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What is Personal Fabrication?
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How can we empower everyone to 
create physical objects with ease?



Digital Fabrication
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Digital fabrication tools turn bits 
into atoms, i.e. they create material 
objects from digital designs.

- Catarina Mota, The Rise of Personal Fabrication, C&C’11
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Autodesk Fusion 360
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Digital fabrication tools turn bits 
into atoms, i.e. they create material 
objects from digital designs.

- Catarina Mota, The Rise of Personal Fabrication, C&C’11



Machining a Jewelry Mold on a 5 axis CNC by NSCNC – Licensed under Creative Commons: By Attribution 3.0 License

Subtractive Manufacturing



http://en.hglaser.comhttp://www.fabricatingandmetalworking.com



Additive Manufacturing
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Source: Ultimaker Ultimaker Press Room Images
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Prof. Neil Gershenfeld

Source: https://www.rolanddg.com



https://www.ted.com/talks/neil_gershenfeld_on_fab_labs#t-772771
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What is a fab lab?  
Fab labs are a global network of local labs, enabling invention by providing access to tools for digital fabrication 


What's in a fab lab?  
Fab labs share an evolving inventory of core capabilities to make (almost) anything, allowing people and projects to be shared 


What does the fab lab network provide?  
Operational, educational, technical, financial, and logistical assistance beyond what's available within one lab 


Who can use a fab lab?  
Fab labs are available as a community resource, offering open access for individuals as well as scheduled access for programs 


What are your responsibilities?  
safety: not hurting people or machines

operations: assisting with cleaning, maintaining, and improving the lab

knowledge: contributing to documentation and instruction


Who owns fab lab inventions?  
Designs and processes developed in fab labs can be protected and sold however an inventor chooses, but should remain available for 
individuals to use and learn from 


How can businesses use a fab lab?  
Commercial activities can be prototyped and incubated in a fab lab, but they must not conflict with other uses, they should grow beyond 
rather than within the lab, and they are expected to benefit the inventors, labs, and networks that contribute to their success 


draft: October 20, 2012 The Fab Charter

http://fab.cba.mit.edu/about/charter/
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Who can use a fab lab?  
Fab labs are available as a community resource, 
offering open access for individuals as well as 
scheduled access for programs 




How do we connect this to HCI research?
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Source: re:publica 2019 (CC BY-SA 2.0) 
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https://www.creality3donline.com/creality-ender-3-3d-printer_p0019.html – 3rd June 2019

https://www.creality3donline.com/creality-ender-3-3d-printer_p0019.html




Visicut  
By Thomas Oster









Image by BinaryApe licensed under Creative Commons Attribution 2.0 Generic
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If we go back to the beginnings of interactive 
computing, early computer users were probably 
reasonably happy placing their punch cards into the 
reader and waiting for their out-put to arrive hours 
later—which is pretty much where 3D printing 
stands today

- Patrick Baudisch, Personal Fabrication in HCI: Trends and Challenges, AVI’16
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Figure� 7.� The� ReForm� prototype:� (a)� a� jog� wheel� for� user-input� (b)�
LMI�HDI120�3D�scanner�(c)�Asus�Xtion�depth�camera�(d)�heated�clay�
extruder�(e)�milling�spindle�(f)�build�plate�(g)�projector�and�screen�(h)�
air-guide�(i)�ReFormCore.�

ReForm�Core�contains�supporting�components� for� the�main�
machine.� It� houses� 12V� and� 24V� power� supplies,� six�
CW5405

4� stepper�controllers�that�are�connected�to�a�Linux-
CNC�powered�MiniITX�computer�through�a�HW08�IO�board.�
An�emergency�switch�at�the�front�of�the�ReFormCore�cuts�the�
24V�power�to�the�motors�if�necessary.�

ReForm�is�constructed�within�an�aluminium�frame.� A�spin-
dle�drill�and�clay�extruder�pair�(Figure�7,�d,�e)�are�mounted�
on�an�XYZ�motion�platform.�The�clay�object�is�attached�to�a�
build�plate�held�onto�the�two�rotary�axes�A/B�using�ball�de-
tents.� A�structured�light�scanner�(Figure�7,�b)�is�mounted�on�
the�right�side�of�the�frame�for�an�unobstructed�view�of�the�ob-
ject.�A�custom�air-guidance�system�directs�an�airstream�to�the�
workpiece�(Figure�7,�h).� The�airstream�is�generated�using�a�

archer�MV3�P�vacuum�cleaner�and�passed�through�a�heating�
element.�We�use�an�Arduino-controlled�relay�to�automatically�
turn�the�airstream�on�and�off.�Situated�at�the�top�of�the�frame�
is�a�Xtion�depth�camera�(Figure�7,�c)�and�a�short-throw�projec-
tor�for�the�augmented-reality�interface�(Figure�7,�g).�This�in-
terface�is�projected�on�the�articulated�front-door�which�holds�
a�semi-transparent�projection�screen.� In�front�of�the�machine�
(outside�of�the�door)�users�find�the�jog�wheel�(Figure�7,�a)�for�
interacting�with�ReForm.�

K¨

Spindle and Extruder 
The� spindle� is� based� on� a� 260�rpm/V� brushless� DC� motor�
whose� 8�mm� shaft� we� replaced� with� an� ER11� collet� (Fig-
ure�7,�e).� A�6�mm�flat-tip�two-flute�cutter�is�fitted�in�the�col-
let.� Compared�with�steeper�tip�angles�this�flat-tip�configura-

4http://cnc4you.co.uk/ 

tion�produces�non-clogging�clay�flakes.� The�motor�speed�is�
controlled�from�an�Arduino�through�an�electronic�speed�con-
troller�(ESC).�

We�extrude�warm�TecClay� through�pressure�by� actuating� a�
threaded� rod� plunger� in� a� metal� cylinder.� Due� to� the� sur-
face�friction�of�the�clay�(which�is�reduced�by�heating�the�car-
tridge),� a�3.1�Nm�motor� is� required.� To� reduce� the�moving�
mass�of�the�XYZ�platform�we�mount�the�1.4�kg�heavy�motor�
off-axis�and�transport�it’s�rotational�movement�with�a�flexible�
drive�shaft�to�the�extruder.� This�assembly�extrudes�the�clay�
through�a�3�mm�heated�brass�nozzle�mounted�2�mm�above�the�
cutter�(Figure�7,�d).�

Structured Light Scanner 
To� 3D� scan� the� object� we� use� an� LMI� HDI120� structured�
light�scanner�(Figure�7,�b)�with�an�accuracy�of�60�- 118�µm.�
While� scanning� we� take� six� snapshots;� rotating� the� model�
by� 60� each� time� around� the� build-plate� center.� By� using�
white�TecClay�we�minimize�exposure�time�for�each�snapshot,�
so� that�a�360� scan�takes�about�1.5�minutes.� We�use�LMIs�
FlexScan�software�to�align�the�snapshots�and�merge�them�into�
one�3D�mesh�model.� This�scanning�process�also�recovers�a�
monochrome�texture�which�we�use�for�annotation-input.� A�
scanned�model�has�approximately�100k�vertices.�

Augmented Reality Interface 
A�BenQ�W710ST�short-throw�projector�(Figure�7,�g)�projects�
onto�the�transparent�projection�screen�held�in�the�door.� We�
manually�calibrated�the�virtual�camera�to�match�the�physical�
scene,�and�using�an�Xtion�depth�camera�(Figure�7,�c),�we�track�
the�users�body�to�provide�a�motion-depth�cue.�This�allows�us�
to�render�aligned�virtual�3D�previews�over�the�physical�clay�
model.� We�use� the�WPF-based�Helix� toolkit� to� render�3D,�
and�custom�WPF�controls�for�the�2D�menu.�

Users�interact�with�the�system�using�a�Contour�Design�Shut-

tleXpress�jog�wheel�(Figure�7,�a),�which�is�well�suited�for�the�
discrete�menu�scheme�and�other�AR�operations.�This�way�the�
user’s�hands�do�not�occlude�the�display,�contaminate�it�with�
fingerprints,�or�suffer�from�fatigue.�

System Performance 
The�toolhead�can�travel�at�a�maximum�speed�of�45�mm/sec�
along�the�XY�axes,�2�mm/sec�along�Z,�600�deg/sec�around�the�
A�axis�and�30�deg/sec�around�the�B�axis.� Our�clay�extrusion�
system�can�extrude�material�at�a�maximum�rate�of�1�cm3/sec�
with�its�cartridge�holding�104�cm3 of�material.�When�milling,�
the�maximum�spindle�plunge�depth�is�4�mm.�The�3D�scanner�
to�machine�calibration�error�is�less�than�0.15�mm.�

Toolpath�Generation�
Bidirectional� fabrication� requires� us� to� compute� machine�
instructions� that� transform� between� two� arbitrary� digital�
meshes.� The�resulting�toolpaths�describe�the�motions�a�ma-
chine�has�to�execute�in�order�to�add�or�remove�material.� To�
generate�additive�and�subtractive�toolpaths�we�need�to�deter-
mine�where�to�add�and�where�to�remove�material,�and�com-
pute�the�paths�themselves.�We�implemented�a�novel�toolpath�
generation� algorithm,� which� combines� both� tasks.� The� al-
gorithm�takes�as�input�the�currently�existing�surface�and�the�
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Bidirectional Fabrication
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More�targeted�operations�require�the�selection�of�an�area�of�
influence.� We�use�annotation-input� to�enable�users� to�mark�
the� area� they� want� to� manipulate� on� the� physical� object.�
Through�annotations�users�can�also�issue�commands,�select-
ing�the�operation�to�perform.�For�example,�shading�in�an�area�
offers� it� for�flattening�or�extrusion� (Figure�4,� a),� drawing�a�
cross�results�in�a�hole�being�drilled�(Figure�4,�b)�and�two�cir-
cles�produce�a�patterning�(Figure�4,�c).�

Local�flatten�serves� the�same�purpose�as� its�global�counter-
part:�remove�undesirable�physical�manipulation�artifacts.�Be-
sides�annotating�the�desired�flattening�area,�no�further�user-
interaction� is� required.� The� cutting�height� is� automatically�
determined�based�on�the�mean�height�of�the�annotated�area.�
Within�the�annotated�area,�a�smooth�surface�(with�a�normal�
parallel�to�the�average�normal�of�the�flattening�patch)�is�cre-
ated�at�the�determined�height.�

Extrusion� (Figure�4,� a)� adds�depth� to� the�annotated�outline�
resulting�in�material�being�removed�or�added,�depending�on�
the�extrusion�direction.�This�feature�enables�users�to�produce�
cavities�and�protrusions�which�would�be�difficult�or�tedious�
to� create� manually.� Similar� to� extrusions� are� holes,� which�
are�difficult�to�produce�manually�due�to�varying�diameter�re-
quirements.� A�cross�annotation�marks�the�center�of�the�hole�
(Figure�4,�b)�and�users�configure�the�hole�diameter�and�depth�
through�the�graphical�user-interface.�

Replicating�patterns�is�tedious�to�do�manually,�but�effortless�
in�the�digital�domain.� To�create�a�pattern�(Figure�4,�c),�users�
select� the�area� they�want� to�replicate,� and�a�reference�point�
using�the�annotation-input�feature.�Users�can�then�choose�the�
desired�pattern�type�(circular,�rectangular,�and�linear�patterns)�
on�the�augmented-reality�interface.�After�choosing�the�type�of�
pattern,�the�selected�area�is�replicated�accordingly.�

Physical�Shaping�

a b c

Figure� 5.� Manual� modifications� of� the� material.� (a)� Users� can� mold�
objects�with�their�hands�(b)�using�tools,�(c)�use�existing�objects.�

Due� to� ReForm’s� malleable� material,� users� can� modify� the�
physical� objects� directly� and� in� context.� As� the� material�
sticks� to� itself,�users�can�manually�add�more�material.� The�
shape� can� also�be�bent,� smeared� and�otherwise�plied�using�
bare�hands�(Figure�5,�a),�much�like�one�would�with�any�other�
clay�object.� The�rich�set�of�existing�physical�clay�sculpting�
tools�can�also�be�used�to�manipulate�the�physical�object�(Fig-
ure�5,�b).�Simple�tools�like�knifes�and�cutters�to�more�special-
ized�sculpting�devices�provide�a�broad�spectrum�of�devices,�
expand� the� input�possibilities� for� the�digital� fabrication�de-
sign�process.�

Physical�objects�are�not�bound� to�any� location,� thus�can�be�
taken�into�context�and�manipulated�using�any�object�found�in�
the�environment� (Figure�5,�c).� One�could�create�an�outline�

to�serve�as�guide�for�other�operations�by� impressing�an�ex-
isting�artifact�into�the�clay;� for�example�to�create�a�hole�for�
a�pen,�users�could�press�the�pen�into�the�material.� This�form�
of�material�interaction,�combined�with�the�operations�detailed�
below,�makes�for�an�intuitive�design�process.�

History�and�Versioning�

Figure�6.�Undoing�changes�to�the�model�or�object.�Here,�the�user�modi-
fies�the�physical�object�which�we�can�undo�using�the�digital�model.�

Changes�made�during�the�design�process�can�be�undone,�no�
matter�if�the�modifications�were�made�on�the�physical�or�dig-
ital� artifact.� We� maintain� a� history� of� 3D� models,� each� of�
which�we�can�restore�as�a�physical�object.� This�way,�we�en-
able�free�exploration�on�the�physical�artifact,�as�there�are�no�
“mistakes”�that�can�be�made.� Actions�that�did�not�result� in�
the�desired�outcome�can�be�undone.� For�example,� if�a�user�
cuts�away�parts�of�the�object�to�explore�the�aesthetics�of�these�
changes�(Figure�6),�but�does�not�consider�the�outcome�desir-
able,�we�can�restore�the�previous�state�undoing�the�manual�in-
teraction.�While�choosing�which�version�to�revert�to,�ReForm�
provides�a�preview�using�its�augmented�reality�interface.�

IMPLEMENTATION�
We�built�a�prototype�implementation�of�the�ReForm�system�
in�order�to�evaluate�the�bidirectional�fabrication�concept.�Re-
Form�integrates�several�components� in�a�novel�way:� a�new�
material�which�is�machinable,�yet�malleable;�a�five-axis�CNC�
machine�with�a�custom�clay�extruder�and�milling�spindle;� a�
physically�aligned�augmented� reality� interface;� a� structured�
light�3D�scanner;� annotation�detection�and�custom�toolpath�
generation�to�use�our�machines�capabilities.�

Material�
Common� polymer� clays� and� puttys� are� too� soft� to� be� ma-
chined.� Their� malleability� makes� them� easy� to� work� with�
manually� and� in� an� additive� fabrication� setup,� but� renders�
them� unsuitable� for� subtractive� methods� as� the� soft� mate-
rial�clogs�the�milling�bits.� To�use�additive,� subtractive,�and�
manual�fabrication�methods�with�one�material,�we�use�Tec-
Clay3� as� it� is�machinable�at�room�temperature�but�becomes�
malleable�when�heated�to�approximately�50��C.�ReForm�can�
produce�both�a�cool�and�hot�airflow�in�the�machine�in�order�
to�regulate�the�model�temperature�for�removing,�adding,�and�
forming�the�material.� The�extrusion�cartridge�and�nozzle�are�
kept�heated�to�55��C�to�reduce�the�required�extrusion�force.�
At� this� temperature� the�clay�becomes�slightly�adhesive�and�
bonds�well�with�itself�and�the�perspex�build-platform.�

Hardware�
We�separated� the�hardware� into� two�main�components:� the�
control�system�(ReForm�Core)�and�the�main�frame�(ReForm).�
3http://www.kolb-technology.com/en/products/ 
classic/clay.html 
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Figure�10.� ReForm�design�walkthrough:� (a)�flattening�the�top�surface�(b)�ReForm�updating�the�physical�object�(c)�existing�components�placed�on�the�
prototype�(d)�component�positions�are�annotated�(e)�using�selective�extrusion�to�create�the�display�cavity�(f)�the�physical�object�is�updated�(g)�the�user�
shapes�the�watch�to�their�liking�(h)�a�final�model�is�exported�for�3D�printing.� (i)�shaping�a�game�controller�(j)�placing�buttons�on�the�prototype�(k)�
annotating�the�button�positions�(l)�user�damaged�the�prototype�(m)�damaged�object�is�scanned�(n)�ReForm�repairs�the�object.�

model�to�a�3D�printer�for�fabrication�(Figure�9a).� The�clay�
prototype�is�recycled.�

DISCUSSION�
Through� our� implementation� and� design� walkthroughs� we�
learn� several� practical� lessons� from� realising� bidirectional�
fabrication.�Our�current�implementation�solves�model-object�
registration�by�fixing�the�object�to�a�build-plate,�thus�enforc-
ing�a�fixed�reference�frame.� While�this�approach�simplifies�
implementation,� it� also� limits� what� users� can� do� with� the�
physical� object� —� e.g.� the� side� attached� to� the� build-plate�
can� not� be� modified.� To� do� away� with� the� buildplate,� one�
could�use�the�Iterative-Closest�Point�algorithm�[27]�or�apply�
infrared�registration�markers�to�the�model�e.g.�spraying�a�ran-
dom�dot�pattern.� However,�being�able�to�externally�machine�
an�object�requires�it�to�be�held�firmly�in�position.�

The�accuracy/fabrication-time�trade-off�can�be�tuned�at�run-
time�of�the�system,�making�it�more�flexible.� If�high�accuracy�
is�required,�the�more�precise�of�the�two�fabrication�methods�
can�be�used�and�the�machine�can�move�slower.�If�short�fabri-
cation�times�are�desired,�a�more�coarse�fabrication�method�is�
used�at�higher�speeds.�For�example,�in�our�prototype�subtrac-
tive�operations�are�more�precise�than�additive�ones.� Thus�if�
accuracy�is�required,�we�can�refine�additively�fabricated�fea-
tures�subtractively.�

Technical�Limitations�
Due�to�tolerances�of�the�fabrication�process,�we�scan�the�ob-
ject�after�each�physical�update�and�update�the�digital�model�
accordingly.� This� can� lead� to� an� accumulative� error,� thus�
make�the�model�degrade�over�time.� A�relaxed�object/model�
correspondence,� where� only� desired� changes� are� integrated�
into�the�digital�model�would�remedy�this�problem.�

Optical�3D�scanners�require�all�parts�of�the�3D�model�to�be�
visible�to�them.� Thus,�concavities�and�hollow�areas�are�dif-
ficult� to� capture.� By� integrating� multiple� 3D� scanners,� we�
could� capture� the�physical�object� to� a�greater� extent.� Sim-
ilarly,� the�digital� fabrication�stage� is� limited�by�what� it�can�
physically� reach.� Using� all�five� axes� for� fabrication�would�
increase�the�set�of�fabricable�shapes,�but�also�increase�the�al-
gorithmic�toolpath�generation�complexity.�

Alternative�Implementations�
Other�forms�of�implementing�ReForm�and�bidirectional�fab-
rication� are� possible.� If� only� one� fabrication� method� were�
automated,� the�other� method� could�be� performed�manually�
e.g.�computer�controlled�milling�and�manual�material�addi-
tion�similar�to�Sculpting�by�Numbers�[16].�Bidirectional�fab-
rication�could�also�be�implemented�by�combining�automated�
construction�kit�assembly�(e.g.�LEGO�R�)�utilizing�automated�
brick�layout�algorithms�[21],�and�some�shape-sensing�capa-
bilities�integrated�into�the�construction�kit.�

Multi-material� printers� could� be� used� to� implement� a� bidi-
rectional� fabrication�process�offering�a�whole�new�range�of�
interactions.�Malleable�and�hard�materials�in�the�same�object�
could�be�used�to�express�constraints.� Built-in�curvature�sen-
sors�using�printed�optics�[25]�would�make�the�artifact� itself�
interactive,�or�even�enable�them�to�sense�their�own�shape.�

CONCLUSION�
In�this�paper�we�introduced�bidirectional�fabrication;�a�con-
cept� whereby� digital� and� physical� objects� are� entangled� so�
that�updates�to�one�always�propagate�to�the�other.� This�en-
ables�users�to�design�objects�using�precise�repeatable�digital�
operations,�intuitive�expressive�physical�actions,�and�combi-
nations�of�both.�To�evaluate�this�concept,�we�built�ReForm:�a�
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ReForm:�Integrating�Physical�and�Digital�Design�through�
Bidirectional�Fabrication��

Christian�Weichel� John�Hardy� Jason�Alexander� Hans�Gellersen�
Lancaster�University�

Lancaster,�United�Kingdom��
{c.weichel,�j.hardy,�j.alexander,�h.gellersen}@lancaster.ac.uk��

ABSTRACT�
Digital� fabrication�machines� such�as�3D�printers� and� laser-
cutters�allow�users�to�produce�physical�objects�based�on�vir-
tual�models.�The�creation�process�is�currently�unidirectional:�
once�an�object�is�fabricated�it�is�separated�from�its�originating�
virtual�model.� Consequently,�users�are�tied�into�digital�mod-
eling�tools,�the�virtual�design�must�be�completed�before�fabri-
cation,�and�once�fabricated,�re-shaping�the�physical�object�no�
longer�influences�the�digital�model.� To�provide�a�more�flex-
ible�design�process� that� allows�objects� to� iteratively� evolve�
through� both� digital� and� physical� input,� we� introduce� bidi-

rectional� fabrication.� To�demonstrate� the�concept,�we�built�
ReForm,�a�system�that�integrates�digital�modeling�with�shape�
input,�shape�output,�annotation�for�machine�commands,�and�
visual�output.�By�continually�synchronizing�the�physical�ob-
ject�and�digital�model�it�supports�object�versioning�to�allow�
physical�changes�to�be�undone.� Through�application�exam-
ples,� we� demonstrate� the� benefits� of� ReForm� to� the� digital�
fabrication�process.�

Author�Keywords�
Digital�Fabrication;�Clay-Modeling;�Prototyping;�Iterative�
Design�

ACM�Classification�Keywords�
H.5.m.� Information�Interfaces�and�Presentation�(e.g.� HCI):�
Miscellaneous�

INTRODUCTION�
Digital�fabrication�enables�users�to�create�custom�physical�ob-
jects.� The�creation�process�involves�two�separate�tasks:�first,�
the� user� generates� or� customises� a� digital� model� of� the� re-
quired�object� in�virtual�space;� second,� they�hand�the�model�
over�to�a�machine,�to�fabricate�the�physical�object.�This�setup�
produces� a� rigid� separation� between� work-spaces:� the� user�
can�only�manipulate�the�digital�representation�of�the�object,�
while�the�machine�can�only�influence�the�physical�object�dur-
ing� fabrication.� This� results� in� a� one-way� design� pipeline,�
where�the�user’s�work�on�the�digital�model�must�be�completed�
before� the�hand-off� to� the�machine.� Further,� the�machine’s�
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Figure�1.� Bidirectional�fabrication�closes�the�loop�between�digital�mod-
eling�and�physical�shaping.� For�example:� (a)�user�has�a�digital�model�
of�a�cup,�(b)�removes�the�handle�(c)�ReForm�updates�the�physical�object�
(d)�the�user�adds�a�new�handle�to�the�physical�object�(e)�ReForm�updates�
the�digital�model.�

output� is�produced� in�one�go,� resulting� in�a� rigid� form� that�
does�not�support�subsequent�redesign.�

To�overcome�the�rigidity�of�the�conventional�fabrication�pro-
cess,� we� introduce�bidirectional� fabrication:� the�ability� for�
the� user� to� move� flexibly� between� working� on� the� digital�
model�and�the�physical�object.� Bidirectional�fabrication�ex-
tends� digital� fabrication� in� three� fundamental� ways.� First,�
users�are�not�limited�to�working�on�a�digital�model,�but�can�
also�shape�and�annotate�the�physical�object�directly.�Second,�
the�machine�can�produce�physical�forms�from�digital�models�
and� use� physical� shape� as� input� to� produce� or� update� cor-
responding�digital�models.� Third,� the�physical�object�is�not�
rigid�and�fabricated�in�a�single�pass,�but�can�evolve�in�the�pro-
cess,�through�iterative�addition�and/or�subtraction�of�material.�
Figure� 1� illustrates� how� bidirectional� fabrication� closes� the�
loop�between�digital�modeling�and�physical�shaping.� When�
the�user�changes� the�digital� representation�of�an�object,� the�
machine�updates�the�physical�representation;�and�vice�versa,�
when� the�user�changes� the�physical� representation,� the�ma-
chine�updates�the�digital�representation.�

Bidirectional� fabrication� fundamentally� changes� the� digital�
fabrication� design� process� and� produces� a� range� of� advan-
tages.�First,�it�allows�users�to�choose�the�best-suited�tools�for�
each�portion�of�the�process:� creative,�expressive,�and�ad-hoc�
3D�design�is�easy�to�perform�through�direct�physical�manipu-
lation�of�an�object,�while�tasks�involving�precise�input�or�rep-
etition�are�better�done�using�digital�tools.� Second,�it�enables�
‘turn-taking’�between�the�user�and�machine.�This�allows�each�
to�leverage�their�respective�strengths�and�permits�incremental�
fabrication�of�objects�with�gradual�addition�of�parts�or�detail.�c
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Figure 1. The Smart Makerspace. Focused around a smart workbench, toolbox and power-tools, the Smart Makerspace provides an 

immersive, integrated instructional experience for novice makers. 

ABSTRACT 
We present the Smart Makerspace; a context-rich, 
immersive instructional workspace for novice and 
intermediate makers. The Smart Makerspace guides makers 
through the completion of a DIY task, while providing 
detailed contextually-relevant assistance, domain 
knowledge, tool location, usage cues, and safety advice. 
Through an initial exploratory study, we investigate the 
challenges faced in completing maker tasks. Our 
observations allow us to define design goals and a design 
space for a connected workshop. We describe our 
implementation, including a digital workbench, augmented 
toolbox, instrumented power-tools and environmentally 
aware audio. We present a qualitative user study that 
produced encouraging results; providing features that users 
unanimously found useful. 

INTRODUCTION 
Do-it-Yourself tasks (DIY) and ‘maker’ activities are 
supported by a wealth of instructional resources online.  
Websites such as Instructables1, Make2, and IkeaHackers3 
provide guidance across a broad range of topics, through 
illustrated walkthroughs similar in style to traditional paper 
manuals. However, research on tutorial systems for 
complex software highlights the benefits of a more 

integrated and multimedia-based instructional experience 
[3, 5, 6, 9, 11]. 
We suggest that there are similarities between the 
difficulties faced in using complex software systems and 
completing DIY tasks. These include: uncertainty over tool 
location, correct tool usage, and steps required to achieve a 
goal. In a DIY ‘maker’ task, these concerns are further 
emphasized as actions are often irreversible and procedures 
may be dangerous. Based on these similarities, we draw on 
software tutorial research to develop an instruction-delivery 
and training system for DIY maker tasks. 123 
In this paper, we present the Smart Makerspace; a context-
rich, immersive instructional workspace for novice and 
intermediate makers. The Smart Makerspace is designed to 
provide an informed and safe environment in existing 
machine shops and maker spaces where initial maker skills 
can be learned and refined. Although the maker community 
emphasizes peer learning, this occurs not only in-situ, but 
through a ‘build and blog’ spirit and active online 
community [20, 23]. Our work seeks to bring this online 
material ‘to-life’ within the physical environment of 
making.  Through augmented tools and surfaces, the Smart 
Makerspace can monitor, record and respond to makers’ 
physical actions in real time. This ‘smart’ approach 
provides opportunities for workflow monitoring and the 
delivery of interactive tutorials. The environment also 
presents an opportunity for automated recording [2]. 
However in this paper we focus on the delivery of a 

                                                             
1 www.instructables.com 
2 www.makezine.com 
3 www.ikeahackers.net 
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Marcel Lahaye: CTHCI’20 – Introduction to Personal Fabrication40
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