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ABSTRACT 
We present RetroFab, an end-to-end design and fabrication 
environment that allows non-experts to retrofit physical 
interfaces. Our approach allows for changing the layout and 
behavior of physical interfaces. Unlike customizing software 
interfaces, physical interfaces are often challenging to adapt 
because of their rigidity. With RetroFab, a new physical 
interface is designed that serves as a proxy interface for the 
legacy controls that are now operated by actuators. RetroFab 
makes this concept of retrofitting devices available to non-
experts by automatically generating an enclosure structure 
from an annotated 3D scan. This enclosure structure holds 
together actuators, sensors as well as components for the 
redesigned interface. To allow retrofitting a wide variety of 
legacy devices, the RetroFab design tool comes with a toolkit 
of 12 components.  We demonstrate the versatility and novel 
opportunities of our approach by retrofitting five domestic 
objects and exploring their use cases. Preliminary user 
feedback reports on the experience of retrofitting devices 
with RetroFab.  
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ACM Classification Keywords 
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INTRODUCTION 
Popular computing devices, such as desktops and 
smartphones are easy to interconnect and their graphical user 
interface can be adapted to changing user needs. In contrast, 
devices and appliances such as ovens, thermostats and 
toasters, are often designed to be static and non-adaptive. 
Although smart versions of these appliances have become 
available [30,31] and advancements in sensing technologies 
for the Internet of Things [12,18] have started to enable basic 
forms of interconnectivity, they do so at the expense of 
increased costs or permanent structural changes [4].   

  

Figure 1: Retrofitting a legacy toaster with RetroFab. (a) 
The toaster is scanned, (b) the legacy interface is 
annotated, (c) the attached enclosure is generated, (d) the 
physical interface and behavior of the retrofit interface is 
adapted, (e) the enclosure is fabricated and assembled, (f) 
the new retrofit toaster is perfectly toasting. 

Additionally, users have to purchase a new smart device to 
replace their existing legacy device even though it may still 
be completely functional. 

The tangibility and rigidity of these legacy devices make it 
hard for an end user to change the user interface, as one 
may do with software applications through plug-ins, reverse 
engineering [7], or runtime toolkit overloading [10]. For 
instance, it is not feasible to resolve design mistakes or 
adapt an interface to users’ evolving or custom needs (e.g., 
impaired users). 

To make changes to legacy infrastructures and allow for 
interconnectivity, one can retrofit the physical user 
interfaces, for example, to augment light switches [32] and 
dials [33,34].  When retrofitting, a redesigned physical 
component is placed over top of the original component, 
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thus serving as a proxy interface. Mechanical actuators are 
often used to manipulate the original interface, while 
sensors detect states of the device (e.g., via LED 
indicators). This avoids the complications and risks of fully 
disassembling and rewiring existing electronic components, 
and is akin to customizing a software user interface without 
accessing or modifying its source code [9]. 

Although these appliance specific retrofitting kits [32-34] 
are easy to install, the redesigned interface that is now 
exposed is static and cannot be reconfigured by novices to 
adapt to personal or changing user needs. Davidoff et al. [8] 
experimented with customizable retrofit interfaces using the 
LEGO Mindstorms toolkit. However, the mechanisms had 
to be manually designed and constructed, required precise 
structures and brackets that fit over top of the appliances, 
and did not provide a new physical interface for a user. 

To enable users without a technical background in 3D 
modelling, programming, or electronics to customize and 
enhance devices and appliances, we present RetroFab, a 
design tool that automates the process of retrofitting a 
physical interface (Figure 1). From an annotated 3D scan of 
an existing legacy object (Figure 1b), RetroFab 
automatically generates circuitry, firmware and a physical 
enclosure that precisely fits over top of the legacy interface 
(Figure 1c-f). These enclosures house mechanical actuators 
and sensing components to automatically control the device 
and observe its state (e.g. sensing the state of an LED).  

Similar to “smart” versions of appliances [30-31], retrofit 
interfaces generated with RetroFab allow for automated 
tasks, interconnected devices, remote control through a 
companion mobile app, and analytics. Retrofit interfaces 
designed with RetroFab also go beyond these standard 
“smart” features by interconnecting multiple heterogeneous 
devices, and enabling users to customize their layout and 
behaviors. 

The primary contributions of this paper are in the integrated 
design and fabrication tool that enables custom refactoring 
of physical interfaces. Specifically, we contribute: 

(1) A mechatronic toolkit, consisting of 12 components, 
optimized for actuating common controls used in household 
objects and appliances. The toolkit exposes an easy plug-
and-play electronics interface to the user. 

(2) An end-to-end design and fabrication tool that 
automatically generates 3D printable enclosures that attach 
RetroFab toolkit components to legacy devices. 
Additionally, the tool assists users in the assembly process, 
as well as the design of new proxy interfaces. 

(3) The presentation of a set of sample objects generated 
using RetroFab, and an exploration of some of the use cases 
enabled by RetroFab.  

Preliminary user feedback assesses the usability and utility 
of RetroFab, and demonstrates the system’s ease of use. 

RELATED WORK 
This work draws from, and builds upon prior work in 3D 
model generation, intercepting interactions with legacy 
objects and design tools for sensor-based interactions. 
While our work is also related to smart appliances and 
home automation, a review of such literature is beyond the 
scope of this work. We refer the reader to existing extensive 
surveys on such topics [1,4,5,24]. 

Automating 3D Modeling and Fabrication Processes 
The current popularity of 3D printing and digital fabrication 
has led to a number of recent works in the HCI literature 
related to modeling and fabrication processes. 

Closest to our own work, a number of projects have 
developed techniques to aid the construction of physical 
objects that contain electronic or interactive components. 
Makers’ Marks [21] is a system that allows users to create 
complex physical objects that incorporate elements such as 
hinges, parting lines and electronics using sculpting 
material and stickers for annotation. Enclosed [28] is a 
software tool that enables users to easily generate laser-
cuttable enclosures for electronic components. PipeDream 
[22] automatically routes pipes through 3D models to allow 
for post hoc insertion of conductive materials. Our work 
similarly aids the fabrication of objects which can house 
electronic components, but for the specific purpose of 
retrofitting an existing physical interface. 

We also build upon work that automates, simplifies, or 
accelerates the design and fabrication process. For example, 
Fabrickation [16] allows users to rapidly prototype 
functional 3D objects by integrating LEGO blocks into the 
design, thus reducing print time. Lau et al. provide a system 
that decomposes 3D models of furniture into its constituent 
components and connectors, allowing users to fabricate the 
discrete elements [14]. RetroFab takes inspiration from this 
line of research, automating the 3D modeling of the 
physical enclosure which houses electronic components. 

Also related to our work is the recent concept of fabricating 
directly onto existing objects, or patching [25]. This can be 
accomplished by placing the existing object on a 5 axis 
rotating platform [25] or on a custom 3D printed support 
stand [6].  MixFab [29] provides users with a mixed-reality 
environment where they can incorporate real-world objects 
into the design of virtual, 3D objects which can then be 
fabricated, thus making it easier for users to design with 
existing, tangible objects. RetroFab extends such work by 
not only printing parts that fit onto existing physical 
objects, but embedding electronic components which can 
retrofit an existing object’s user interface.  

Intercepting Interactions with Legacy Objects 
Several researchers have developed novel sensing 
techniques to provide interaction possibilities to existing 
objects without dramatically modifying the original object. 
Touché [20] uses swept-frequency capacitive sensing to 
detect users’ touches and gestures on existing objects. 
Touch and activate uses a similar approach but uses 
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instructed to retrofit the desk lamp using RetroFab (Figure 
15b). Due of time restrictions, the generated enclosure 
structure was 3D printed beforehand and was given to the 
user during the assembly phase, after they successfully 
designed their own retrofit enclosure structure. Participants 
then assembled the 3D printed objects and the electronic 
circuit by following instructions on the screen. Finally, they 
deployed the retrofitted desk lamp and controlled it from 
the RetroFab mobile application. Participants reported their 
experience with RetroFab through a questionnaire. 

All participants were able to retrofit the desk lamp in less 
than 25 minutes and saw clear benefits in using RetroFab. 
Participants perceived the entire process as enjoyable and 
were satisfied with the end result. They reported that the 
outcome met their expectations.  

Three participants (P1, P2, P3) felt they could design a 
working prototype without using RetroFab, however, they 
all agreed it would involve multiple iterations and span 
multiple days. All participants appreciated the 
straightforward, step-by-step process of RetroFab. They 
indicated RetroFab would be very useful to them for 
retrofitting legacy devices in the future. P4 highlighted that 
RetroFab was an enabling technology for him as he would 
not know how to retrofit devices without the tool. 

P1, P2 and P4 mentioned they are looking forward to see 
how future versions of RetroFab allow for more 
customization of generated enclosure structures, such as 
embedding the enclosure structure design inside a 3D 
model of choice or giving a retrofitted object a cartoon-like 
appearance. At the same time, these participants noted that 
precise placement of RetroFab components inherently allow 
for anthropomorphism, e.g. making a smiley face with 
RetroFab components. 

Participants recognized that this approach would be useful 
in different situations, such as controlling the heating at 
home remotely and saving energy, or for adapting 
interfaces for impaired users. They all indicated that they 
would consider deploying this technology at home.  

LIMITATIONS AND FUTURE WORK 
RetroFab has three important limitations, which we hope 
can be addressed in future work: 

First, RetroFab only generates attached enclosure structures 
when there is space on the 3D scanned model for attaching 
the structure. For instance, very small controls are not 
supported, such as lamps that have small rocker switches 
integrated in the power cable. To retrofit these devices, 
future versions could support wraparound enclosure 
structures that entirely enclose these kind of controls. 

Second, the RetroFab toolkit currently supports actuators 
optimized for operating basic controls used in appliances. 
In the future, multiple actuators could be developed of 
various shapes and sizes to reduce size and cost and provide 
an optimal actuator for each use case. Bigger and more 
powerful actuators would, for example, allow for 

retrofitting heavy duty mechanical controls, such as the 
linear actuator already supported, controls used in industrial 
machines, and handles to adjust car seats.  Another 
interesting direction for future research is the support of 
more high-fidelity sensors, such as microphones and 
cameras, besides the light sensor that is already supported. 
Cameras and image processing techniques, could allow 
retrofitting more complex legacy interfaces that 
communicate states using displays.  

Last, the current implementation of RetroFab requires 
actuators and sensors to be positioned directly in front of 
legacy controls. In the future, advanced transmission 
mechanisms could be supported to relocate the actuators out 
of sight, behind the legacy device, in order to improve the 
aesthetic appearance of enclosure structures. One could 
imagine using a single actuator to activate multiple controls 
to make the retrofit interface smaller. Besides this, the 
aesthetic appearance could be improved by allowing the 
user to remodel the enclosure design. 

CONCLUSION 
As home automation and the development of smart objects 
continues to rise in popularity, users will desire additional 
functionality from their existing objects. RetroFab is able to 
augment these legacy infrastructures using a simple 
workflow. Many people could benefit from retrofitting 
interfaces, most prominently members of the maker 
community, IoT-developers, and researchers. One 
particularly interesting target audience for retrofit devices 
are caregivers for disabled or elderly individuals. 
Retrofitting could allow people with disabilities regain 
independence and operate legacy interfaces they would 
otherwise be unable to.  Retrofit objects can be 
interconnected, allowing for simple remote control or 
automation, or can be used to suit a users’ individual needs. 
The discussion throughout this work shows there are many 
potential use cases yet to explore, and many opportunities 
for future work. 
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