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Abstract. This paper presents a novel and user friendly input device
for 3D curves. The system is based on a piece of ﬂexible wire and a
single oﬀ-the-shelf photo camera: the user bends the wire to the desired
3D shape; then, an ad-hoc technique for 3D reconstruction is used to
recover its 3D shape (a space curve) from a single image.
The result is a simple, unusual input device with many potential applications, ranging from games to 3D modeling. For untrained users, this
is a much more intuitive input technique than alternative methods. A
disadvantage is that changes to the wire’s shape are not reﬂected in real
time on the recovered representation.
We give a detailed description of the system’s structure, brieﬂy recall the reconstruction technique, and describe a prototype in which the
input device is seamlessly integrated in the popular Blender 3D modeling software. We ﬁnally show simple example applications in which the
shape of the wire is used to deﬁne the trajectory of moving objects, to
deform a 3D object, and to animate a 3D character.

1

Introduction

We propose a system for human-computer interaction,
for the input of a 3D curve. The goal is to digitize a space
curve whose shape is deﬁned by the user. The physical,
manipulable support adopted allows the user to deﬁne
the 3D shape incrementally, unlike what happens with
devices requiring the user to draw a trajectory (with
some visible marker) in the space.
The system is composed by a piece of ﬂexible, circularsection wire, which the user bends to the desired shape,
and a calibrated camera. The image of the bent wire
is used to reconstruct its shape, which is the output of
our system. Although counter-intuitive, single-image 3D
reconstruction of the wire shape is possible by exploiting
its tube-like geometry and perspective eﬀects1 , as shown
in [2] and summarized in Section 3.
1

Fig. 1. Manually modeling 3D curves by
operating on handles
is precise but counterintuitive

This is the reason why thickening 3D curves to tubes is an often-used expedient for
visualization.
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Fig. 2. Our system at work

Unlike most possible alternatives, our system is simple and cheap because it
requires only low-proﬁle, generic-purpose hardware (a single oﬀ-the-shelf digital camera) and relegates most complexity to software. Moreover, we maintain
that the main advantage of our system is user-friendliness: even untrained users
should be able to immediately, intuitively master its usage.
The input of 3D shapes is a challenging task, much more diﬃcult than in
two dimensions. The problem is both due to visualization diﬃculty of the shape,
and, more importantly, diﬃculty for a user to express 3D positions.
1.1

Related Works

Due to the wide array of applications, ranging from human computer interaction (HCI), scientiﬁc visualization and 3D CAD modeling, many input device
concepts have been devised explicitly for 3D input.
The possibilities of tangible user interfaces (TUIs), and in particular the general beneﬁt over standard interaction were ﬁrst demonstrated in [5]; [10] presents
a review of the ﬁrst few TUIs.
Virtual manipulation and physical manipulation of entities are particularly
diﬀerent since a designer’s physical modeling skills do not wholly transfer to
virtual modeling. For example, a designer can express a particular shape using a
ﬂexible cable by simply bending it. However, current interfaces for manipulating
curves typically use a standard point cursor to indirectly adjust curve parameters, thus it may not be clear how to modify such parameters in order to attain
the required shape.
Haptic devices such as [7] and [4] are particularly eﬀective for free-form and
solid modeling of surfaces. In these cases the user is using a PHANToM device to manipulate a dynamic implicit solid by “drawing in the air”, without a
real visualization of the modeled object in space but sensing the virtual object
through the device feedback.
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Certain physical objects can also quickly produce curves and surfaces that
are hard to create using virtual techniques. For example [9] proposed an user
interfaces based on virtual French curves, which are plastic or metal templates
composed of many diﬀerent curves. Those predeﬁned planar templates allow
design curves to accurately reﬂect a personal or corporate style. French curves
are carefully crafted to have a minimal curve complexity and desirable curvature
properties.
On the other hand [1] and [6] propose a system based on a high degreeof-freedom curve input device, ShapeTape, to interactively create curves and
surfaces. In particular their tape is represented by a continuous bend and twist
sensitive strip; those deformations are measured at regular intervals by two ﬁber
optic bend sensors. This type of input device, being physically manipulable, like
in our case, encourages manipulations that use both hands and, at times, all 10
ﬁngers.
These approaches, although very accurate, are usually expensive and require
specialized hardware. Our technique, on the contrary, is very simple, can be
cheaply implemented and also oﬀers, with respect to pure virtual interfaces, a
tangible, physical representation of the modeled entity, at the expense of being
less versatile and non-realtime.
In Section 2 we describe the system in its physical part, whereas Section 3
details the geometric aspects and software algorithms we employ. In Section 4
we further elaborate on our speciﬁc implementation, also detailing the interface
to the user. We ﬁnally provide some usage examples in Section 5, and conclude
the paper (Section 6) presenting current work to overcome some of the system’s
limitations.

2

System Description and Hardware

The system is composed by a camera placed on a tripod, pointed at a ﬂexible
wire with one end ﬁxed to a weighed base, and one end free. Colored cardboard
may be used as a backdrop should the background be similar in color to the
wire.
The wire must be ﬂexible and should keep the given shape (e.g. should not
spring back to the original position nor collapse under its own weight); moreover, cross sections should be circular and of constant diameter, even when
the wire is bent; this ensures that the shape can be modeled as a canal
surface (see Section 3).
In practice, many objects, such as ropes, power cords and computer cables
meet these geometrical constraints, except when tightly bent; however, they
rarely have the necessary mechanical properties. Building such an object is
straightforward, for example by embedding a thin metal wire which conveys
rigidity; in our prototype, instead, we used an electrical wire which has all
the desired properties out of the box.
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Fig. 3. Hardware components of our system

Length is not a critical factor, and depends on the speciﬁc application;
on the contrary, the cross section must not be too thin, so that the image of
the wire is at least 10-15 pixels wide.
The camera must be positioned as close as possible to the wire, provided that,
in any conﬁguration, the wire is fully visible. The volume to be covered can
be modeled as an hemisphere with the length of the wire as radius, and the
ﬁxed end as center.
The reconstruction is more precise if the camera optics is wide angle;
the widest angle possible with ordinary zoom lenses of oﬀ-the-shelf digital
cameras (35mm equivalent focal length, corresponding to about 90 deg of
horizontal ﬁeld of view) is more than enough for a good reconstruction.
A more critical issue is depth-of-ﬁeld, which should be maximized by
using an aperture as narrow as possible, in such a way that wire apparent
contours appear suﬃciently sharp along the entire image.
A calibrated camera is required in order to reconstruct the 3D shape of
the wire; in practice, precise calibration is not necessary, and assuming the
principal point to be at the center of the image and using the focal length
written by the camera in the EXIF data is enough.
After the user bends the wire to the desired shape, the camera shoots (either automatically or triggered by the user) and software processing begins, as
described in the following section. Although appropriate image processing algorithms may be able to reliably extract the needed information from the image
without additional strict requirements, we simplify the following by additionally
requiring that the background behind the wire is uniform, that no strong, sharp
shadows are present, and that the wire image appears uniform, without sharp
highlights or self-shadows. This allows a straightforward and robust extraction
of the wire apparent contours.
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In practice, obtaining these conditions is often easy especially if the wire
surface is dull: some attention is only needed to proper lighting and to providing
a uniform background.
In the ideal operating conditions, the wire is imaged against a bright background such as a back-lit fabric; this allows us to get, at once:
– a very narrow aperture, leading to extended depth of ﬁeld;
– low sensor ISO, leading to reduced noise;
– no shadows or highlights, and a sharp, strong silhouette to be precisely extracted.
However, as we are aiming at a solution as simple as possible, we simply
implemented our prototype with a white wire with a black backdrop (which
reduces the artifacts due to shadows, while maximizing contrast at the wire
silhouette) without any special lighting.

3
3.1

Technique and Algorithms
Contour Extraction

Once the image is acquired, the ﬁrst step is to accurately extract the apparent
contours of the wire; if shooting conditions are good enough, this reduces to
applying the Canny [3] edge extraction algorithm followed by edge tracking, in
order to create edge-pixel chains. Since contour accuracy is critical, we compute
edges in sub-pixel coordinates, and exploit the expected contour smoothness by
ﬁtting splines; this also allows us to readily compute tangent directions to the
contour, which will be needed in the following.
Once two facing contours are identiﬁed, we use the following geometrical reconstruction technique (see [2] for details) in order to reconstruct the shape of
the wire, which is modeled as a canal surface.
3.2

3D Reconstruction

A canal surface can be deﬁned as the envelope surface of a family of spheres with
constant radius R, whose centers lie on a space curve called axis, such that, at
any axis point, the axis curvature radius is strictly larger than R.
Equivalently, the canal surface is the union of circumferences with radius R,
called cross sections, such that each cross section is centered on the axis. An
axis point and the cross section centered on it are said to be associated. A cross
section has a supporting plane perpendicular to the tangent to the axis at its
associated point.
A core concept in the reconstruction technique for canal surfaces is that of
coupled points: two contour points are said to be coupled if and only if they are
the image of two points belonging to the same cross-section.
Once a pair of coupled points on facing contours are identiﬁed in a calibrated
image, the associated cross section in space can be uniquely reconstructed, provided that its radius its known.
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Fig. 4. Cross section reconstruction geometry

In particular, the orientation of the cross section is found as the direction
identiﬁed by vanishing point vh (see ﬁgure 4): vh is the intersection of the tangents to the contours (c1 and c2 ) at the coupled points (p1 and p2 ). Likewise,
the position of the cross section is uniquely determined as soon as its radius R
is known.
Note that a scaled version of the canal surface can be reconstructed by using
an arbitrary value for the canal surface radius R.
Since a pair of coupled points allows us to reconstruct the related cross section,
we need to detect pairs of coupled points along the canal surface contours. This
is possible owing to the following property:
Property 1. Let c1 and c2 be two facing contours on the image; let t1 (t2 ) be
the tangent to c1 (c2 ) at point p1 (p2 ), and let vh be the intersection between t1
and t2 .
−−→
−−→
The points p1 and p2 are coupled only if the angle formed by Op1 and Ovh
−−→
−−→
coincides with the angle formed by Op2 and Ovh , where O is the camera
viewpoint.
This allows us to identify a large number of coupled point pairs on the canal
surface lateral contours: from each pair, the related cross section is reconstructed.
If a suﬃcient number of cross sections is available, the shape of the canal surface
(and, equivalently, its axis) can be reconstructed as well.
In practice, once many points on the axis are identiﬁed, we ﬁt a smooth 3D
spline, which represents the reconstructed shape of the wire.
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Discussion
Implementation Details

The geometric technique described so far can be eﬃciently implemented:
– initially, a point p01 is randomly chosen on a contour c1 , and the coupled
point p02 is determined on the facing contour c2 by iterative minimization of
−−→ −−→
−−→ −−→
J = abs(angle(Op01 , Ovh ) − angle(Op2 , Ovh ))
The initial estimate for p2 is the point on c2 nearest to p01 .
– Once the ﬁrst pair of coupled points is identiﬁed, further pairs of coupled
is chosen next to pi1 , at a
points are found by “crawling” the contours: pi+1
1
i+1
predeﬁned distance δ = 1 ÷ 10 pixels. p2 is found by iterative minimization
of the measure J above, using pi2 as an initial estimate.
As the contours are internally represented as smooth splines, very precise subpixelar localization is possible, and a continuous domain exists for iterative minimization; moreover, tangents are immediately deﬁned. δ can be tuned to higher
values for faster but marginally less precise and robust reconstruction.
If some sections of the wire contours are (possibly self-) occluded the related
cross-sections can not be reconstructed; in our system, we are not currently
handling this case automatically: instead, we assume that the wire contours
are completely visible and never occluded. This is also the reason why realtime
reconstruction of the curve is unlikely, as the manipulating hands would occlude
most of the object.
4.2

Interface

In our prototype, we integrated the reconstruction code
(which is implemented in the Matlab environment) in
the popular Blender 3D modeling software, by exploiting its Python scriptability. We automate photo shooting
by means of the canon SDK for Matlab [8].
The user is presented with a simple interface including Fig. 5. Our simple
photographic options (such as whether the ﬂash should be interface integrated
in the Blender UI
used while shooting) and format of results. After processing, a spline curve (optionally thickened to an extruded
tube) is created in the Blender workspace. From this point on, the user can exploit all of Blender’s features (such as game engine, physical engine, transforms,
animation capabilities, rendering...) exploiting the new object. Some examples
are shown in the following Section.

5

Demo Applications

We provide some examples of our system’s functionality implemented using
Blender’s python interface: after the curve is acquired, it is automatically
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Fig. 6. Digitizing a complex 3D shape

processed in order to obtain a number of diﬀerent results and applications. All
presented experiments are acquired using real images of diﬀerent types of ﬂexible
wires, in varying operating conditions. The most obvious application is importing a 3D shape in the 3D modeling software for further user-driven processing;
this is illustrated in ﬁgures 2 and 6.
Figures 8 and 7 depict how the imported
curve can be automatically used as a guide
for deforming a linear 3D model; the implementation trivially maps the curve to a chain
of bones which have been used to rig the 3D
model. This chain thus is used as a skeleton for guiding the deformation. By repeating the acquisition of diﬀerent shapes, the
diﬀerent bone conﬁgurations can be used as
Fig. 7. Our prototype allows uskey frames for character animations.
ing the curve as a guide for object
As curves can only be used for the direct
deformation
modeling of linear, simple objects, we implemented a nesting feature for easy creation more complex shapes such as trees or
stick ﬁgures.
Moreover, we are developing other simple applications exploiting the full functionality of the Blender platform, such as its physical engine, game engine or
animation capabilities. For example, we are developing a simple roller-coaster
construction script, which creates a physically plausible animation depicting
a ride on a roller coaster whose shape is given by the user by manipulating
the wire.
The results we got so far highlight that the device is extremely easy and
intuitive to use; although it does not allow ﬁne control over the resulting shape,
nor live adjustments, it results very convenient in many applications where ease
of use is an important factor.
Experimental results show that the curve can be imported in few seconds –
albeit easy optimizations may signiﬁcantly reduce this time – and with an
acceptable accuracy.
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Fig. 8. Expressing 3D deformation of linear objects (and its animation)

Fig. 9. Our prototype supports nesting curves on other curves for iterative construction
of complex objects

6

Conclusions and Future Works

In this work we propose a system for the input of a space curve, composed by a
physical wire which the user bends to the desired shape; a camera which images
the object after manipulation; and software routines for 3D reconstruction of
the shape, which is then imported in a 3D modeling software. The interface is
remarkably user-friendly, in that it is based on a stable, manipulable physical
device: this allows the user to easily express the 3D curve, while incrementally
improving its accuracy.
Our prototype integrates with the Blender 3D modeler, in which most applications can be implemented with minimal eﬀort. We are also planning a standalone library providing image shooting and reconstruction functionality, usable
by external software.
As we mentioned in Section 4, our prototype can not currently handle selfocclusion of the wire contours. Since this happens rather often when the wire
is given a complex shape, we are exploring ways to handle multiple pieces of
contours, and robustly determining whether a point on a contour is “orphan” –
i.e. it misses a visible coupled point. A sound technique for implementing this

318

V. Caglioti et al.

is considering (possibly at a lower resolution) all plausible coupled points in
multiple contours visible in the image, then looking for a globally-optimal and
consistent association of facing contours, by also exploiting that the sorting of
successive coupled points along facing contours must not change. Led to the
extreme consequences, this approach may allow single-image 3D reconstruction
of complex physical structures described by multiple sections of wire.
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