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tic possessions with internet-enabled 
equivalents, upcycling could support 
their renewal by retrofitting them 
with the latest computing capabili-
ties. Within this vision, upgrading to 
a smart home consists of augmenting 
domestic possessions with an internet 
connection and related IoT services. 
Domestic possessions could then per-
sist with an adaptable user interface ca-
pable of accommodating their existing 
forms. Since they are grounded in the 
home’s existing relationships, values, 
and routines, these upcycled objects 
could offer families greater discretion 
and control over IoT upgrade costs. We 
lay the groundwork for an upcycled IoT 

The Internet of Things (IoT) draws upon a long held view of ubiquitous computing: to 
extend computing’s reach to everyday physical objects by embedding computational 
services in them. Generally, today’s IoT envisions the adoption of these cutting-edge 
technologies will occur as homes replace their possessions with these new, internet-

connected objects. Currently, commercially available IoT devices support families in upgrading 
their homes by switching to internet-connected versions of common household objects like 
light bulbs, audio speakers, and blinds. Even non-durable goods, such as paper towels, can be 
part of the commercially supported smart home through automated purchasing at the click of 
a brand-specific, physical button routed to online retailers, such as the Amazon Dash button.

This vision of how homes will adopt 
IoT overlooks the costs of replacing 
everyday objects with internet equiva-
lents. Early depictions of the smart 
home involved contracting with spe-
cialists to modify home architecture 
with sensors and install operating sys-
tems for the home. This view makes 
IoT available only to those who own 
their own homes. Even when IoT shifts 
infrastructure to artifacts, which can 
be easily purchased and brought into 
the home by consumers, families con-
front substantial costs when domesti-
cating these devices. For example, by 
replacing common household objects, 
adoption contributes to waste, and if 

electronic, can be especially damaging 
for the environment. There are also so-
cial costs. Discarding household pos-
sessions to make room for new ones 
means owners must let go of their at-
tachments to these objects and elimi-
nate the entrenched routines and prac-
tices sustained by them. Relatedly, new 
objects mean users need to acquire 
new skills, and so, renders their exist-
ing skills obsolete. Thus, adopting IoT 
by replacing current possessions car-
ries many hidden costs for the home.

Instead, upcycling can extend com-
puting to everyday objects by adapting 
computing capabilities to existing pos-
sessions. Rather than replace domes-

An upcycled approach uses everyday objects as design material for 
IoT systems by enabling users to make their “dumb” objects “smart.” 
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verages Judy’s knowledge of the state 
of the world to support her tracking 
and managing household activities 
in coordination with other household 
members.

LIGHTWEIGHT  
MODIFICATION FRAMEWORK
Considering how to upcycle everyday 
objects centers the consideration of 
the costs of IoT adoption in design. By 
designing for the programming and 
customization of IoT as part of the 
adoption process, we can begin to ad-
dress the costs of replacement such 
as minimizing waste, evolving family 
members’ attachment to their posses-
sions, and reconfiguring entrenched, 
household routines.

in our work on the “IoT Codex”—a book 
of inexpensive, battery-free interactive 
devices and composition patterns—to 
support customizing everyday objects 
with software and web services using 
IoT stickers (see Figure 1).

Consider how simple and cheap IoT 
stickers could transform mundane 
household objects in the following sce-
nario.

Realizing that the overweight cat fre-
quently tries to trick Judy and her partner 
into feeding it twice, Judy uses the IoT Co-
dex to create a sticker for tracking whether 
the cat has already been fed. She attaches 
a two-state toggle sticker to the cat food 
box in her home to track morning and eve-
ning feedings by logging the event. Later, 
when Judy arrives home at the end of the 

day and is greeted by her cat meowing 
loudly and directing Judy to the cat bowl 
to feed it. Judy can check the IoT sticker on 
the cat food. She sees that its hand-writ-
ten label says “Morning” and realizes that 
her cat’s plea for food is genuine. To use 
the sticker, Judy slides the sticker’s switch 
to the state “Evening” when she feeds it. A 
nearby speaker chimes in feedback that 
the cat’s feeding is logged to the house-
hold’s data store. When the cat feeding is 
logged, a cat food digital object reaches its 
threshold count and adds cat food to a list 
that Judy shares with her partner so that 
they can replenish the food next time they 
make a purchase.

This scenario illustrates how stick-
ers could support even temporary, 
situated items—like cat food—and le-
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Figure 1. The IoT Codex is a book of inexpensive, battery-free sensors and interaction patterns to support linking everyday 
objects to software and web services using stickers. 

A sticker is first found in the book (a–b), customized (c), peeled from the book and attached to 
a desired everyday object (d), and then invoked using its kinetic mechanism (e). Stickers can be 
customized during setup and composed with others to create more expressive applications using 
the composition space in the book’s pages.

(a) (b) (c) (d) (e)
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provement to help realize their owner’s 
ideals, while modifications of shared 
items need to be negotiated with other 
family members.

 ˲ Family relationships. Household 
members have distinct roles and re-
sponsibilities for maintaining and car-
ing for the home and its objects, and 
this includes computing devices or 
potential upcycled artifacts. Families 
find it important to reach an agree-
ment on the household’s norms and a 
shared idea of how the family should 
live when modifying their possessions 
with computing capabilities.

 ˲ Societal relationships. In order 

We ran an experience prototyp-
ing study with 10 diverse, American 
families to develop a framework of the 
dimensions of home life implicated 
when families tailor an IoT system to 
their domestic possessions [2]. When 
families do so, they suspend belief 
in the current home to consider how 
objects and rooms might be reconfig-
ured. This process destabilizes family 
members’ working model of home to 
include previously unthought of ar-
rangements. This allows families to 
imagine how new computing tech-
niques could augment home life and 
enable them to extend family norms 

to include computing mediated forms 
of coordination and communication. 
This pushes families to adopt differing 
community dynamics to coordinate 
family input and collaboration on how 
the new technology will work within 
the family’s day-to-day life. The prin-
cipal dimensions of our “Lightweight 
Modification Framework” (see Figure 
2) is outlined as follows:

 ˲ Object relationships. When fam-
ily members generate ideas for upcy-
cling, their relationships to their ob-
jects are at the center of this pro cess. 
Personal items—like those with a 
single owner—can be targeted for im-

Figure 2. The four axes of the “Lightweight Modification Framework.” 

As each axis is introduced, the range of concepts that the axes capture are labeled, and the attendant 
interactions are captured by the span of those axes with the exception of time use. The way the home’s 
relationships evolve is conveyed as the change of the family’s model of the home at two different stages.
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material for IoT systems, and thereby 
upcycle their everyday objects and rou-
tines into IoT experiences.

In our IoT Codex, stickers are the 
interaction primitives. Each of the 
five sticker types contributes a user 
interface component similar to a wid-
get (see Figure 3). Thus, stickers serve 
as the building blocks for creating an 
interface for a user’s IoT application. 
Like links developed for paper-user in-
terfaces, we use stickers to link every-
day objects in the home to both pages 
within our codex and electronic pro-
grams and content.

We fabricated our stickers using a 
layered fabrication approach. This al-
lows us to embed electronics in the 
sticker in a fabrication-friendly man-
ner. Each sticker variously modifies 
the basic button layers: sticker paper, 
double-sided adhesive with a slot for 
an RFID tag, and a top layer for aesthet-
ic customization like drawing, writing, 
or icons. We use RFID tags as a proof-
of-concept example of cheap, battery-
free, wireless electronics capable of 
embedding digital data in our sticker 
book without requiring a line of sight 
as needed for computer vision, optical 
sensors, or infrared-based approaches 
typical of barcodes or glyphs. This 
point is especially important for our 
application area—the home—where 
sensing systems that depend on cam-
eras and microphones risk breaching 
home dweller’s privacy in large part 
because the computer-recognized se-
mantics are likewise human-recog-
nizable semantics. In contrast, RFID 
sensing techniques often depend on 
metadata about tag reads, such as re-
ceived signal strength and channel 
hopping, that do not carry immediately 
recognizable information such as who 
said what to whom. These properties, 

to determine what modification ideas 
will be considered by the family and 
how those ideas will unfold in any 
particular home by embodying com-
munity norms, social relationships 
are considered. For example, public 
places help families imagine new ways 
to stretch their domestic role by sug-
gesting alternative modes of care and 
maintenance for the home’s objects 
and family relationships.

 ˲ Time use. The time investment an 
IoT system demands of family mem-
bers is reflected in time use. Families 
already have established routines that 
they use to take time to reflect and plan 
for day-to-day activities. While time is 
precious, families are willing to use it 
to try out new ways of accomplishing 
subtasks for their already complex rou-
tines, or, for less ingrained routines, 
creating any routine at all.

While families value buy-in from the 
rest of the family on an object modifica-
tion idea, as the level of analysis shifts 
to include all four of our framework’s 
axes, we find household members be-
gin to disagree about how a modifica-
tion idea should evolve object, social, 
and societal relationships and be real-
ized in the future, desired home. Time 
use constitutes the processes through 
which families negotiate and compro-
mise on their planned changes.

Our work engages upcycling ques-
tions shared by the research commu-
nity on whether upcycled objects can, 
indeed, offer greater value than before 
modification. Our findings and frame-
work help lay the groundwork for think-
ing about these questions by revealing 
opportunities and needs within cur-
rent household dynamics around up-
grading the home to address experi-
mentation with household roles and 
historical, social legacies (e.g., gender 

or age). We identify opportunities to 
destabilize traditional groupings, such 
as gender or age, during the upcycling 
process by experimenting with the 
home’s malleable relationships.

EVERYDAY OBJECTS  
AS COMPUTING MATERIALS
A lightweight and customizable ap-
proach that makes use of the home’s 
existing possessions could give owners 
control over how IoT is integrated into 
the home. In our work, we created a 
novel approach to authoring IoT expe-
riences in a lightweight form: a codex 
of stickers. Our IoT Codex consists of a 
set of programmable stickers that can 
be drawn on, customized through vari-
ables and through composition, and at-
tached to everyday objects [4]. IoT stick-
ers give householders control over the 
style, form, and location of IoT services. 
These stickers use RFID to provide a set 
of battery-free and wireless interactive 
devices that integrate the process of IoT 
setup with the family’s existing nego-
tiation processes when arranging and 
modifying their home. Thus, the IoT 
Codex enables family members to use 
their existing possessions as a design 

The IoT Codex and 
stickers provide the 
enabling technology 
to support families 
with reusing  
their possessions  
as material  
for IoT devices.

Figure 3. An image of each sticker type on its own page in the IoT Codex. 

From left to right: button, toggle, list, dial, and wrapper.

Step 1: Tear

Step 2: Insert
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the user to the logging pattern since 
this can signal any user-specific mean-
ing and can easily function even with 
minimal user intervention. This pat-
tern provides immediate value and 
functionality with little to no mastery 
of the system’s programming capa-
bilities. When the user first peels the 
logging button sticker from the page, 
this triggers the setup process for the 
sticker within our system. The logging 
pattern triggers a brief audio message 
letting the user know that the sole 
function of the sticker is to log every 
time the person presses the button. 
Once the sticker is attached to the ob-
ject of the user’s choice, it can then be 
activated by covering the sticker fully 
with the hand. Once the user covers 
the sticker with their hand, nearby an 
audio speaker chimes in recognition 
of the log. This progressive disclosure 
provides encouragement and incentive 
to continue with the button setup pro-
cess. The steps are also written in the 
sticker book to serve as a reference if 
the user has questions.

The IoT Codex’s architecture sup-
ports a hardware abstraction layer that 
1) produces events, 2) tracks the life 

and the current commercial availabil-
ity of RFID tags, have motivated their 
use in the current IoT Codex system 
implementation. However, it is also 
important to note many of the con-
ceptual properties of our system, such 
as scaffolding of learning needed for 
end-users to advance to customization 
and composition of stickers, are inde-
pendent of this particular technology. 
These concepts could be adapted to 
other identification technologies such 
as bar codes in a different implementa-
tion of the interactive book.

RFID systems consist of readers and 
tags. In our system, we use passive, 
ultra-high frequency (UHF) tags capa-
ble of wireless communication up to a 
range of 11 meters with an appropriate 
antenna setup. Prior work has demon-
strated a reader and antenna could be 
embedded in form factors amenable to 
easy home deployment. For example, a 
light bulb equipped with a Wi-Fi RFID 
reader has been demonstrated [1], and 
in a mass-market setting these could 
be produced much more inexpensively 
than current RFID readers. In the fu-
ture, such advanced form factors may 
be able to facilitate novice installation 

of a home-scale RFID system. Our re-
search builds on this work by focusing 
on the tags and the interpretation of 
tag data as an extension of this kind of 
home-scale setup. Passive RFID tags, 
like ours, communicate with the read-
er when it interrogates the environ-
ment for present tags by emitting an RF 
signal in the 840-960MHz range. When 
the tag receives the signal, it commu-
nicates with the reader through modu-
lated backscatter—changing how it ab-
sorbs or reflects the signal back to the 
reader in order to encode an ID num-
ber unique to the tag. When the tag is 
covered with conductive material, the 
reader is unable to communicate with 
the tag. Thus, individual tags can be 
represented as having a simple binary 
state: covered or uncovered. We use 
this binary state for our stickers.

When the IoT Codex is opened to 
the section for the sticker, page text 
provides initial guidance. It instructs 
the user to peel the sticker from the 
page and attach it to the object of their 
choice to create a sticker button. Our 
first sticker button provides a blank 
face so that anything can be written 
or drawn on it. We use it to introduce 

Figure 4. IoT Codex’s event architecture to lower the floor for potential end-user programmers of paper user interfaces and 
IoT applications. IoT stickers concretize event emitters in a tangible form, and their kinetic mechanisms afford tinkering with 
parameters and manipulating control flow.
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of identified objects (in our case RFID 
tags), and 3) facilitates interactive 
manipulation of parameters through 
advanced parameter types and ac-
tions that enable thread-like control 
(see Figure 4). These features com-
bine to provide advanced capabilities 
for the user in a concrete, physically 
instantiated form without requiring 
knowledge/mastery of the abstract 
programming concepts they embody. 
Taken together, these features support 
users with manipulating parameters 
through proprioceptive control overex-
posing/blocking tag reads to instanti-
ate stickers and update their state, as 
well as directly supplying parameter 
values through interaction. This cre-
ates a ramp for users with no program-
ming skills to develop competencies 
needed to tinker with a programming 
language. The IoT Codex extends the 
power of working with abstractions 
to everyday users by concretizing the 
architecture’s central abstractions of 
an identifiable object, stickers, and ac-
tions in a tangible form.

The IoT Codex progressively intro-
duces our system’s five sticker types, as 
shown in Figure 3, through the book’s 
form factor. Page-turning sequences 
provide an introduction to pro gressive 
levels of sticker complexity starting 
with the “button sticker” and pro-
gressing to a “wrapper sticker.” The IoT 
Codex provides substantial capabilities 
through fixed form and function button 
stickers created for common household 
tasks. The IoT Codex then gradually in-
troduces customizable button stickers 
and eventually progresses to the com-
position of sticker functionality using 
wrapper stickers. Each sticker concret-
izes the link between user interaction 
and action execution by explicitly em-
bodying it in the physical sticker’s ki-
netic mechanism.

The current IoT Codex supports four 
types of stickers that serve as widgets 
and a fifth sticker type with composi-
tion mechanics for a customizable IoT 
user interface. To provide guidance on 
how our stickers could be tailored to 
domestic IoT use cases that are situat-
ed and idiosyncratic, we implemented 
example stickers that we parameter-
ized to suit highly specific needs. The 
IoT Codex uses kinetic mechanisms 
to gradually introduce more complex 

embedded computing capabilities by 
leveraging the sequential nature of 
the book form factor, and encouraging 
manipulation and tinkering with the 
stickers themselves. By concretizing 
the association between user actions 
in the physical world and computa-
tional actions by means of stickers, the 
IoT Codex exposes users to tinkering 
with low-level details without requir-
ing mastery of low-level knowledge or 
programming.

SCAFFOLDING CREATIVE REUSE
The IoT Codex and stickers provide the 
enabling technology to support fami-
lies with reusing their possessions as 
material for IoT devices. Yet, an out-
standing question for an upcycled IoT 
is how to help individuals conceive of 
their current possessions as potential 
IoT devices. We find that families al-
ready employ coordination patterns 
that could enable collaborative creativ-
ity by building on one another’s ideas 
and experimenting with alternative 
roles. There is an opportunity for the 
embeddedness of IoT to scaffold object-
oriented creativity through reshaping 
object relationships by suggesting ex-
periments with new object roles and 
with the alternative social arrange-
ments afforded through those objects. 
We examined families’ socio-material 
practices to distill opportunities for 
lightweight modification of household 
objects as patterns, which could be eas-
ily recognizable to end-users.

We found families use objects and 
spatial divisions of the home (for exam-
ple, like a side of a room, or the room 
itself) to set and enforce social norms 
[3]. Families implicitly map their so-
cial relationships onto spatial jurisdic-
tions. Further, they use their objects to 
negotiate or modify these jurisdictions 

Considering how 
to upcycle everyday 
objects centers 
the consideration 
of the costs of IoT 
adoption in design. 
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Codex to compose complex behavior to 
set policies for a group of stickers that 
are embedded in everyday objects. 
This would allow for a sticker type to 
be parameterized with the policies 
set for a group of stickered objects in 
a particular room.

CONCLUSION
In summary, our research enables an 
upcycled IoT in two ways: 1. deep em-
pirical engagement with socio-mate-
rial practices implicated by augment-
ing everyday objects, and 2. building 
the technology to enable end-users to 
transform their existing possessions 
into IoT devices. By creating the IoT Co-
dex, an interactive book of programma-
ble and customizable stickers, we build 
on the advances made in paper-based 
computing to create a low-cost and 
lightweight smart home infrastruc-
ture. The book’s IoT stickers can be 
written on and stuck to everyday ob-
jects, and thus, bring computational 
behavior to the idiosyncratic contexts 
of household objects and clutter. Fur-
ther, these stickers integrate battery-
free and wireless communication into 
the stickers using RFID (costing ap-
proximately $0.03 USD) but enhance 
these communication capabilities 
using kinetic mechanisms capable 
of revealing or blocking RFID reads 
in order to manage and track state. 

To handle communication with web 
services and collecting information 
supplied by the user, we extended the 
event-based architecture typical of in-
teractive systems and the parameter 
gathering process typical of proce-
dural languages to handle asynchro-
nous and just-in-time values. This 
enables a variety of interaction tech-
niques for householders to customize 
web services and software-supported 
behavior by manipulating the stick-
ers. It also makes those capabilities 
available in situ through the sticker 
devices. Our work presents these 
stickers to the user in a book form fac-
tor to support the gradual introduc-
tion of more complex programming 
behavior—such as the composition 
of two stickers together—as well as 
cross-generational and collaborative 
programming of IoT behavior. Taken 
together, the IoT Codex and stickers 
support families with installing, cus-
tomizing, and managing the intro-
duction of new IoT capabilities using 
an upcycling approach.
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as their relationships with one another 
evolve. For example, siblings, college 
roommates, and spouses split sides 
of a bedroom so that each has their 
own side. Similarly, family members 
cluster personally owned objects in 
shared spaces to lay claim to portions 
of a room like setting up one’s laptop 
and papers at the kitchen table to study 
or work from home in the afternoon, 
then moving that cluster elsewhere 
when dinner time arrives. As a result, a 
dining room is temporarily converted 
into a home office that should provide 
a quiet workspace. This use of objects 
and rooms allows for family members 
to coordinate with one another about 
how the home should function at a spe-
cific time of day.

We are currently using the IoT Codex 
to explore whether we can enhance 
families’ socio-material practices with 
end-user programming to scaffold the 
upcycling process. If successful, this 
would enable families to transform 
their everyday objects into IoT devices. 
Since IoT stickers can be attached to 
everyday objects, we can leverage the 
families’ use of objects and spatial 
jurisdictions to facilitate context- 
sensitive programming. For example, 
the same sticker type could be pa-
rameterized differently based on user 
input when they set up a sticker for 
a specific object. We can use the IoT 

Figure 5. This image shows how IoT stickers can be given contextual and spatial 
meaning by attaching them to everyday objects in the home. 

Places in the home often carry symbolic meaning for families.  
This can be supported by the system through the sticker form factor.


