are then decoded
at another regular radio receiver. The backscatter device en-
codes data by modulating the power of its reflected signal by
changing its radar cross-section.

While this modulation can be accomplished using electronics,
the important insight of Printed Wi-Fi was that it can instead be
managed mechanically, using a switch that can modulate the
antenna’s radar cross-section [24]. Printed Wi-Fi demonstrated
that it is feasible to build backscatter devices using conductive
plastic filaments with commodity 3D printers.

Specifically, a 3D printed dipole antenna that can radiate sig-
nals at Wi-Fi frequencies of 2.4 GHz can be constructed using
two narrow strips of conductive material separated by a gap.
The switch connects the two halves when it is in contact with
them and disconnects them otherwise, changing its reflec-
tive properties. Mechanical motion that occurs when a user
interacts with the 3D printed objects can be translated to mod-
ulation of the switch connecting and disconnecting the two
halves of the antenna. Since the reflection properties of an an-
tenna depend on its length, the mechanical switch effectively

Figure 3: Block diagram of the full duplex radio setup.

changes the reflected signal from the 3D printed object, which
can be decoded at a conventional wireless receiver.

Mathematically, we can express the effect of a backscatter
switch toggling between two states using the following equa-
tion as a function of incident signal with power Pincident :

Pbackscatter = Pincident
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flection coefficients, parameters describing how much of the
signals are reflected in each state.

An advantage of backscatter communication is that it can be
piggybacked on existing Wi-Fi traffic that already exists on
the network, without affecting the Wi-Fi performance. This
is because reflections are significantly weaker than that trans-
missions from Wi-Fi radios [26]. Furthermore, existing ap-
proaches demonstrate how to introduce additional Wi-Fi traffic
to aid with wireless power as well as backscatter communica-
tion, while minimizing the impact on existing Wi-Fi networks
using frequency hopping techniques [50]. Thus, the impact of
backscatter on existing Wi-Fi traffic can be minimal.

Increasing the Range of Printed Backscatter

We first explain why the existing printed backscatter de-
sign [24] is of limited range. The wireless receiver re-
ceives a combination of both the transmitted signal from
the RF source as well as the backscattered signal. Specifi-
cally, consider the deployment in Fig. 2 where the printed
backscatter device is in between the RF source and the
wireless receiver. Ignoring wireless multipath, the signal
strength of the RF source at the wireless receiver can be

written as, PT X−RX =
(

PT X GT X
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)

. On the other hand, the

power of the reflected signal, Pbackscatter, is given by [6],
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. The first term of

this equation represents the path loss of the transmitted sig-
nal sent with power PT X and antenna gain GT X at distance d1

from the 3D printed object. The second term represents the
backscattered signal as described above based on the change
in reflection coefficient ∆Γ with additional parameters for its
antenna gain Gprinted and the wavelength of the RF signal λ .



The final term represents the second leg of path loss as the
reflected signal goes to the receiver. To successfully detect a
transmission from the 3D printed object we must then be able
to differentiate that from the direct transmitted signal.

The preceding equations show that the backscatter signal at-
tenuates as d2

1d2
2 , while the direct signal from the transmitter

to the receiver attenuates as (d1 + d2)
2. Since the receiver

receives the combination of both the transmitted signal from
the signal source as well as the backscatter signal, the direct
signal dominates the received signal, making it difficult for the
receiver to decode the backscattered signals from the printed
objects. Prior work [24] requires the wireless receiver to be
next to the 3D printed objects. This ensures that d2 is a small
value ε and thus (ε +d1)

2 is close to d2
1 . As a result, the signal

from the printed backscatter device has a comparable power to
that directly from the RF source. This ensures that the wireless
receiver can decode the backscattered signals in the presence
of interference from the RF source. However, requiring the
wireless receiver to be next to the printed object significantly
limits the potential for 3D printed objects.

Our solution. To ensure that the backscattered signal can
be decoded in the presence of interference from the direct
transmission, we leverage the fact that the wireless receiver
knows the exact signal transmitted by the RF source. Thus, it
can effectively perform successive interference cancellation
where it first subtracts the known signal from the RF source
and then decodes the remaining backscatter signal.

Note that we leverage recent work on interference cancella-
tion [19,20] and full duplex [8,12] for Wi-Fi radios, to achieve
this cancellation. At a high level, say the RF source outputs a
known signal, xre f (t) on the wireless medium. As this signal
propagates over the wireless channel from the transmitter to
the receiver, it will experience some amplitude change α and
phase change φ . In order to cancel the direct path, we simply
need to add its inverse which we can obtain by scaling and
phase shifting the known signal, xre f (t). The above cancella-
tion can be performed either when the receiver is placed far
away from the RF source or is next to it. In the first case, we
can use interference cancellation techniques which estimate
the channel from a known preamble and perform the above
cancellation at the wireless receiver. In the second scenario,
we effectively leverage full duplex radios which use a single
antenna connected to a specialized RF component such as a
circulator or bi-directional coupler which can provide a refer-
ence of the transmitter that is isolated from the received signal
path. We implement this as shown in Fig 3. For our transmit-
ter we use a USRP software radio and connect its output to a
power splitter. We connect one output to a power amplifier to
broadcast over the air and use the other as our reference signal.
We first connect the reference signal to a variable attenuator
RVA-33 [4] cascaded with a variable phase shifter. We then
use a power combiner to sum this signal with the raw received
signal from the antenna to produce the final output.

Considering we use an analog phase shifter and attenuator
we could in theory match the transmitted signal exactly and
achieve even excellent cancellation, however this is compli-
cated by a variety of factors. In addition to the electronic noise

-100

-80

-60

-40

-20

0

20

40

2.434 2.438 2.442

P
o
w
e
r
(d
B
m
)

Frequency (GHz)

Transmitted Signal

Canceled Signal

Figure 4: Interference cancellation. Comparison of the transmitted
signal to the canceled signal recorded at the receiver demonstrating
isolation of approximately 80 dB.

affecting the control voltages, we also operate in the 2.4 GHz
ISM band which has other Wi-Fi transmissions. We note that
our cancellation hardware can achieve signal cancellation of
80-90 dB, as we describe below. However, better optimized
full duplex designs in the literature can achieve higher signal
cancellation of up to 100 dB [28] and can in principle be used
to achieve higher communication ranges.

PrintedAnalytics Range Evaluation

We next evaluate both interference cancellation techniques
described above in a typical office environment.

Single Antenna Cancellation. We begin by evaluating our
single antenna full duplex setup. We connect our USRP trans-
mitter to a power amplifier and connect the amplifier output
to our bi-directional coupler. We connect the through port of
the bi-directional coupler to a 3 dBi monopole antenna and
use the forward and reverse coupled ports as described above
for interference cancellation. To power and control the phase
shifter and attenuator we use a bench-top DC power supply.
In order to determine the optimal attenuation a and phase shift
φ , we begin by transmitting and measuring the received power.
Next, we set the attenuation for the reference signal to ap-
proximately match the received signal. We then increment
the phase starting at 0◦. We then adjust the control voltage in
coarse increments until we find a minimum, and then do the
same for the amplitude. We repeat this process of adjusting the
amplitude and phase in successively finer increments until the
interference from the transmitter reaches a minimum steady
state. Fig. 4 compares power of the transmitted signal which
is 28 dbm to the canceled signal, which is -60 dbm. The can-
celed signal is now much weaker results in the lower receiver
noise floor shown in the plot. The figure shows that with the
bi-directional coupler we achieve 78 dB cancellation. This
allows us to decode the weak backscatter signals from the 3D
printed objects. Note that based on the two-way path loss for
backscatter systems this results in a 3 m diameter coverage.

Bi-Static Cancellation The above implementation leverages
30 dB of isolation built into the directional coupler, however
to further extend the range we also test a bi-static setup. To
test this we place our transmitter and receiver antennas 4 m
apart on opposite sides of an office style room. We connect the
output of the USRP to a power splitter and connect one end
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to a power amplifier which outputs a signal at 20 dBm to the
transmit antenna. The second output of the receiver is used as
input to the attenuator and phase shifter, and combined with
the raw received signal to produce the canceled output. In this
setup, we can leverage the free space path loss instead of the
directional coupler which attenuates the transmitted signals by
54 dB. We then use our cancellation to further reduce this to a
total of approximately 90 dB isolation resulting in coverage
across the 4 m room.

To more systematically evaluate the above range numbers with
3D printed objects, we evaluate this bi-static deployment by
measuring the bit error rate (BER) of the backscattered signal
from a 3D printed object for different levels of cancellation.
To do this consistently at different locations, we use a rack
gear to turn the circular gear to a fixed rotation in our switch
mechanism resulting in a standard transmission length. The
gear is designed to transmit a total of 20 bits per experiment.
We vary the distance between the 3D printed object while
the transmitter and receiver are separated by 4 m placed on
opposite sides of the room. Fig. 5 shows the BER values as
function for distance from the RF source.

The plot shows that at low levels of cancellation, the path loss
to and from the switch makes the backscattered signal weaker
than the transmitted signal and results in many decoding errors
past a particular range. Further, the BER is the worse when the
backscatter tag is equi-distant from the transmitter and receiver.
This is because the backscatter signal deteriorates as a function
of (d1+ d2)2, where d1 and d2 are the distances from the
backscatter object to the transmitter and receiver respectively.
The above value is minimized when d1 is equal to d2, resulting
in a worse BER when the backscatter device is equidistant.
We also note that without interference cancellation, the BER
was consistently close 50% across the whole range. This is
expected because the backscatter signal is significantly weaker
at these ranges and cannot be decoded without cancellation.
However, at 80 dB cancellation, the BER values demonstrate
a range of 4 m across the room.

DESIGN OF PRINTEDANALYTICS SENSORS

Here, we describe our second contribution, enriched bi-
directional sensor designs and our third contribution, a new me-
chanical approach for storing historical information to achieve

Figure 6: Uni-directional backscatter switch from prior work [24].

analytic sensing even when out of range. Additionally, we
discuss the signal processing algorithm used to detect signal
peaks caused by actuation of our sensors.

Enriched Printed Backscatter Sensor Designs

As is common in much prior work (e.g., [24, 43]), a basic
capability such as a switch or linear actuation, once achieved,
can enable sensing of higher-level signals such as the amount
of detergent being poured [24]. Switch actuation is a minimum
requirement for rich sensing of mechanical device use, such
as actuation of an e-NABLE prosthetic arm or pill bottle.

However, while prior work demonstrates the feasibility of
mechanical backscatter with 3D printers [24], the authors
failed to successfully construct a true switch. Their initial
experiments with a cantilevered approach were not sufficiently
robust due in part to material choices (the entire lever bar was
printed in conductive material), and they eventually settled on
a spring-based design that takes up a large amount of space and
is uni-directional as shown in Fig. 6. In contrast, we present
a compact, robust and effective cantilever approach that can
sense bidirectional motion. Our design uses a rectangular
piece of material which is anchored at one end while the
other is left free to flex upward or downward as shown in
Fig. 7. This structure has a number of advantages as it is
simple to design and print, occupies a small area, and has
a symmetric response when moving upward or downward.
Designing a cantilever structure with backscatter however
requires carefully understanding the physics and mechanics as
well as the limitations of 3D printers. We analyze these below
and present a cantilever structure that matches the performance
of prior spring designs while supporting bidirectional motion.

Specifically, the force required to press the spring is deter-
mined by the spring constant k and its displacement. Consid-
ering the displacement should be roughly the same for either
structure, we begin by determining the spring constant of the
spiral spring structure and design a cantilever with similar
specifications. The spring constant for a spiral spring [5] is

given by πEwt3

0.00216L
and the spring constant for a rectangular

cantilever beam [40] is given by Ewt3

4L3 , where E represents

the Young’s modulus of the material, and w, t, and L are the
width, thickness and length of the beam respectively. We as-
sume a Young’s modulus of 3.5 GPa for PLA [3]. While both
the length and thickness vary cubicly, we vary the length to
achieve the desired results due to fabrication concerns. The
typical nozzle diameter of commercial desktop 3D printers
is 0.4 mm which limits at least one axis of the design. Addi-



(a) Non-contact state.

(b) Making contact with bottom antenna.

(c) Making contact with top antenna.

Figure 7: Our bi-directional 3D printed backscatter switch. The
design has two antennas on either side of the switch.

tionally, while many printers can achieve thin layer heights of
100-200 µm, such thin designs tend to be fragile and incon-
sistent. Based on this, we choose a width of w = 0.76 mm, a
thickness of t = 1.88 mm and length of L = 27.74 mm, achiev-
ing k = 207 Nm−1 which is similar to the prior spring design,
which had k = 171 Nm−1. The resulting cantilever spring
structure consumes an area of 0.21 cm2 compared to the spiral
spring design which requires 19.21 cm2. Using this structure
the spring no longer dominates the area of the switch assembly.

We use a gear to actuate the switch as it can easily be coupled
to a variety of other mechanical components. Therefore, in ad-
dition to having a structure at the end to attach the conductive
switch contact, the spring should also easily interact with the
gear when it is turned in either direction. To address this we
make the tip in the shape of an involute gear tooth to match the
profile of the driving gear, as shown in Fig. 7. To anchor the
structure we include a 4 mm cube at one end which is press
fit into a 2 mm thick plastic base. Additionally, to prevent the
switch from flexing upward, we print a 1 mm thick sheet of
plastic to place over the top of the structure.

Binary Sensing

The most basic capability we can enable with backscatter is
binary sensing. Each time the backscatter switch is pressed,
it transmits information in the form of a changing reflection
to which the receiver can detect as a change in amplitude
and phase. The switch therefore becomes the primitive for
sending any binary data. For example, when a gear rotates

past the cantilever structure described above, it presses the
switch multiple times in sequence effectively transmitting a
sequence of “bits”. In an application such as an insulin pen,
we can translate the linear motion of a button press attached to
a rack gear to turn a circular gear which actuates the switch.

Rotation sensing

We can easily extend this basic idea to achieve rotational
sensing. This capability is useful in a variety of contexts such
as detecting when a user unscrews a bottle cap. Because the
backscatter switch is actuated by the turning of a gear, we can
detect the angle of rotation by the number of times it presses
the switch. The gear teeth quantize the number of possible
positions and therefore determine the resolution of angular
sensing. For example, a gear with 36 teeth would actuate the
switch for each rotation of 10 degrees.

One important issue in implementing rotation sensing is reso-
lution. While any two gears will result in some backscattered
signal, the gear ratio between the driving gear attached to the
arm joint and the backscatter gear will impact the amount of
rotation that can be measured. We can increase the angular
granularity at which we can track rotation by increasing the
gear ratio, or attaching a larger gear with more teeth at item
being rotated, and a smaller one on the backscatter mechanism.
Intuitively, moving the large gear for even a small fraction of
the angle will cause multiple rotations of the smaller backscat-
ter gear. This is most likely to be a relevant consideration for
applications where rotation is confined to 360 degrees or less.

Sensing Bi-directional Motion

In addition to sensing the amount of rotation, we would ide-
ally like to know its direction as well. For applications like
the e-NABLE prosthetics we would like to detect whether a
user opened or closed the hand. We achieve this by leverag-
ing our cantilever spring which can move in either direction,
and place an antenna on either side of it. To determine the
direction, we use a gear patterned with an asymmetric code
embedded in the sequence of teeth that produces a different
pattern of reflections depending on the direction of rotation.
We experiment with a variety of methods such as modulating
the length and width of gear teeth, however we find that these
methods impede the motion of the gear and its interaction with
the switch. Instead, inserting small gaps between strings of
gear teeth is both effective and simple to fabricate. Gaps such
as the omission of a single tooth introduce a time delay be-
tween successive presses of the switch. We can see this in the
backscattered signal as gaps in time between the successive
amplitude peaks produced by consecutive gear teeth moving
past the switch. An example of an asymmetric code on a gear
is one which begins with a string of six teeth, followed by
strings of four and three respectively. We stack an additional
gear with a full set of teeth on top of the coded gear to ensure
it can still interface with the system. By looking at this order
we can determine which direction the gear is rotating.

Anywhere Analytics: Storing Analytics on the Object

While room-scale sensing is an important improvement, many
of the 3D printed objects we would most like to track the
use of may travel from room to room (e.g., [1, 10, 35]). An
ability to track analytics outside the range of the RF source



(a) Front view (b) Back view (c) Top view

Figure 8: Supporting Anywhere analytics. We use a 3D printed ratchet system that can hold state about usage by pushing the plunger. The
stored data can be later transmitted wirelessly by pushing the release button.

(a) Depressing plunger. (b) Releasing plunger.

Figure 9: Ratchet mechanism when plunger is in motion.

and receiver would make analytics much more feasible. Here
we present a data storage mechanism for 3D printed objects
that allows them to store user input and transmit it back to a
wireless receiver when brought within range.

To do this, we need two basic capabilities: a mechanism that
can hold state to which we “write” data, and a method of
releasing this mechanism to “read” back the data wirelessly.
For the first capability, we can exploit mechanical designs that
can only move in a single direction, such as a ratchet. Because
of its ability to only turn in a single direction, a ratchet allows
us to “store” the amount we have rotated it. Additionally, to
read back the amount of rotation, we need an energy storage
mechanism to drive the ratchet back to its original position.
We implement this by coupling the rotational motion to a spiral
spring. Then, when the ratchet is released by the press of a
button, it allows the spring to rotate back to its original state
and outputs the stored rotation. In order to communicate this
wirelessly, we simply couple the spring rotation to our printed
backscatter communication system.

As shown in Fig 9a, our prototype takes input from a plunger
which is pressed by the user. This interacts with the ratchet
which consists of a spiral shaped mechanism similar to a
gear but with angled teeth that interact with gear teeth on the
plunger angled in the opposite direction. When the plunger
is pressed down, it presses the edges of the spiral gear and
rotates it counterclockwise; however the plunger can move
upward with minimal resistance. In this case the angled teeth
align with the spiral gear and can slide past as shown in Fig 9b.
The spiral ratchet mechanism is coupled to a spring attached

to the same axle which coils up as it rotates counterclockwise.
Additionally, the same axle is also attached to a gear mounted
above a cantilever structure with a switch contact. The motion
of this gear is limited to moving in one direction by release
button therefore preventing the attached spring from unwind-
ing; however when this button is pressed, it releases the spring,
allowing the gear to rotate freely. The rotating gear presses the
switch contact down as in the previous switch design described
above, creating a backscattered signal. While this setup cre-
ates the desired motion transfer from the uncoiling spring to
the switch, it unwinds too fast to consistently press the switch.
In order to release the energy from the spring at a controlled
rate, we also include a gearbox. The gearbox consists of a
system of 5 involute spur gears on two axles with a 3:1 ratio.

Receiver algorithm

We implement our receiver by using a USRP N210 software
defined radio to record the raw radio signals and write custom
processing software to decode the data. The primary challenge
for decoding the backscattered data is differentiating it from
other reflections in the environment as well as user motion.

To address this, we first subtract a moving average from the
signal. This acts in effect like a high pass filter preserving the
sharp peaks of the backscattered signal while rejecting other
low frequency variations in the environment. As a result, we
can now clearly see the transmitted bits. We further apply
a low pass filter to remove any high frequency noise which
may obscure the signal. We decode the final data by simply
applying a threshold to count the bits.

Limitations

Sensing rotation with high resolution introduces a trade off
between resolution and form factor, as adding more gear teeth
will consume additional space based on the minimum feature
size a 3D printer can fabricate. We can however relax this
constraint by using a ratio of gears. For example, in order
to keep the switch mechanism itself small and self contained,
we could couple its motion to an external gear with a higher
number of teeth to achieve the desired resolution.

Additionally, the coding mechanism we introduce for sensing
bi-directional motion exposes other potential problems. We
assume that users will make continuous motions with relatively



(a) Resting position (b) Flexing downwards (c) Flexing upwards

Figure 10: e-NABLE hand integrated with our 3D printed backscatter switch.

constant velocities, however a rapidly changing motion could
cause a gap between two gear teeth to appear the same as two
consecutive gear teeth. To alleviate this challenge, our receiver
computes the gear teeth boundaries by comparing adjacent
gears. The assumption we make here is that while the signals
from the gears can have different durations across all the gears,
during consecutive gears, the user motion velocity is relatively
similar. The receiver uses this and compares the signals for
consecutive gears to address this challenge.

The method we describe above is limited to storing or accumu-
lating a single value and functions like a counter. In addition
to only storing a single value, it cannot store information like
the time or location associated with the sensed value. The
maximum count is limited by how tightly the spring can be
coiled, which in our insulin pen prototype corresponds to eight
button presses. We design our spiral ratchet assuming the but-
ton will be retracted after each press, however an alternative
design would be to add more teeth along the surface of the
button to measure how much it is depressed. Future designs
could improve upon this design by using multiple coupled
ratchet gears to store more information, and perhaps look to
early mechanical computing machines for inspiration.

Finally, while backscatter can achieve 11 Mbps rates [27], our
printed system’s rate is limited by the spring switching time of
about 20 ms. This approaches human response time and could
be improved in the future by changing the spring design.

INTEGRATION WITH APPLICATIONS

We integrate our backscatter design with both existing and
new CAD designs of potential use case applications.

e-NABLE Prosthetic Hand

The e-NABLE movement is an international group of vol-
unteers 3D printing upper-limb prosthetic devices, primarily
for children [1]. The most popular e-NABLE arms are pas-
sive, mechanical devices that are actuated by wrist or elbow
motion [38]. These devices are frequently mentioned in the
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Figure 11: Number of peaks observed in the backscattered signal
for different angles of rotation of the e-NABLE hand.

media, however important questions about their practical value
remain unanswered, because little is known about what hap-
pens to those arms after they are delivered [22]. Unfortunately,
the abandonment rates for assistive technology are as high
as 25-75% [39, 42, 54]. Capturing data about their use could
provide an important picture of how these devices are used.

What is Tracked: Rotation Angle and Direction: e-
NABLE hands are opened and closed using a linear actuator
that operates similar to a tendon. The e-NABLE prosthetic is
designed with a joint that aligns with a user’s wrist and uses a
system of strings to control the motion of the hand. Specifi-
cally, as a user bends their wrist, it tightens the strings which
pulls the fingers closed allowing the user to grasp an object.
As shown in Fig. 10, we instrumented an e-NABLE Phoenix
Hand [7] to track the amount of contraction and opening of the
fingers, as represented by the angle and direction of rotation
of the wrist (Fig. 11). In addition to simply logging when
users grasp objects with the hand, tracking the angle in the
digital domain also allows us to replay and recreate the exact
motion. This opens the potential to replay the motion on a
robotic arm for further study, and presents an attractive use
case as a controller even for users without prosthetics.

Implementation Approach: We instrument the wrist joint,
which controls the prosthetics’ motion with a patterned gear,
which in turn drives the backscatter switch. We experimented
with multiple resolutions. If both gears have the same number
of teeth (a gear ratio of 1:1), then for the maximum 90° wrist

motion in one direction, we will only rotate through 1
4 of

the gear’s teeth, sending an equal number of backscattered
bits and limiting the angular resolution. We implemented
a 12 tooth gear driven by either another 12 tooth gear for a
1:1 ratio, and a 24 tooth gear for a 2:1 ratio. We attached
the larger gear with more teeth at the wrist, and the smaller
one on the backscatter mechanism. To track the direction of
rotation, we simply use a gear with an asymmetric pattern as
described above. Moving the wrist upward produces a distinct
backscatter signal, whereas moving it downward produces the
signal in reverse. Fig. 12 shows the backscattered signal when
we move the wrist downward by 45°, 90°, and 180°. For the
1:1 configuration we see 1, 3, or 6 bits for each of the angles
respectively due to the gear’s minimum resolution of 30°. The
2:1 plots however double the number of bits.

We evaluated the accuracy of our sensor using repeat motions
of 45°, 90° and 180° 10 times at a distance of approximately
1 m from our transmitter and receiver. We performed each
of these motions manually with varying speeds to reflect real-
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Figure 12: Raw signal when using the e-NABLE arm (Left) 1:1 gear
ratio (Right) 2:1 gear ratio.
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Figure 13: Pill bottle wireless patterns. We use an asymmetric gear
with patterns of consecutive gear teeth each separated by a space. A
clockwise rotation shown on the left sends six, four, and three bits,
while a counterclockwise rotation sends six, three, and four bits.

world application scenarios. Fig. 11 plots the number of peaks
detected in the signal by our algorithm. As can be seen, the
error bars are small, with a maximum difference for each angle
of 1 bit. Note that the spaces in our gear, used to determine
direction, add some ambiguity at these points. Thus, the
potential error is 1 tooth, which for a 24 tooth gear corresponds
to 15°. This shows that overall our technique is robust and
invariant to the speeds at which the wrist flexes.

Pill Bottle

The number of older adults with chronic conditions, especially
complex multi-disease conditions, is increasing [23]. For
these adults, medication taking is an important part of disease
management [14]. However, medication adherence is low [29],
and in many cases unintentionally so [18]. Feedback can
increase the consistency of medication taking as well as self
efficacy [31]. An inexpensive, customizable solution like a

Figure 14: Application prototypes. (a) shows our pill bottle pro-
totype and (b) shows our insulin pen case. For the latter, the user
pushes the plunger to use the insulin pen, which in turn uses our
ratchet mechanism to store the usage data.

printed pill bottle (a popular assistive technology use of 3D
printers [10]) that senses pill taking can help with this problem.

What is Tracked: Rotational Direction: We track when the
top of the pill bottle is rotated to open or close the bottle,
which is the common metric used by many existing electronic
and battery-powered smart pill bottles [2]. We instrument a
battery-free bottle to track the direction of rotation.

Implementation Approach: Fig. 14 shows a 3D printed pill
bottle outfitted with backscatter. We attach a gear flat on the
lid of the bottle. The backscatter gear, switch and antenna
could be included within the bottle, however for illustration
we mount our prototype vertically on the outside. As the cap
is rotated, the gear attached to it drives the patterned gear in
the backscatter mechanism that creates the reflected signal.

We can distinguish between the orthogonal opening and clos-
ing motions of the bottle using the same patterned gear mecha-
nism as the e-NABLE arm. However, the bottle introduces an
additional complexity of the gear moving upward as a user un-
screws the bottle cap. To address this we increase the thickness
of the gear. This design ensures that some part of it remains
in contact with the setup throughout its full cycle of upward
or downward motion. Since the cap has to be rotated through
multiple revolutions to be opened and closed, there was no
need for a gear reduction. We plot the signal as the bottle is
opened in a counterclockwise motion in Fig. 13(a). The plot
shows the patterns of consecutive gear teeth each separated
by a space, specifically six, four, and three in this order. This
sequence corresponds to a counterclockwise rotation to open
the bottle. In contrast Fig. 13(b) shows the result of clockwise
motion in which the same pattern is transmitted in reverse
order indicating the direction. Additionally, the plots shows
there are gaps in the backscatter signal as the user readjusts
their hand between each 180° rotation of the cover.

We note that the accuracy of this measurement is limited only
by the RF performance of the system; as long as the user makes
a clockwise or counter-clockwise motion our mechanism will
create the backscattered signal pattern and our ability to detect
that then comes down to the number of bit errors we can
tolerate. We design our code to be robust to single bit errors
using a number of features. First, our gear has three different
sections of consisting of at least three consecutive gear teeth
each. This means that we could tolerate 2 or more errors
for any of these. Additionally, so long as we can determine
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Figure 15: (a, b, c) Raw signal when pushing down the plunger of the insulin pen by different number of teeth. (d) Relation between number of
teeth depressed and number of peaks in the backscattered signal.

the relative size differences between these sequences, this is
enough to find the order and therefore the direction.

Insulin Pen

As with other diseases, the prevalence of diabetes is increasing,
and expected to reach 366 million worldwide by 2030 [55].
One common focus of diabetes self-tracking apps is keeping
track of insulin use [13]. An electronic-free and battery-free
smart insulin pen is attractive because it addresses many of
the cost and power issues with existing solutions.

What is Tracked: History (# Times Insulin is Dispensed):
Our prototype is designed to record and store the number of
times a user dispenses insulin, and transmit this information
when in range. The device consists of a plunger, as described
above, which the user would press to dispense insulin. When
depressed, a linear actuator moves the gear teeth on the ratchet,
which coils the spring, which is held in position by a release
button. Upon pressing the release button, when the user re-
enters range of the wireless receiver, the spring uncoils and
the attached gear sends the backscattered message. While the
time of the insulin use can be monitoring when administered
in wireless range, a limitation of our prototype is that it can
record the insulin usage quality but not the time of its usage,
when the pen is used outside the wireless range. Additionally,
our design does not automatically upload the data, it requires
the user to manually press the button when they return within
wireless range.

Implementation Approach: This application only requires
unidirectional motion, allowing for a simple switch design:
we can adjust the number of bits transmitted by adjusting the
size of the gear or by coupling a large gear attached to the
spring to a smaller gear driving the switch. Fig. 15(a) shows
the signal when the plunger is pressed 3 times, it backscatters
6 bits of data. Similarly Fig. 15(b) and (c) show the plot of the
signal when the button is depressed 4 and 9 times respectively.
Additionally, Fig. 15(d) shows the number of backscattered
bits per button press. We note that this relationship remains
linear until the last press, after which the spring is fully coiled
and the plunger can only be depressed part way.

CONCLUSIONS AND FUTURE WORK

We have demonstrated a compact, viable approach for sensing
the use of a variety of 3D printed objects. Our sensor design is
well suited to sensing linear or rotational mechanical actions.

Our sensing depends on backscatter, and an important contribu-
tion of this paper is an algorithm and approach for increasing

backscatter range to room scale sensing (4 m). While this on
its own is a significant contribution, we also introduce a novel
mechanical design capable of storing historical information
about the number of object uses that occurs outside the range
of our sensing system. When the user returns, a simple press
of a button can be used to report on this number.

Several opportunities for future work present themselves. First,
we intend to explore design opportunities for sensors of phys-
ical rather than mechanical motion. For example, it should
be possible to use a marble that rolls inside a tube to trigger
mechanical changes and sense motion.

Second, an end-to-end design tool that could simplify the
integration of backscatter sensing into a variety of objects
would be an interesting challenge. Automated mechanism
design has been demonstrated in other contexts (e.g., [9]), and
a similar optimization-based approach could be of value here.

Third, the mechanical structures presented in this paper create
audible acoustic signals which could in principle be used for
wireless sensing. Acoustic-based systems however are sus-
ceptible to interference from environmental noise including
human speech and typically have a much smaller range than
RF-based systems. Exploring this tradeoff between RF and
acoustic approaches is an interesting future research direction.

Fourth, our ratchet design for storing data requires user in-
tervention when the object is back in radio range. While ac-
ceptable for many applications, designing a wireless receiver
at the 3D printed object that can sense the RF signals and
automatically backscatter the stored data, without any user
intervention, is an interesting future research direction.

Finally, the size of the mechanical components presented in
this paper are chosen for ease of prototyping as well as due to
current 3D printer resolution limitations. One could reduce the
antenna size by using meandered patterns or choosing a higher
frequency. Recent MEMS literature achieves 1 µm and smaller
feature resolution; this shows a path for future miniaturization
as printer resolution and materials improve [52].
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