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ABSTRACT

We present a simple self-contained appliance that allows
relocating inanimate physical objects across distance. Each
unit consists of an off-the-shelf 3D printer that we have
extended with a 3-axis milling machine, a camera, and a
microcontroller for encryption/decryption and transmission.
Users place an object into the sender unit, enter the address
of a receiver unit, and press the relocate button. The sender
unit now digitizes the original object layer-by-layer: it
shaves off material using the built-in milling machine,
takes a photo using the built-in camera, encrypts the layer
using the public key of the receiver, and transmits it. The
receiving unit decrypts the layer in real-time and starts
printing right away. Users thus see the object appear layer-
by-layer on the receiver side as it disappears layer-by-layer
at the sender side. Scotty is different from previous systems
that copy physical objects, as its destruction and encryption
mechanism guarantees that only one copy of the object
exists at a time. Even though our current prototype is lim-
ited to single-material plastic objects, it allows us to ad-
dress two application scenarios: (1) Scotty can help pre-
serve the uniqueness and thus the emotional value of physi-
cal objects shared between friends. (2) Scotty can address
some of the licensing issues involved in fast electronic
delivery of physical goods. We explore the former in an
exploratory user study with three pairs of participants.
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INTRODUCTION

Personal fabrication tools, such as 3D printers, enable a
wide range of new applications, including creating one-off
physical objects [9], fast iterative prototyping (faBrickation
[18]), creating interactive objects (Sauron [23]), and repair-
ing broken parts (Hybrid reAssemblage [28]).

When combined with 3D scanning, 3D printing allows
converting physical objects to a digital state and back.
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While in digital form, users can vary the shape and design
of objects (OpenFab [26]) or even more importantly share
it with others [22]. As a result, many envision a future in
which any object will be available to anyone anywhere
anytime [9].

Figure 1: Johannes, (front) has placed a physical necklace
pendant into his Scotty unit and is now sending it to Julia
(back). Each Scotty unit consists of an off-the-shelf 3D
printer (MakerBot) extended with a milling machine, a
camera, and an additional processor. By destroying the
necklace during scanning, encrypting it during transmis-
sion, and preventing reprinting, Scotty assures that never
more than one pendant can exist, thereby preserving the
pendant’s uniqueness throughout the relocation process.

Some researchers in psychology, however, have looked at
the sharing of physical objects from a different perspective.
They question whether replicating an object is always de-
sirable, as additional copies affect the uniqueness and thus
the emotional value of a physical object [10]. Consequent-
ly, they speculate whether the value of an object might not
be better preserved if one were able to send the object by
“teleporting” it, rather than by copying [11].

Unfortunately, all these studies were carried out as wizard-
of-0z experiments [10] or written scenarios [19] as no func-
tional system existed.

In this paper, we demonstrate a simple, yet functional de-
vice that allows us to relocate inanimate physical objects by
means of destructive scanning, encryption, and remote 3D
printing. Our prototype, currently still limited to single-
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material plastic objects, allowed us to carry out an explora-
tory study in which we interviewed participants who had
just sent handmade personal objects using our device.

RELATED WORK

The work presented in this paper is related to personal
fabrication, duplication psychology, destructive scanning,
and digital rights management.

Replicating objects, telefabrication, and 3D faxing
Researchers have demonstrated how to replicate physical
objects by combining reverse engineering and rapid proto-
typing [6]. They first 3D scan the object’s surface and then
print copies of the object on a 3D printer. Since no inter-
mediate models, such as CAD and STL, are required for
replication, Chen et al. [5] show how to output scanned
geometry directly to a 3D printer.

In telefabrication, digital files are transmitted via the Inter-
net to a remote rapid prototyping facility [17]. Combined
with a 3D scanner, telefabrication setups can copy physical
objects over a distance (3D fax machine [22]). One applica-
tion scenario for such devices is to share hand-annotated
physical prototypes among distributed product teams [8].
3D faxing potentially allows bypassing shipping costs and
customs [21].

Duplication Psychology

Already in the 1980s, psychology researchers studied how
duplication affects the value of an object: They found that
people prefer personal objects, such as their child's first
baby shoes, to perceptibly identical copies even if they
can't tell the difference [2]. Newman et al. [19] list possible
explanations, such as that the object had physical contact
with a loved person or documents a special experience
(similar to what Walter Benjamin calls the aura of an ob-
ject [3]). In their personal attachment framework [20],
Odom et al. list additional reasons, such as the personal
engagement with the object. Using a mock-up duplication
machine, Hood et al. [10] showed that this bias already
exists in young children.

Researchers also investigated whether the co-existence of
the original affects the value of the duplicate. Using written
scenarios, Newman et al. [19] found that scarcity affects
the value of objects, i.e. participants ranked a recreated
object as being of higher value when the original was de-
stroyed.

Finally, Hood et al. [11] researched a hypothetical “tele-
portation” scenario, in which they evaluated how much of
the physical and mental properties of a living being are
thought of as being transferred to the remote location.

Encryption and Digital rights management

Digital rights management (DRM) restricts the use of digi-
tal content after sale to the number of purchased licenses.
While DRM is most commonly used in the entertainment
industry (e.g., Apple iTunes [24]), a patent on DRM for 3D
printing [12] suggests that a similar process will soon apply
to personal fabrication.
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Destructive scanning

Destructive scanning is used to obtain a 3D model of an
object in cases where the object contains undercuts or hid-
den internal features [13]. Destructive scanners use either a
milling machine [16] or a grinding wheel [14]. They can
scan plastic parts as well as metal parts (CGI [4]).

SENDING UNIQUE OBJECTS ACROSS DISTANCES
Figure 1 shows Scotty, a simple self-contained appliance
that we created to allow users to send inanimate physical
objects to distant locations.

Each unit consists of an off-the-shelf 3D printer (Mak-
erBot) that we have extended with a custom-made milling
machine and a camera (Figure 2), as well as a microcon-
troller (Raspberry Pi) running custom software for encryp-
tion and transmission.

extruders

Figure 2: The standard MakerBot carriage carries
two extrusion units. To allow it to destructively scan a
physical object, we added a simple mill and a camera.

Walkthrough
The following figures show a user relocating a personal
object, here a handcrafted necklace pendant (Figure 3).

Figure 3: The handcrafted snail necklace pendant.

As illustrated by Figure 4, the user starts by (a) dipping the
pendant into fast-drying black paint. This generates visual
contrast for the subsequent optical scanning step, i.e. only
the currently milled away surface will appear white to the
camera, and the remaining part remains black. (b) The user
places the pendant into the sender unit, (c) selects the Scot-
ty unit to send to from the display, and presses the relocate
button. This causes the sender unit to digitize the object
layer-by-layer, i.e., a repeated process of shaving off a
layer, taking a photo of it, encrypting it, and sending it.
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Figure 4: To relocate this pendant: the sender (a) dips
it in black paint, (b) mounts it into the sender unit by
placing it on double-sided adhesive tape, (¢) selects
the receiver name and presses the relocate button.

While the sender unit is still digitizing, the receiver unit
starts receiving the object. It decrypts each layer and starts
printing right away. Users thus see the object appear layer-
by-layer on the receiver side as it disappears layer-by-layer
at the sender side, until complete (Figure 5).

Figure 5: The received necklace pendant.

How Scotty works

Figure 6 shows Scotty’s built-in milling machine shaving
off a layer of material. Scotty moves the mill across the
object using the same 3-axis mechanism that the MakerBot
uses to move the extruder. The mill bit is aligned with the
extruder heads to prevent the mill from cutting into the base
plate of the MakerBot.

Figure 6: Here Scotty is digitizing an object by mov-
ing its mill across the object coated in black paint.

Between layers, Scotty lowers the base plate that holds the
object. This moves the object away from the carriage, al-
lowing Scotty’s down-facing camera to take a picture of the
object’s top surface (e.g., Figure 7a). The object’s black
coating helps to provide good contrast against the object’s
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off-white material. Scotty optimizes image quality by illu-
minating the object using the MakerBot’s built-in LED
strip. Scotty then encodes the captured image in .png for-
mat, encrypts it, and sends it to the other side.

Figure 7: Scanning and 3D reconstruction process:
(a) photo of one layer, (b) after thresholding, (c) re-
constructed 3D model of the layer.

Figure 7b shows what happens at the receiver side. The
receiver unit binarizes the image and extracts the object
contour using the connected components algorithm
(OpenCV). It then triangulates the 2D polygon, generates a
3D mesh of the layer by using the same polygon as top and
bottom surface (Figure 7¢). It then sends the 3D mesh to
the MakerBot’s slicer, which generates 3D printing instruc-
tions in g-code and prints them.

Preserving uniqueness using encryption

As discussed in the introduction, the key property of relo-
cating an object is that it guarantees the uniqueness of the
object, i.e., that only one instance of the object exists at all
times. This means that Scotty has to guarantee that neither
the sender, nor the receiver, nor any person in the middle is
able to keep or produce an additional copy.

Figure 8 shows how Scotty achieves this across the three
individual steps involved in relocation: (a) scanning: Scot-
ty destroys the physical original during scanning. This does
not only ensure that the object on the sender side disap-
pears, but is also necessary to obtain a true volumetric scan
of the object, unlike traditional (non-destructive) methods
that reproduce only the fagade of an object.
(b) transmission: Scotty prevents men-in-the-middle from
fabricating a copy of the object by encrypting the object
using the receiver’s public key. (c¢) re-fabrication: Scotty
prevents the receiver from making multiple copies by main-
taining an eternal log of objects already fabricated, which
allows it to refuse the reprinting of objects.

Here is Scotty’s encryption/decryption in full detail:

Initial setup: Every relocation unit has its own public/private
key pair. The private key is stored inside the unit; each unit
shares its public key through a public key server.
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Figure 8: Scotty assures that never more than one pen-
dant can exist at a time by (a) destroying the necklace
during scanning, (b) encrypting it during transmission,
and (c) preventing reprinting,

(a) Secure sending: The sender unit retrieves the receiver
unit’s public key from the key server and encrypts the ob-
ject using this key. The sender unit also signs the object file
with a hash code, which is then encrypted with the private
key of the sender unit. This allows the receiver unit to veri-
fy that the object had been truly sent by the sender unit.
The sender unit now securely deletes the non-encrypted
object file and sends the encrypted object file to the receiv-

er unit via a network connection.

(b) Secure receiving: The receiver unit requests the sender
unit’s public key from the key server and uses it to verify
the signature of the file. This allows the receiver unit to
confirm that the file was indeed sent by the sender unit and
that the data has not been modified during transmission.

(c) Re-fabrication: To prevent objects from being fabricated
repeatedly, the receiver unit looks up the hash-code in its
eternal list of already fabricated objects—it only prints if
the code is not contained in the list. It then adds the hash-
code to the list to prevent additional copies. The receiver
unit finally decrypts the object file using its own private
key, prints it, and securely deletes it.

A crucial feature of Scotty is that it is an encapsulated
appliance. During relocation, the object data is inherently
non-encrypted (1) at the moment of scanning and before
encryption and (2) at the moment of re-fabrication, i.e.,
after decryption. If users were able to gain access to the
data at these stages, they would be able to print copies of
the object, compromising its uniqueness. Scotty addresses
these issues by forming a single encapsulated (and if com-
mercially manufactured sealed) device, with all processing
happening inside the device. This allows Scotty to perform
“scanning-and-encryption” in one step inside the device
and “decryption-and-fabrication” in one step inside the
device, as suggested by the dashed lines in Figure 8. This
prevents the undesired access, thereby protecting the ob-
ject’s uniqueness.

APPLICATIONS

The fact that our devices preserve uniqueness throughout
the relocation process (unlike systems that copy physical
objects) allows us to create two new application scenarios:
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#1 Scotty keeps personal objects unique: As in the example
shown earlier, Scotty guarantees that a personal, hand-
made gift remains unique when sent across distances, i.e.,
that there is no other copy—an important aspect that em-
phasizes the intimate relationship between sender and re-
ceiver.

#2 Scotty reduces licensing issues in online sales of used
goods: As fabrication technology advances to the point
where we can make functional copies of designed objects,
replication of a purchased object starts to raise licensing
issues. Imagine a seller of an online auction site, such as
eBay, offers a used copy of the cleverly designed stand for
a computer tablet shown in Figure 9 for sale. With instan-
taneous payment systems such as online banking already in
place, the buyer may want to receive the object the very
moment he or she completes the auction—by receiving the
object electronically and fabricating it locally.

This raises licensing issues since the particular design of
the iPad stand is currently sold on the web for $15. If a user
replicates the object using $2 worth of 3D printing material,
the designer misses out on being paid for the $13 worth of
“design” contained in the object. This point will get raised
more often as the debate around the intellectual property
and licensing of 3D objects is heating up [12] and it will
make it difficult to switch from slow postal delivery to fast
electronic delivery based on local personal fabrication.

Scotty addresses this issue. When the seller sends the ob-
ject through Scotty, the system guarantees that the seller’s
object ceases to exist the moment the buyer receives it, i.e.,
Scotty allows transferring objects quickly without infring-
ing on designers’ rights to be paid for their designs.

Figure 9: Application scenario 2: Selling a designed
iPad stand on an online auction site. By relocating the
object to the buyer using Scotty, the buyer receives
the object quickly and prevents the seller from in-
fringing on the designer’s rights.

Note that Scotty only prevents licensing issues associated
with the fransfer of the object—users may still try to repro-
duce objects at other times, e.g., by scanning the object’s
facade (which works for objects without cavities and no
internal mechanisms).

CONTRIBUTION

We make a technical contribution by demonstrating how to
actually implement physical relocation. We have created
two functional units including software and hardware and
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we demonstrate how to use them to send objects across. To
help other researchers replicate our design, we provide a
detailed description of our design (see section “Implemen-
tation Details” below).

By engineering an actual solution, we take the question of
physical relocation out of the mock-up space, where it has
traditionally been handled in psychology and other disci-
plines and into the space of engineering where we can
actually operate and test.

The engineering of functioning units also allowed us to
conduct an exploratory study in which participants used an
actual functioning system rather than a mock-up.

Finally, the fact that our devices preserve uniqueness
throughout the relocation process allows us to create two
new application scenarios.

Design decisions and limitations

Unlike the aforementioned research in psychology that
used mock-ups to create an impression of relocation, Scotty
is a real-existing, functional system. However, this also
causes it to have real-existing, functional limitations.

First, since the 3D printers used in our current prototypes
print only single-color ABS of comparably low resolution,
only coarse objects made from that specific type of off-
white ABS plastic will look the same after being relocated.
However, the set of objects that remain indistinguishable
will increase with future versions of Scotty as we employ
high-resolution printing, full volumetric color, and mixed
materials (e.g. Objet500 Connex3 [25]).

Second, unlike the mock-ups, we deliberately designed
Scotty to expose its inner workings. In particular, we allow
users to see that the received object is fabricated from a roll
of ABS string and that the sent object is being destroyed
and sucked into a shop vacuum cleaner. This design choice
has two implications.

(1) Users know that the received object is not made from
the same atoms as the sent objects. This clarifies that even
if the received object should look identical to the original, it
is not physically the same object. Consequently, one would
not expect users to feel that the received object “is” the
sent object.

(2) Users witness the original object being irrevocably
destroyed. For objects to which users attribute a “soul”,
such as a wedding ring, this can make a difference. In psy-
chology research, these types of objects are called attach-
ment objects and it is still an open research topic why peo-
ple prefer these to perceptibly identical copies even if they
can't tell the difference [10].

Designers of future versions of Scotty may thus choose not
to expose the inner workings (e.g., by simply using opaque
blinds) resulting in a system that allows users to make up
their own conceptual model of what happened (similar to
how the mock-up studies in psychology research allowed
for this). For our current version of Scotty, however, our
goal was not to trick users into believing in a super-natural
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process, but to deliver a working mechanism for relocating
physical objects.

QUALITATIVE EXPLORATIVE USER STUDY

We conducted a small-scale qualitative user study to ex-
plore the use of Scotty in the first of our two application
scenarios, i.e., sending objects of personal emotional value
between couples and close friends. (Whether our second
use case—online sales—becomes relevant in the future
seems to be more a matter of legislation than of user expe-
rience, we thus chose not to user test it).

Our goal was to study whether the fact that Scotty pre-
serves an object’s uniqueness allows it to preserve the
emotional value of the object better than a regular 3D print-
er that allows for duplication. Unlike existing studies on
this topic in psychology research, all of which had to rely
on hypothetical cases such as text scenarios [19] or mock-
ups [10], Scotty allowed us to test in a situation where
participants witnessed that and understood how the object
was being relocated.

Study set-up

We set up a sender and a receiver unit in two different
rooms in our institution. Participants could not see the
respective other room with the second device. To allow
both sides to witness the sent object disappear, we added a
webcam to the sender unit and displayed the image on an
iPad on the receiver side.

Studies were conducted with two participants at a time, i.e.,
a sender and a receiver participant.

Each study began by the sender participant handcrafting a
personal object to be gifted to the receiver (Figure 10). To
assure that the object would be worth giving, we required
senders to spend 60 minutes on creating it. We enforced
good design process, i.e., we required sender participants to
create multiple ideas and to sketch them before picking one
design to execute. After they made a choice, sender partici-
pants carved the object from an off-white block of hard
foam material using the carving tools we had provided.
Senders then placed the object into the sender unit and
relocated it to the other participant.

Receiver participants waited in the room containing the
receiver unit. We told receiver participants that the respec-
tive sender participant had handcrafted an object for them
as a personal gift and that it would be sent to them using
the device.

The process of transmitting the object took 2-3 hours, de-
pending on the size of the object. In order to not over tax
participants’ time, we brought receiver participants in only
for the last 30 minutes of the transmission. For additional
context, we asked receiver participants to also rewind the
webcam transmission so as to watch the object starting to
disappear on the sender side. Upon completion, receiver
participants took out the received object.

Finally, receiver participants filled in a questionnaire. The
questionnaire asked receiver participants to rate the value
of the received object and rate how its value would be
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affected by different ways how Scotty might have allowed
copies to be made along the way.

Overall, the study took about 4 hours per participant pair.

Participants

We recruited six participants (3 female) in the form of three
pairs. Each pair was selected so as to know each other well,
i.e. was either a couple or close friends. From each pair, we
assigned one participant the role of sender (2 male, 1 fe-
male) and one the role of receiver (2 female, 1 male). Par-
ticipant’s ages ranged between 22 and 26 (mean=25,
s=1.53).

Findings

Figure 10 shows the handcrafted gifts sender participants
made: (a) the grazing alpaca the couple had recently seen,
(b) the van the couple had used to travel the US, and (c) a
foot as a memento of the moment he had given her his own
shoes and continued to walk barefoot.

Figure 10: Each sender participant hand-carved a gift
and send it to the receiver participant using Scotty:
(a) the grazing alpaca the couple had recently seen,

(b) the van the couple had used to travel the US, and
(c) a foot as a memento of the moment he had given
her his own shoes and continued to walk barefoot.

Figure 11 shows the corresponding objects as received by
the receiver participants after relocation through Scotty.

Receiver participants rated the value of the received object
through Scotty as very high (7, 7, 6 on a 7-point Likert
scale). Receiver participant p2 rationalized this as “it is
one-of-a-kind, it is specifically made for me and nobody
else will ever have an exact replica”.
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Figure 11: Receiver participants showing off the ob-
jects they had received by means of relocation.

To investigate the value of object uniqueness, we asked
receiver participants three questions, each of which investi-
gated the value of one of the three arrows from Figure 8.

(1) Sender side uniqueness: Had the Scotty device not
destroyed the object, receiver participants rated that this
would have made the received object less valuable (3, 2,
and 1 respectively on a 7-point Likert scale with 1 meaning
“less valuable” to 7 meaning “more valuable”). Participant
p3 explained: “In that case, mine would just be a replica-
tion and the other person would posses the original”. Partic-
ipant p2 said “it’s about a moment we shared with each
other early in our relationship and if the original was given
to someone else [...] that would make me associate my
object with them.”

(2) Man-in-the-middle uniqueness: Had the Scotty device
allowed a man-in-the-middle to tap the transmission and
fabricate additional copies, receiver participants rated that
this would essentially not affect the value of the received
object (4, 4, and 3 respectively on a 7-point Likert scale).
Participant p2 explained: “it would not be completely
unique anymore, but that would not really matter. My boy-
friend made it only for me.” Participant pl said: “The idea
of my unique object stays unique [...]—the object is made
for me.”

(3) Receiver side uniqueness: Had the receiving Scotty
device stored a digital copy of the received object, allowing
the receiver participant to fabricate additional copies when
necessary, receiver participants rated that this would have
made the object slightly less valuable (4, 3, and 2 respec-
tively on a 7-point Likert scale). Participant pl explained:
“I can’t reprint my feelings. My emotional state will be
different when I get the ‘same’ object again. The object
won’t be the same actually.”
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Discussion

Our results suggest that users do care about uniqueness,
when it comes to sharing among close friends and partners.
Overall, the social effects we learned about in our explora-
tory study are congruent with what psychology researchers
had hypothesized based on their mock-up experiments [10].
However, previous studies in psychology were limited to
very young children that could be made to believe in mock-
ups. In contrast, we conducted our study with adult partici-
pants who interacted with a functioning prototype. In sum-
mary, our results are encouraging and afford additional
studies with a larger sample size.

IMPLEMENTATION DETAILS

To help readers replicate our system design in order to
build their own Scotty units, we now present the technical
details behind our design.

Figure 12 offers a look under the hood. (a) A RaspberryPi
processor board runs Scotty’s software. (b) A USB hub
connected to the RaspberryPi contains the cable for the
MakerBot, the camera, and (c) the Arduino that controls the
mill. (d) A switch-mode power supply for powering the
mill. All components are mounted to the bottom of the
MakerBot. Normally, all components are enclosed in the
MakerBot’s bottom casing; the photograph was taken with
this cover removed.

Figure 12: The Scotty hardware enclosed in the bot-

tom of the MakerBot: (a) RaspberryPi (b) USB hub
with camera, MakerBot and (c¢) Arduino for control-
ling the mill, (d) mill power supply, (¢) Ethernet cable.

Digitization using mill and camera

Figure 13 shows an exploded view of the carriage exten-
sion that holds our digitizing apparatus consisting of a
custom mill and a camera. We rigidly coupled the second
carriage [1] to the MakerBot’s standard extruder carriage;
this allows Scotty to actuate the mill using the same mech-
anism that moves the extruder heads. To minimize friction,
the carriage rests on four linear ball bearings (LM8SUU). A
custom laser cut assembly attaches the milling head and the
camera (model: MSLifeCam) to the top of the carriage.

The mill itself uses a fast-turning, low-torque brushless
motor (KV890) as they are commonly used in quad copters.
In Scotty, it drives a two-sided flat milling head.
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The 3D printed nozzle on the left of Figure 13 allows con-
necting a shop vacuum cleaner. The 3D printed part redi-
rects the suction to the mill head to provide cooling and to
make sure milled-off chips are removed from the object’s
top surface before Scotty captures the next picture.

Scotty moves the milling head by sending g-code com-
mands to the MakerBot API. Scotty uses that same API to
move the object into the focus plane of the camera and to
control the MakerBot’s LED strip.

camera

P

LR
h ”
— -
suction mill bit
B belt
linear ball | 4t _mount
bearings

Figure 13: Exploded view of the milling carriage.

Encryption and transmission

Scotty encrypts the thresholded binary image using the
ecliptic curve cryptography implementation of the libsodi-
um library [15]. Scotty transmits the data via a TCP con-
nection to the receiver (for easy control we use a TCP ab-
straction layer called zmq4 [27]). For decryption, Scotty
again uses the libsodium library.

Re-fabrication

Scotty converts the threshold image into a 2D polygon
using OpenCV’s contour detection. It then triangulates the
2D polygon using Seidel’s algorithm from the poly2tri
library [7]. Scotty’s code then triangulates the polygon and
transforms it into a 3D object using the polygon as the
bottom and top surface and closing the space between with
a triangle strip. The generated 3D mesh is written into an
.stl file, which Scotty sends to the MakerBot’s slicer (called
miraclegrue). Scotty overwrites the slicer’s default z-
position (normally the base of the platform) so as to reflect
the number of layers already printed.

Transmit at once

Objects with overhanging structures require support mate-
rial in order to be printed. To support such objects, Scotty
offers a “transmit as a whole” option in the MakerBot
display. If this option is active, Scotty delays 3D printing
until the entire object has been received, allowing the re-
ceiver unit to generate support material.

CONCLUSION

In this paper, we presented the design and implementation
of simple, yet functioning relocation units that allow relo-
cating inanimate physical objects to remote locations. We
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higher fidelity and to study users’ conceptual models in

imaging based reverse engineering with rapid prototyp-

study conditions where we do not reveal the mechanism. ing. Computers in Industry 57 (2), ‘06, 131-140.
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