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Abstract Visitors to museums are usually not allowed to touch
works of art, which means significant restrictions in the experience of
art for visually impaired people. A European research project (PURE-
FORM), coordinated by PERCRO in Pisa, Italy, indicates a new
option. It aims to make possible manual exploration of virtual 3D
copies of works of art via a haptic display developed within the project.
A selection of statues has been digitized, and virtual 3D copies of them
made available for touching. The final goal is that a virtual library of
statues will be created that is accessible at all museums having the nec-
essary equipment.
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Introduction

objects of art at museums are seldom available for
manual manipulation People with severe visual impairment are
currently deprived of direct perception of 3D works of art at museums,
as visitors are usually not allowed to touch them. In most cases, they
have to rely on verbal descriptions or on 2D tactile depictions of them.
The quality of these options is very variable, as is their availability.
Further, even with high-quality verbal descriptions and tactile pictures,
it is difficult to reach the level of experience obtained by direct contact
with the works of art via manual exploration. The understanding of 3D
properties is one of the most difficult aspects.1

haptic displays offer a potential solution by present-
ing a virtual copy A potential solution to the problem of making
3D works of art available for manual exploration could be haptic dis-
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plays (cf. Jansson2 and McLaughlin et al.3). However, such displays
developed so far do not offer as rich a haptic information as the infor-
mation available in natural contexts, where it is possible to pick up
information about objects very efficiently by means of manual explo-
ration using up to 10 fingers.4 Most haptic displays allow only one point
of contact between the explorer’s hand and the virtual object, which is
a significant restriction. It is similar to try to get information about a
visual scene by looking at it through a small hole in a piece of paper
moved around in front of it.

how useful can this restricted information be? Even if
the information is restricted, it may be useful, and it seems meaningful
to study the potentials. The situation is more favorable for sighted
people than for visually impaired people as vision can compensate for
many of the restrictions, for instance, the problems of getting an
overview and finding especially interesting parts of the scene. For
people with severe visual impairment, the restrictions are more 
critical.

The potentials of a one-point haptic display as the only source of
information have been studied in a number of experiments. For
example, it has been demonstrated that virtual textures are perceived
as efficiently as real textures,5 but also that perception of the form of
virtual objects is not as good as that of real objects. It is less correct
and takes more time, especially when objects are small.6 Efficiency also
decreases with the complexity of the objects.7,8

what can be done to increase the efficiency? There are
two main methods of improving the efficiency for the user of a haptic
display: (1) to train the user in handling the device and (2) to adapt the
display to the functioning of haptics.

With regard to training, it has been demonstrated that the efficiency
in getting information can be improved considerably by relatively short
periods (a few hours) of exercising the special method of exploring with
the device. However, there were large individual differences in
improvement. A majority of the participants improved their perfor-
mance, but a minority did not (Fig. 1), probably depending on both
capacity and motivation.9

Concerning adaptation to the normal functioning of haptics, it can be
expected that any change in the design of a haptic display making it
possible to present information more similar to the information pre-
sented in natural contexts would result in improved performance. Two
such possible changes are (1) to increase the number of points of
contact between the user and the virtual object and (2) to increase the
amount of information at each contact surface. Unfortunately, both
developments mean devices that are more technically complicated, as
well as more expensive.

An indication of the importance of the first option is an experiment
on the identification of real objects with different numbers of fingers.
The result demonstrates clearly that an increase in the number of
fingers had a very great effect on performance and that the improve-
ment was largest between one finger and two fingers (Fig. 2).

2 G. Jansson et al.
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That increasing the amount of information at the skin surface is an
important factor was demonstrated for several haptic functions in a
study by Lederman and Klatzky.10 A related experiment on the identi-
fication of objects using one and two fingers, respectively, with varying
amounts of information available at each surface also demonstrated a
significant effect of this parameter on the identification of objects.11

The Museum of PURE-FORM The Museum of PURE-FORM is
a European Union project aimed at developing a haptic display making
virtual copies of objects of art at museums available for manual 
exploration.*

The objective of the Museum of PURE-FORM12 is to offer museum
visitors, students, researchers, blind people, and visually impaired indi-
viduals new ways of interacting with 3D works of art through haptic
perception (from Greek ‘haptesthai’ meaning ‘to touch’), thus over-
coming the traditional limit of art fruition based on mere observation
by sight. Although the 3D model of a sculpture can be represented and
graphically rendered to an external audience on a large screen or on
an HMD (head-mounted display), the approach followed in the
Museum of PURE-FORM refers mainly to haptic perception, i.e. the
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Fig. 1. The effects on performance
of practice using the special method
of exploring with a haptic display.
From Jansson & Ivås9 (printed with
permission from Springer).

Fig. 2. The proportion of errors in
an experiment on the identification
of real objects with varying numbers
of fingers used for exploration. From
Jansson & Monaci11 (printed with
permission from UNED press).



(Uppsala, Sweden), as well as two
museums, Opera della Primatiale
Pisana (Pisa, Italy) and Centro
Galego de Arte Contemporánea
(Santiago de Compostela, Spain).
The partners represent different
specialties, including technology,
computer science, perception, and
museum experts. PURE-FORM
started in September 2001 and is
planned to finish in August 2004.

capability of perceiving 3D object features (such as shape, hardness,
friction, and texture) by exploiting tactual and kinesthetic information.
In particular, the aim of a visit to the Museum of PURE-FORM is to
make possible direct perception of a sculpture’s properties only by
haptics. The proposed interaction between a human perceiver (below
named a ‘visitor’) and the simulated sculpture is based on the devel-
opment of haptic interfaces exploiting force feedback to the hand of
the observer. A schematic representation of the operation mode is
given in Figure 3.

After entering the Museum, the visitor is provided with an adequate
device and is asked to choose a sculpture from the database. Once the
3D model of the sculpture is extracted, the visitor can start the explo-
ration procedure of the virtual sculpture’s surface by performing move-
ments with his/her hand. If no visual information of the virtual
sculpture is provided to the observer, the perception of the sculpture’s
properties is based solely on haptics.

As the sculpture surface is modeled by the computer, scaling factors
can be applied to its dimensions in such a way that some particulars of
the shape of special interest are magnified, or a large statue is scaled
down. It is important to stress the peculiar characteristic of 3D percep-
tion obtained only through artificially generated force and/or tactile
information.The experience of the total object is based on the dynamic
exploration of something (the sculpture) that does not exist in the 
physical 3D space. This is a new concept of virtual museums applied to
sculptures; it is not a mere digital or graphical 3D representation of 
the sculpture visually presented to the visitor. On the contrary, in the
Museum of PURE-FORM, the visitor can directly touch and experience
the properties of the digitized sculpture.

the architecture A prototype of the system is available at the
present stage of the project, and it has been assessed to date by a
limited number of sighted users only. Its presentation to the general
public is planned for September 2003.

The integrated system is composed of the following components:

• the haptic interface system;
• the database containing the 3D models of sculptures;
• the stereoscopic visualization system;
• the software API (Application Program Interface) libraries for the

haptics rendering; and
• the software API libraries for the graphics rendering.

The overall system architecture13 is schematized in Figure 4. Two
computing nodes are in charge of the management of the simulation
and control of the haptic interface system. The computing nodes are
implemented through ordinary PCs, because a low-cost platform has
been targeted as a long-term goal. Node 1 is a stand-alone control unit
that integrates real-time and interactive computing functionalities. All
of the modules, which control the haptic interface and produce the low-
level haptic rendering, are run on node 1 and make use of a real-time
kernel embedded in the computing unit. Such a control device inte-
grates an adequate computing power in order to execute the required

4 G. Jansson et al.



Fig. 3. The concept of PURE-
FORM.
Fig. 4. The general architecture of
the PURE-FORM overall system.
VE, virtual environment; TCP/IP, the
standard implemented protocol
between computers connected by
means of an ethernet; RTOS, real-
time operative system.

real-time and interactive tasks. The connectivity of node 1 with node 2
is achieved by means of a Fast Ethernet (100Mbit/s) connection. The
modules of node 2 are run on a PC using Windows 2000/XP OS. Node
2 is responsible for the computation/update of the scene that is simu-
lated in the virtual environment. The general VE (Virtual Environ-
ment) Scene Manager module, including high-level haptic rendering,
graphics, and sound submodules, is run on this node.

the digitalization of sculptures The first phase of the
project has involved the digital acquisition of sculptures, leading to the
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Fig. 5. Madonna with Child by
Giovanni Pisano (1268–75) from
OPAE museum.
Fig. 6. Portrait of a young man from
the Ince-Blundell collection (left)
and its digital copy (right).

creation of a virtual repository. Such a repository will be available on the
web and at various affiliated museums, and other institutions interested
will be able to have access to it. The digitalization process of the sculp-
tures started in May 2002 at the Museo dell’Opera Primaziale Pisana
(OPEO, Pisa in Italy), in co-operation with 3D Scanners (UK) Ltd.

Several European museums have contributed to the initiative by 
supplying digitalization sculptures belonging to their collection. Up to
now, a total of 11 sculptures have been digitalized at several museums,
including the Centro Gallego de Arte Contemporánea in Santiago de
Compostela (Spain), the National Museums in Liverpool (UK), and the
National Museum in Stockholm (Sweden). The next scanning session
will take place at the Petrie Museum of Egyptian Archaeology in
London (UK).

The selection of sculptures belongs to different historical periods. All
of the pieces of the OPAE museum belong to the XIII century and rep-
resent important pieces of the gothic period of Italian sculpture.Almost
all of the selected sculptures are by Nicola Pisano and his son Giovanni,
who are among the most outstanding and innovating representatives
of Italian sculpture (Fig. 5).

All of the pieces from the National Museums in Liverpool collection
(Fig. 6) are part of the Ince-Blundell collection, a large collection of
Classical Greek and Roman sculptures collected by Henry Blundell
during the late part of the 18th and early part of the 19th centuries.
Part of this collection is on display at the National Museums and part
at Ince-Blundell Hall.

Pieces from Centro Gallego de Arte Contemporánea (Fig. 7) are all
works of contemporary art and exploit the usage of materials other
than stone or marble, like wood, fabric, and ceramics. The pieces digi-
talized at the National Museum in Stockholm also present different

6 G. Jansson et al.
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Fig. 7. Digital copy of Augas (1997)
by Xavier Toubes from Centro
Gallego de Arte Contemporánea,
porcelain (97 ¥ 62 ¥ 150/167 ¥ 65 ¥
56cm).

materials; a sculpture in alabaster, for example, has been included in
the virtual collection.

The process of digitalization can be mainly divided into three phases:
scanning, mesh extraction, and mesh reduction. The connection
between the three phases and their relationship with the final products
is shown in Figure 8. The mesh reduction phase provides simplified
meshes suitable for effective graphical and haptic rendering, since the
mesh extraction phase produces models composed of several millions
of triangles that are too heavy to be successfully handled.

The digitalization process was carried out by a portable non-contact
laser scanner, mounted on an articulated robot arm. The scanning
system is based on a digital scanning head that observes the deforma-
tion of a laser beam projected on the object. The system is moved
around the sculpture to acquire data, without touching it in any way.
As shown in Figure 9, the laser-based scanning head is mounted at the
end effectors of a robotic faro-arm, which is able to detect its position.
By combining the information coming from the scanning system and
from the robotic arm, the positions of the object points in space can be
reconstructed. The resolution at which the sculpture digitalization was
carried out is 0.1mm.
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Fig. 10. Two images of the post-
processing phase. The rough data
acquired by the scanner are point
clouds lying on the model surface
(left); the points are so densely
distributed that they are perceived as
a continuous surface (right).

The acquired point clouds are processed to filter and to reduce data
noise and then wrapped in a high-resolution mesh (millions of trian-
gles). Afterwards, the high-resolution mesh is processed in order to fill
holes and a low-resolution mesh (a few thousands of triangles) is
extracted through a simplification process (Fig. 10).

A bump mapping extraction algorithm has been developed to man-
age models of millions of triangles in real-time over an ordinary PC and
to render the models quickly accessible from the web, too. The bump
map extraction software produces a bump mapped low-resolution mesh
starting from the high- and low-resolution meshes (see Fig. 11). Basi-
cally, the algorithm calculates suitable textures that capture the local
geometry of the high-resolution model and afterwards applies them to
the polygons of the low-resolution model. Such textures contain infor-
mation about the geometric roughness of the surface since they encode
the local variation of the normals to the surface of the high-resolution
model and are used to generate the contact force.

The usage of bump data for rendering detailed properties of materi-
als may be an effective solution for exploiting vibration to enhance

8 G. Jansson et al.

Fig. 11. Madonna with Child. Left: 2
million triangles, flat shaded. Right:
7500 triangles, flat shaded.



Fig. 12. The arm exoskeleton worn
by an operator.
Fig. 13. The hand exoskeleton worn
by a user.

haptic perception of small details and local properties of surfaces.
Vibratory stimulation via a probe has been reported to be useful for
roughness perception.14

the pure-form haptic interface system The PURE-FORM
haptic system reproduces the contact forces generated by the interac-
tion with the digital model through a haptic interface such that the user
may perceive a replica of the forces generated during the contact
between his/her hand and the virtual copy, together with the virtual
representation of the movements of his/her hand along the surface of
the digital model. The display consists of an arm exoskeleton for force
feedback on the upper limb (Fig. 12), integrated with a haptic interface
for two fingers (Fig. 13). The system has been designed for fixed instal-
lations in a given place, so that the supply of electrical power is (sup-
posed to be) available at the installation site.

Arm exoskeleton refers to a robotic structure with an anthropomor-
phic kinematics that is able to replicate the movements of the human
arm faithfully and is built such that it can be worn by the operator on
his/her arm.15 Moreover, the arm exoskeleton is able to exert control
forces on the contact points with the operator arm according to the
state of the simulation, so as to prevent its movements in case it should
come into contact with a virtual object. Composite materials, used for
its fabrication, combined with a tendon-based actuation permit a light
and transparent haptic device. This means that it has a low inertia,
allowing the user not to perceive its dynamics when he moves it. It is
actuated by four DC brushed torque motors, electrically powered,
which can provide forces up to 100 Newton. Its total weight, including
both grounded and moving parts, is about 11kg, distributed such that
a ratio payload/weight approximately equal to 1 is achieved. This last
figure indicates the maximum load that a robot can sustain under static
conditions compared with its total weight; for industrial robots, this
load commonly assumes values of 1/20kg/kg.

The haptic interface for fingers,16 depicted in Figure 13, is intended
to be mounted on the end part of the arm exoskeleton. It is able to

Manual exploration of 3D art at museums 9
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Fig. 14. An example of haptic
interaction with a mesh composed of
20,000 polygons. When the
interaction point, representing the
position of the user’s fingertip,
penetrates into the model surface, a
force is generated with a magnitude
proportional to the extent of
penetration.

exert an arbitrary force of direction and amplitude of less than 15
Newton on the fingers tips. In particular, the forces generated during
the contact with sculptures will be transmitted to the operator by
means of two thimbles placed on the tips of the forefinger and thumb.
The combination of these two haptic interfaces is aimed at providing
two contact points for the force feedback on thumb and index finger-
tips, without imposing limitations to the natural workspace of the
human arm during the exploration.

Both haptic interfaces can provide the user with complex force infor-
mation. This is accomplished by exerting forces in five degrees of free-
dom on the operator’s arm and forces along three degrees of freedom
on his/her index and thumb fingertip.This allows the replication of more
complex force systems on the user while precisely tracking the position
of his/her arm/hand without the use of any additional sensor.

creating the haptic information A fundamental part of the
PURE-FORM system is the subsystem that creates the force-feedback
information on the basis of the position data coming from the inter-
faces and the environment model stored in the system. The generation
of the force information is realized by means of a coherence algorithm.
To the user exploring a piece of art, a digital subject inside the VE is
associated, commonly known as avatar. The association is realized such
that the user can really experience the animated subject created in the
virtual space.

The association between the user and his/her avatar greatly simpli-
fies the generation of the feedback forces. In this way, the forces result
as they were naturally generated in the VE by means of the avatar-
environment interactions. The forces felt by the avatar can then be
mapped on the user by means of the haptic display. The avatar is
modeled to feel a wide set of interaction sensations. Of all the haptic
information that can be shared during an exploration session, only data

10 G. Jansson et al.



Manual exploration of 3D art at museums 11

References
1 Jansson G, Holmes E. Can we read

depth in tactile pictures? Potentials
suggested by research in tactile
perception. In: Axel E, Levant N,
editors. Art beyond vision: a resource
guide to art, creativity, and visual
impairment. New York: Art
Education for the Blind and

American Foundation for the Blind,
2003;146–156.

2 Jansson G. Can a haptic display
rendering virtual 3D objects be
useful for people with visual
impairment? J Visual Impair Blind.
1999;93:426–429.

3 McLaughlin ML, Hespanha J,
Sukhatme G, editors. Touch in

concerned with force information are considered in the following list
(cf. the categories of exploratory procedures suggested by Lederman
& Klatzky17):

• contact forces that appear while following a contour or enclosing a
virtual object for perceiving shape;

• contact forces that appear while pressing a virtual object for per-
ceiving hardness;

• gravity forces that appear during unsupported holding for perceiv-
ing the weight of an object; and

• friction forces that appear during lateral motion along the surface of
the virtual object for perceiving texture.

All of these kinds of forces are intrinsically related to the contact
between the user-avatar and the virtual object. The generation of the
force is based on the local geometry near the contact point (Figure 14).
This geometry is used to rapidly compute the amount of penetration
of the contact point within the surface and consequently generate a
reaction force to counterbalance the penetration. As a result, a virtual
constraint is created to the user’s movements that produces an experi-
ence of being in touch with a surface.

The haptic experience realized in this way relies on almost only kines-
thetic information, why it cannot reach the same richness as that
obtained via the skin of a fingertip exploring a real surface. However,
local high frequency oscillations of the applied force may enhance the
perception of textures of simulated surfaces (cf. above).

the ambition to develop a user-friendly device A haptic
display such as this one is a technically advanced product that may
seem very complicated to a layman. However, PURE-FORM has the
ambition that the haptic display should be easy to put on and carry, as
well as easy to use, by maximally adapting it to the functioning of
human haptic perception.To what extent this ambition is accomplished
will be investigated in evaluation studies.

Conclusions The development of haptic displays proposes a new
promising option for visually impaired people to experience works of
art at museums by manual exploration of virtual copies. There are still
problems in making the manual interaction with the virtual copies via
the displays more similar to the interaction with real objects. Devel-
opment of the haptic displays to make them more user-friendly is
wanted. PURE-FORM is a project aimed in this direction.



virtual environments. Upper Saddle
River, NJ: Prentice Hall, 2002.

4 Klatzky RL, Lederman SJ, Metzger
VA. Identifying objects by touch: an
‘expert system’. Percept Psychophys.
1985;37:299–302.

5 Jansson G, Billberger K, Petrie H,
Colwell C, Kornbrot D, Fänger J,
König H, Hardwick A, Furner S.
Haptic virtual environments for
blind people: exploratory
experiments with two devices. Int J
Virtual Reality. 1999;4:10–20.

6 Jansson G. Basic issues concerning
visually impaired people’s use of
haptic displays. In: Sharkey P,
Cesarani A, Pugnatti L, Rizzo A,
editors. Proceedings of the 3rd
International Conference on
Disability, Virtual Reality and
Associated Technologies, 23–25
September, Alghero, Sardinia, Italy.
2000;33–38. Reading, UK: University
of Reading.

7 Jansson G. Perceiving complex
virtual scenes without visual
guidance. In: McLaughlin ML,
Hespanha J, Sukhatme G, editors.
Touch in virtual environments.
Upper Saddle River, NJ: Prentice
Hall, 2002;169–179.

8 Jansson G, Larsson K. Identification
of haptic virtual objects with
different degrees of complexity. In:
Wall SA, Riedel B, Crossan A,
McGee MR, editors. Eurohaptics
2002. Conference Proceedings,
Edinburgh, July 2002. 2002;57–
60. Edinburgh, UK: University of
Edinburgh.

9 Jansson G, Ivås A. Can the efficiency
of a haptic display be increased by
short-time practice in exploration?
In: Goos G, Hartmanis J, Van
Leeuwen J, series editors/Brewster
S, Murray-Smith R, volume editors.
Lecture notes in computer science.

Vol. 2058. Haptic human-computer
interaction. Heidelberg, Germany:
Springer, 2001;85–91.

10 Lederman SJ, Klatzky RL. Sensing
and displaying spatially distributed
fingertip forces in haptic interfaces
for teleoperators and virtual
environment systems. Presence.
1999;8:86–103.

11 Jansson G, Monaci L. 2003,
Unpublished data.

12 Bergamasco M, Frisoli A, Barbagli
F. Haptics technologies and cultural
heritage applications. Proceedings of
IEEE Computer Animation.
2002;25–32.

13 Bergamasco M, Avizzano C, Di
Pietro G, Barbagli F, Frisoli A. The
museum of pure form: system
architecture. In: Proceedings of 
10th IEEE International Workshop
on Robot and Human Interactive
Communication. Piscataway, NY:
IEEE Press, 2001;112–117.

14 Klatzky RL, Lederman SJ. Tactile
roughness perception with a rigid
link interposed between skin and
surface. Percept Psychophys.
1999;61:591–607.

15 Bergamasco M, Prisco G. Design of
an anthropomorphic haptic interface
for the human arm. In: Shirai Y,
Hircse S, editors. Robotics research,
the Eight International Symposium.
London: Springer, 1998;278–289.

16 Frisoli A, Simoncini F, Bergamasco
M. Mechanical design of a haptic
interface for the hand. In:
Proceedings of 2002 ASME DETC.
27th Biennial Mechanisms and
Robotics Conference, Montreal,
Canada. Montreal: ASME Press,
2002;25–32.

17 Lederman SJ, Klatzky RL. Hand
movements: a window into haptic
object recognition. Cogn Psychol.
1987;19:342–368.

12 G. Jansson et al.


