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INTRODUCTION

Flaviano Celaschi*, Laura Succini*, Michele Zannoni*

This research presents the launch of ten innovation fronts de-
veloped in parallel that will be followed in the ongoing projects
by a phase of experimental testing and development of demon-
strators, prototypes and living labs to validate methods and ap-
proaches for circular and sustainable design. The research is de-
veloped within Spoke 1 of the extended partnership MICS (Made
in Italy Circolare e Sostenibile), part of PNRR Mission 4 funded
through the NextGenerationEU program with the aim of devel-
oping an innovation for the development of a new production
system. With a focus on Digital Advanced Design, Spoke 1 ex-
plores how design and digital innovation can support the sus-
tainable and circular transformation of three key Made in Italy
sectors—furniture, fashion and automation—by strengthen-
ing the skills of industrial designers through knowledge, digital
tools and interoperable processes.

The research, dedicated to Digital Advanced Design: techno-
logies, processes and tools, involves several departments of the
University of Bologna and other Italian universities, national
institutions, leading companies in the relevant sectors, and ad-
ditional research groups and entrepreneurial entities activated
through Cascade Calls.

Through four thematic clusters—Digital Design for Manufac-
turing, Digital Design for Advanced Interaction, Digital Design for
Knowledge Sharing, and Digital Design for Circular Materials —
the goal is to develop a portfolio of accessible digital tools that
enable industrial designers to orchestrate complex choices ori-
ented to sustainability and circularity from both tangible and
intangible points of view, in continuous innovation along the
production chains of Made in Italy. In addition, from ongoing
research is emerging the figure of the Transitional Industrial De-
signer, a designer capable of connecting knowledge systems and
production systems, through anticipatory actions, continuous
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and punctual data control systems and interdisciplinary con-
tamination processes.

The publication closes with a preview of future develop-
ments related to Spoke’s digital portfolio, a tool developed as an
infrastructure to support the sustainable transformation of the
Italian manufacturing system.



DIGITAL DESIGN FOR ADVANCED INTERACTION

In the Digital Design for Advanced Interaction cluster, the advancements of
Projects 1.2 Advanced Virtual Tools for Digital Acquisition and Visual/Haptic XR
Interaction for the Textile Industry and 1.4 Digital Services for Made in Italy: Dig-
ital Twins for Predictive Models and to Support the Lifecycle of Fashion Products
are presented.

Project 1.2 is articulated through three contributions. The first, “A Reliable,
Affordable, Low-cost, and Open-source Tool for Fabric Surface Acquisi-
tion for the Textile Industry,” describes the development of an optimized,
low-cost workflow for the digitization of fabric samples in small and medi-
um-sized textile companies. Meanwhile, “Haptic Perception and Enhance-
ment of the Interactive Textile XR Experience” delves into the development
of the digital material library, highlighting both physical fabric storage and
related digitization methods, and illustrating experiments of virtual fabric
manipulation experience.

Finally, “Next-Gen Textile Industry: from Digital Acquisition to Displacement
Mapping,” explores the creation of virtual twins of textile samples from nor-
mal map images, aimed at their integration into VR and AR environments for
haptic and visual exploration of materials.

Project 1.4 is represented by two main contributions. The essay “Artificial
Intelligence and Extended Reality in Fashion: Creativity and Heritage Pres-
ervation in the 2D-3D Transition” analyzes the transformative impact of Al
and XR in the fashion industry, with a focus on enhancing creativity, herit-
age preservation and user engagement. In conclusion, the paper “Grounding
Future Scenarios of Technology-Enhanced Fashion Heritage: a Preparatory
Study for the Storytelling of Made in Italy” focuses on defining the poten-
tial applications of digital twins in the design, production and marketing of
fashion products of Made in Italy brands, outlining innovative scenarios for
heritage enhancement through emerging technologies.
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A RELIABLE, AFFORDABLE, LOW-COST, AND OPEN-SOURCE
TOOL FOR FABRIC SURFACE ACQUISITION FOR THE TEXTILE
INDUSTRY

Riccardo Foschi* Federico Ponchio** Paolo Cignoni**

1. Introduction

1.1. Circular and Sustainable Made in Italy

This research was developed in the context of the “Advanced vir-
tual tools for digital acquisition and visual/haptic XR interaction
for textile industry,” Spoke 1 of the extended partnership of the
PNRR project Made in Italy Circolare e Sostenibile (MICS) [MICS,
2023], (Progetto n. PE 00000004/PE11) that deals with the
textile industry sector of Made in Italy (e.g., fashion, clothing,
garments, shoes, furniture, automotive, etc.). The project 1.2
aims to develop workflows and implement low-cost advanced
tools aimed at the small and medium industries operating in
the textile industry sector of Made in Italy for collaborative re-
mote design in XR (Extended reality). The first objective of the
spoke is to develop an acquisition pipeline for the low-cost dig-
itization of fabric samples, with high perceptual accuracy, with-
out the need for specific expensive and proprietary technology.
The second objective is to enable interaction with the digitized
fabrics in a virtual environment through visual and haptic feed-
back. Lastly, the spoke aims to develop an open-access web in-
frastructure for cataloging, querying, sharing, and reusing dig-
itized samples. All these three objectives come from the shared
ambition to democratize the digitization process, without sac-
rificing the quality and accuracy of the result, and develop low-
cost advanced solutions for interaction in XR, that would con-
tribute to improving the competitiveness of the small-medium
industry of Made in Italy.

1.2. Fabric digitization

In this paper, we present the results of a minor part of the wider
PNRR project. In particular, we will focus on the fabric digitiza-
tion workflow and the implementation of the software responsi-
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ble for the elaboration of the raw data and post-processing of the
acquired samples. The open-source software Relight (PONCHIO,
2024), originally developed by the CNR of Pisa for RTI acquisi-
tions in the field of cultural heritage, has been implemented to
make it suitable for the acquisition of fabric surfaces (and also
other materials) and the elaboration of texture maps (e.g., albe-
do, normal map, height/displacement map, alpha map, translu-
cency map) usable in most render engines and virtual environ-
ments.

2. Material digitization and software development
The digitization of physical materials requires:

« To capture several images under varying view direction
and/or lighting conditions;

+ To select a mathematical model for its representation and
to fit the parameters to the measurement;

 Optionally to manually adjust the resulting maps in
post-processing.

There is a wide range of possible configurations in each of these
steps. Image acquisition usually requires specialized hardware,
usually a dome, but handheld lights and cameras in various con-
figurations can be a viable solution, maybe using a single view-
point, up to the extreme solution of capturing a single photo.
Similarly many different mathematical models can be used,
from the simpler analytical functions such as the Phong model
with diffuse, specular components, to the more complex physi-
cally based models such as the CookTorrance (GUARNERA et al.,
2016). In particular, a class of mathematical models suitable for
single viewpoint relighting images representing the reflectance
as a linear combination of basis functions can faithfully repro-
duce complex materials albeit with the important single view-
point limitation and limited post-processing capabilities.
Finally, the post-process editing of the dataset is usually re-
quired to create for example tileable maps, to tune the param-
eters to a specific rendering pipeline, or to remove artifacts or
geometric deformations caused by uncalibrated acquisition.
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2.1. State of the art on software

At the moment the number of solutions available in terms of
hardware and software are very limited. Software packages de-
veloped for research purposes that are public, maintained, doc-
umented, robust, and user-friendly are unfortunately missing.
The few commercial solutions available adopt proprietary soft-
ware, dedicated (and expensive) hardware, and generally are not
very flexible for example in the number of lights, models, and
formats adopted or post-processing options.

Three main options to digitize physical materials exist ma-
terial scanners, material authoring and 3D capture software,
and outsourced scanning services. The material scanners—e.g.
Tac7 (X-RITE & PANTONE, 2024), xTex (VIZzOO3D, 2024)—
require space-consuming and expensive dedicated hardware
which is often specialized for that single task; and has a prede-
termined sample acquisition size; the software is often a black
box, which limits versatility and verifiability; and can output
proprietary formats which guaranty the highest possible accu-
racy but are compatible only with a specific set of render en-
gines. DIY scanners exist but this approach requires a certain
level of specialization in order to build the scanner—e.g. light
dome, lightbox—and calibrate the workflow, which is cumber-
some and time-consuming. Commercial material authoring and
3D capture software—e.g. Substance Sampler (ADOBE, 2024b),
Substance Designer (ADOBE, 2024a), Knald (TECHNOLOGIES,
2024)—are cheaper solutions compared to commercial materi-
al scanners because they do not require any special hardware.
However, they are often subscription-based, suffer from the
same black-box problem mentioned before, and do not always
allow for the calibration of the acquisition process. Concerning
free and open-source apps—e.g. Details Captures (VFXGRACE,
2024), four light simple (RESEARCH INSTITUTE TECHNOLOGY,
2014)—they could be good low-cost solutions, for some uses,
although they often implement dated algorithms, which would
not always output robust and reliable results, are not always
compatible with all operating systems, do not allow for simple
calibration, impose a predetermined number of input pictures,
or do not implement a user-friendly interface. For all these
reasons they cannot be always used in an industrial environ-
ment, where not only the cost but most importantly quality
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and reliability are key aspects. In the outsourcing scanning ser-
vices—e.g. Chaos Scans (CHAOS, 2024)—the samples must be
physically shipped, this process requires time, and even though
it is the only solution that does not require any specialization
for the company that requests the service, in the long run, for a
relevant number of acquisitions, the cost per-sample might be
higher than buying a dedicated scanner.

2.1.1. RelightLab

Given these premises, we aim to develop RelightLab (PoNCHIO,
2024) as a more affordable, versatile, and flexible solution, that
will be compatible with various workflows.

The software, hosted on GitHub, is free and available on
all platforms (Windows, macOS, Linux). Thanks to the Open
Source philosophy, it will be affordable for everybody and the
community will help maintain, document, test, and support it
through forums and developer contributions.

The software enables flexible acquisition planning because
it supports light domes and hand-held lights with reflective
spheres, or SALA-Frames (see Section 3.1), it also provides
tools for acquisition support (e.g. image registration, reflective
sphere auto-detection, white balance correction).

The software is designed to be extensible concerning the
mathematical models supported: new fitting algorithms and
BRDF are planned in the near future and should be easy for re-
searchers who want to use this software for experimentation to
add new fitting models.

The user base is going to be very diverse in terms of com-
puter literacy and planned usage, ranging from plain end-users
interested in the actual result of the digitization process to re-
searchers willing to experiment with new workflows and mod-
els. For this reason, we provide a user-friendly graphical inter-
face to guide the user in processing the datasets, and, at the
same time, we provide scripts, command line executables, and
reasonably stable API, to integrate the functionalities of this
software in any workflow.

Finally, the workflow will be transparent and accessible:
every parameter in each step of the processing and intermediate
assets will be open for customization, editing, and verification.
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2.2. Standards

Standard formats for relightable images do not exist. Some old
and currently unmaintained early software established a de fac-
to standard for the representation of Polynomial Texture Maps
and Hemispherical Harmonics. This format however lacks many
desirable features such as metadata storage (such as the EXIF
mechanism in JPEG), lossless compression, and transparency,
and they are inconvenient to parse and edit. Moreover, they
are not suitable for web delivery: no support for progressive or
multi-resolution tiled rendering, mostly because these formats
were developed far before WebGL (required for RTI rendering)
was developed.

Similarly, there is no standardization on the details of the
model fitting algorithm, nor on the visualization equations and
parameters for enhanced visualizations such as the specular
enhancement mode which renders the surface as an extreme-
ly shiny material. The result of this situation is that starting
from the same dataset different software will generate different
renderings. The same phenomenon is happening for the more
common BRDF acquisition and rendering software, in particu-
lar, due to the large number of existing analytical BRDF models
with small variations adopted by different engines.

New mathematical models for relightable images have been
developed in the last few years (based on principal component
analysis and neural networks), and we can expect that others
will be developed. New formats to represent them and efficient-
ly share them on the web have been created in the RelightLab
library, but we think that an effort to create a widely accepted
standard would be important.

The International Image Interoperability Framework (IIIF)
(SNYDMAN et al., 2015), is a standard that enables the sharing
and viewing of high-resolution digital images across differ-
ent platforms. It provides a set of APIs for accessing images,
metadata, and other related resources, allowing institutions
to present, compare, and interact with images from diverse
sources in a consistent and interoperable manner. This is
particularly useful in cultural heritage and research contexts,
where institutions can share their digitized collections global-
ly while ensuring they can be accessed and used in a standard-
ized way.
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An accepted standard would create a small software ecosys-
tem of tools that can cooperate. This makes it easier to develop
a single tool (not having to provide the entire pipeline), and us-
ers won't suffer from vendor lock-in for lack of compatibility.

Inside this organization, we have created a charter initiative
to standardize the delivery and rendering of relightable images
and other 2D datasets that require substantial processing in the
client such as multi-spectral datasets, where ReligthLab will of-
fer a reference implementation.

3. Acquisition workflow

The acquisition workflow in RelightLab can vary based on which
methodology is adopted (Light Dome, free handheld light po-
sitioning, SALA-Frame), nevertheless, the following steps are
common to all methods:

« Image Capturing;

« Photo Alignment/Image registration;

« Setup Calibration: Detection of Light and Camera posi-
tions;

« Mathematical model choice (RTI/BRDEF (ToDo)/Normals);

« Normal map post-processing (flattening/decomposition/
3D reconstruction).

3.1. Image capturing

The digitization process starts by acquiring a set of pictures
of a physical sample. In this chapter, we focus only on fabric
samples but the same workflow could be followed to digitize
a much wider variety of materials. The RTI or photometric
stereo workflows (both supported by RelightLab) require the
same photographic setup, namely: a fixed sample (fabric), a
fixed point of view (camera), and a movable light source in a
dark environment. Most commercial RTI scanners rely on a
hemispherical dome of lights (FLYDOME, 2023) or a lightbox
(V1zo03D, 2024), however, to cut costs the source of light can
be moved manually without relying on any dome-like struc-
ture. This solution is certainly less time-efficient but is readily
available for everyone because it is inexpensive. In Relight-
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Lab both hypotheses are supported (fixed lights, or hand-held
lights), this choice increases the versatility of the tool but re-
quires slightly different workflows. Since one of the aims of the
project was keeping the costs low, in this paper we only focus
on the image capturing through the use of a hand-held light
that implies that the position of the light would change from
one acquisition to the other. In this scenario, it is necessary
to adopt certain precautions in order to calibrate the system.
The most popular solution is to extrapolate the light position
automatically for each picture, and it can be done by capturing
together with the sample also one or more specular-reflective
spheres (LI & FURUKAWA, 2015), this would allow us to infer
the position of the light for each picture by isolating the spec-
ular highlights on the spheres and derive the direction of the
light (and eventually, the distance if more than one sphere are
used) by applying simple trigonometry. The reliability of this
method depends on many factors. In particular, this method
requires using small light sources and demands relevant man-
ual work for the individuation of the spheres in the pictures
and the visual verification of the correct guessing of the spec-
ular highlights. Furthermore, the fact that the spheres must
be in frame reduces the area that the sample can occupy and
thus its final resolution (especially because spheres must be
far enough from the sample to prevent shadows from being
cast on the sample). Moreover, if the lights are not distributed
evenly on a hypothetical hemisphere centered in the sample
it might produce unexpected results or aberrations. To reduce
the variability of the distance of each light, a possible solu-
tion, previously tested by us, was to tie a rope to the light and
extend it toward the sample before taking each picture (ZAN-
NONI et al., 2024), however, this increases the risk of touching
and moving the sample invalidating the acquisition, and still
does not solve the problem of angular distribution around the
sample. For this reason, we developed a custom 3D printable
Shadow Aided Light Alignment Frame (SALA-Frame) with
four cones of known height, placed at the four corners, that
act like gnomons, and aid the operator in the positioning of
the light for each shot through the alignment of the tip of the
cast shadows with four circular grids (fig. 1).
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1. SALA-Frame top and
side views. The four
shadows of the cones
are cast by a point light
placed at 30° from

the planeand 30 cm
from the center of the
frame. The numbers
on the circular grids
indicate the order in
which the pictures must
be captured. Four 15
mm ball bearings can
be optionally placed

on the circular bases
at the cardinal axes for
calibrating the setup.
Allimages are
reproduced in color in
the online edition of the
book.

2. Distribution of lights
for the acquisition of
a 50x50 mm sample
using the SALA-frame.
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Aligning all four shadow tips with the correct points on the
circular grids is only possible when the light is on a predefined
precise spot in 3D space. Bigger cones and grids enable more
accurate alignment but require a larger frame (and vice versa).
The SALA-Frame does not have to be entirely framed in the pic-
ture (or framed at all) since it is only needed to aid the light
placing at the capturing phase and not at the post-processing
phase. This allows us to maximize the effective resolution of
the acquired sample and does not require deriving the positions
of the lights through highlights on spheres making the prelimi-
nary processing as fast as using a predefined dome. The accura-
cy of the positioning of the lights depends on the operator but,
based on empirical testing, it was estimated, on average, in the
order of a few millimeters on a sphere of radius 30cm, which
is more than enough to guarantee a high-quality acquisition in
this context. The light positioning relative to the SALA-Frame
is shown in figure 2.

The Frame was designed to fit a 200x200 mm standard 3D
printer plate to make it more easily printable with consumer
low-cost 3D printers, given this constraint the maximum sam-
ple size and the height of the cones were carefully calibrated
to avoid casting shadows on the sample, resulting in a 50x50
mm sample area. When bigger samples need to be acquired it
is always possible to scale up the frame or to use the reflective
spheres and unaided hand-held light placement. Concerning
the light source, with this setup, the lights are distributed on
a 300 mm radius sphere, which can fit under most standard
three-legged tripods (fig. 3), a bigger sphere might have result-
ed in a more difficult tripod setup. The minimum dihedral angle
of 30° from the light direction and the plane was chosen to pre-
vent the frame from becoming too big and to avoid self-shad-
owing in samples with relevant superficial displacement. With
this method, it is preferable to use small lights because they
cast sharper shadows and allow for an easier and more accurate
alignment with the grid. When using domes that mount mul-
tiple light sources, the problem of acquiring a color-calibrated
sample is not a trivial problem to solve because each light might
vary in terms of intensity and color temperature. By using a sin-
gle hand-held light this problem is mitigated because it would
always have the same intensity and color temperature. Given
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these premises, when using the SALA-Frame, the flashlight
of any smartphone is a perfect solution for this task because
they usually are close to neutral white and with a single shot
to a color checker (or a more budget-friendly neutral grey card)
before the acquisition campaign, it is possible to calibrate the
colors of the whole set.

With this setup, it is possible to acquire the base color of the
sample without shadows and glossy reflections (albedo map)
and the geometric displacement of the surface up to high-fre-
quency details (normal map, height/displacement map). For
the acquisition of the translucency map and/or alpha mask it is
sufficient to acquire a properly exposed back-lit picture of the
sample, (any tablet display at maximum brightness with a white
background can be used as a light source, to avoid moiré effects
it is preferable to place a translucent paper between the display
and the sample). Roughness and metalness properties are at
the moment assigned via qualitative visual comparison, more
work is needed to implement a procedure capable of extracting
roughness and metalness maps automatically. Figure 4 shows
an example of a set of 4 pictures and relative texture maps cal-
culated with RelightLab, it also demonstrates that for diffusive
simple materials like the one in the picture, it is not necessary
to input 24 photos but 4 are enough. Lastly, it shows that the
normal map calculated via SALA-Frame is much more accurate
(the overall planarity of the surface is already achieved with no
need to apply a flattening in post-production).

3.2. Image registration

One of the essential requirements for material acquisition is
that the various images are perfectly aligned to create crisp
texture maps and normal maps. Unfortunately, due to the high
resolution of the modern cameras even small vibrations of the
setup, often unavoidable, will result in several pixels of align-
ment error.

Image alignment has been developed for panorama gener-
ation or satellite imagery fusion, but the varying illumination
makes the problem much harder to solve. Edge detection algo-
rithms in particular suffer from the fact that all the shadows
of the images (easily detected and usually the most prominent
edges) will move together in the opposite direction of the light



3. SALA-frame fitting
in a consumer 20x20
cm 3D printer and
under most standard
photographic three-
legged tripods.
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4. Top: pictures 9, 11, 13, 15 of the set of 24 photos. Bottom: texture maps calculated with
RelightLab: a. albedo, b. translucency/alpha, c. normal map based on light position guessing via
identification of highlight on shiny spheres, d. normal map via SALA-Frame; c. displays a gradient
from cyan (left) to pink (right), indicating an overall bulging normal map. In contrast, d. exhibits no
aberration, and the expected overall flatness is maintained.
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tricking the algorithm into aligning the shadows instead of the
objects.

Two strategies for image alignment under varying light con-
ditions have been explored in the literature. The first approach
(BERKITEN & RUSINKIEWICZ, 2014) relies on feature detection
(SIFT) similar to a Structure-From-Motion (SFM) approach. A
second approach instead focuses on global image correlation
employing a low-rank affine registration technique. We have
integrated this second approach in RelightLab. Additional work
is needed in terms of testing, optimization, finding suitable
heuristics for the parameters and finally developing a user in-
terface for verification of the result and eventually manual ad-
justments.

3.3. Setup calibration

Most of the existing software makes a strong simplification
assuming lights come from an infinite distance such that they
are constant for each pixel of the image. This approach results
in strong warping of the normal map and uneven model re-il-
lumination, and these problems are enhanced if the lights are
relatively close to the subject. Warping effects can be correct-
ed in a post-processing step, but having correct light geometry
processing makes this step redundant.

Correct computation of the material characteristics from the
images taken under different lighting requires that the light-
ing (position and intensity of the lights) be known. Once this
is known either through dome geometry, reflective spheres, or
SALA-Frame we can compute, for each pixel, the true light and
intensity expected of each light. RelightLab supports an effi-
cient per-pixel lighting computation.

3.4. Mathematical model choice

Many mathematical models to represent material appearance
exist (GUARNERA et al., 2016). RelightLab supports two use cas-
es: single viewpoint visualization of relightable images and 3D
visualization of textured 3D models. The first case, also known
as Reflectance Transformation Imaging (RTI), is a bidimension-
al dataset composed of a certain number of images that can be
used to modify the lighting of the dataset interactively. Several
mathematical models based on polynomials, Polynomial Tex-
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ture Maps of PTM (MALZBENDER et al., 2001), HemiSpherical
Harmonics (HSH) (GAUTRON et al., 2004) or Radial Basis Func-
tions (RBF) (PONCHIO et al., 2019) and a few others, most of
which are currently supported. RTI is used to quickly display
the appearance of an object/textile, albeit from a single point
of view, and can capture a large set of materials and effects. If
we plan instead to use the material for 3D rendering we need to
compute a set of textures as the parameters of a Spatially Vary-
ing Bidirectional Reflectance Distribution Function (SVBRDE).
See figure 5 for a comparison between the real sample and the
digitized version rendered in Blender.

Again many SVBRDF models with variants exist, thus we
will focus on Physically Based Rendering (PBR) approaches. As
an example, the model used in gITf 3D format relies on:

« Alpha Coverage: in textiles can be recovered using a back-
light (converted in black and white and properly exposed);

+ Translucency: in textiles can be recovered using a backlight
(RGB map properly exposed);

« Base Color: can be extracted from RTI models;

« Emissive: probably not needed in textiles;

+ Normal: already supported;

+ Metallic: to be implemented (but can be already manually
approximated using the same component in RTI models;

+ Roughness: to be implemented.

This list has to be intended only for exemplification purposes,
different software packages use different workflows (e.g., metal-
ness/roughness, specularity/glossiness) and implement differ-
ent texture maps.

3.4.1. Export

If the mathematical model is an RTI, a few file formats are avail-
able for storing the results (see Section 2.2). Legacy .rti and .ptm
are supported by software implementing several algorithms for
inspection, analysis, and enhancement of some material charac-
teristics (PALMA et al., 2010), such as the unsharp mask. Alter-
natively, the dataset can be exported in a format easily shared
on the web and rendered using a JavaScript library, this is a
simple way to share material appearance on the web without
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?

5. a. Real sample, b. acquired sample rendered in Blender Cycles. 1. Silky synthetic silver colored
fabric (acquired with 24 light points), 2. Jersey fabric with a white and brown motif (acquired with
4 light points). Albedo, Normal, and translucency maps were calculated with RelightLab, and
roughness and metalness were guessed by visual comparison.

b1. a2 b2.

a.

6. a. Normal map calculated via highlight individuation on shiny spheres which presents visible
aberration (a gradient from cyan to pink on the flat table), b. flattened normal map (high/low-
frequency details decomposition), the flattening was exaggerated on purpose to make the effect
more visible.
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resorting to 3D modeling. For other BRDF models, the export is
simply in the form of images.

3.5. Normal map post-processing

RelightLab generates the normal map with a simple algorithm
looking for the axis of symmetry in the reflectance function, a
reasonable assumption for most materials. The SALA-Frame
method enables uniform light sampling on the hemisphere en-
suring that the normal map is computed with good accuracy. We
added post-processing tools to flatten the normal map, which
is required if the geometry of the lights and the image plane is
not known with sufficient precision or other factors such as am-
bient light. This kind of aberration is strongly mitigated when
using a calibrated dome or SALA-Frame. Similarly, we allow the
user to decompose and control the frequencies of the normal
map so that for example the user can remove undulations in
textile samples that are not perfectly flat which becomes im-
portant especially if textures are then mapped on a geometric
model (fig. 6). A depth map can be extracted from the normal
map, to create displacement maps, which is often useful for 3D
sculpting purposes. This can be useful for materials with impor-
tant geometric meso-structures.

4, Conclusion

In conclusion, a novel, low-cost, and robust methodology of ma-
terial acquisition based on the use of an inexpensive 3D printa-
ble SALA-Frame and the implementation of RelightLab software
were presented. The preliminary empirical tests on various data
sets demonstrated that the methodology applied through Re-
lightLab was able to produce high-quality results in all tested sce-
narios. Concerning free uncalibrated handheld acquisition with
light direction guessed through the extrapolation of highlight on
shiny spheres, the normal map presents aberration mainly due to
inaccurate guessing of the light positions and disuniform angular
light distribution, however, thanks to the decomposition algo-
rithm implemented in RelightLab it is now possible to compen-
sate these aberrations in post-production. Concerning handheld
light placement aided through the SALA-Frame, the normal map
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presents minimal aberrations, comparable to those obtained via
light dome, and does not require further post-production in most
cases. High-quality albedo, alpha and translucency maps are suc-
cessfully extracted with both workflows adopted. More work still
needs to be carried out in order to extract automatically the miss-
ing PBR maps (e.g., metalness, roughness) and to convert these
maps into tileable seamless textures, at the moment this last step
is carried out in third-party software.

References

ADOBE, 2024a
Adobe. (2024a). Substance designer webpage. Retrieved August 28, 2024, from
https://www.adobe.com/products/substance3d/apps/designer. html

ADOBE, 2024b
Adobe. (2024b). Substance sampler webpage. Retrieved August 28, 2024, from
https://www.adobe.com/hk en/products/substance3d-sampler. html

BERKITEN & RUSINKIEWICZ 2014
Berkiten, S., & Rusinkiewicz, S. (2014, July). Alignment of images captured un-
der different light directions. Technical Report TR-974-14, Princeton University.

CHAOS, 2024
Chaos. (2024). Chaos scans webpage. Retrieved August 28, 2024, from https://
www.chaos.com/scans?srsltid=AfmBOop8xclyqqAituBqnx7vQANPaijxZXFOF

FLYDOME, 2023
FlyDome S.A.S. (2023). RTI Dome webpage. Retrieved August 22, 2024, from
https://www.rti-dome.com/

GAUTRON et al., 2004

Gautron, P, Krivanek, J., Pattanaik, S. N., & Bouatouch K. (2004). A novel
hemispherical basis for accurate and efficient rendering. Rendering Techniques,
321-330.

GUARNERA et al., 2016

Guarnera, D., Guarnera, G., Ghosh, A., Denk, C., & Glencross, M. (2016). BRDF
representation and acquisition. Computer Graphics Forum, 35(2), 625-650.
https://onlinelibrary.wiley.com/doi/abs/10.1111/cgf.12867

LI & FURUKAWA, 2015

Li, B., & Furukawa, T. (2015). Design and calibration of a 3D High-Resolution
surface profiling system using photometric stereo. In International Design Engi-
neering Technical Conferences and Computers and Information in Engineering Con-
ference. https://doi.org/10.1115/DETC2015-47734

MALZBENDER, GELB & WOLTERS, 2001

Malzbender, T., Gelb, D., & Wolters, H. (2001). Polynomial texture maps. In
Proceedings of the 28th annual conference on Computer graphics and interactive
techniques (pp. 519-528).


http://dx.doi.org/10.1115/DETC2015-47734

A reliable and open-source tool for fabric surface acquisition

MICS, 2023
MICS. (2023). MICS Made in Italy Circolare e Sostenibile. Retrieved July 24,
2024, from https://www.mics.tech/

PALMA et al., 2010

Palma, G., Corsini, M., Cignoni, P, Scopigno, R., & Mudge, M. (2010). Dy-
namic shading enhancement for reflectance transformation imaging.
ACM Journal on Computing and Cultural Heritage, 3(2), 1-20. https://doi.
org/10.1145/1841317.1841321

PONCHIO et al., 2019

Ponchio, E,, Corsini, M., & Scopigno, R. (2019). Relight: A compact and accurate
RTI representation for the Web. Graphical Models, 105, 101040. https://doi.
org/10.1016/j.gmod.2019.101040

PONCHIO et al., 2024
Ponchio, E, et al. (2024). Relight webpage. Retrieved August 28, 2024, from
https://vcg.isti.cnr.it/vegtools/relight

RESEARCH INSTITUTE TECHNOLOGY, 2014

Research Institute Technology, R. (2014). Four-light imaging simple. Retrieved
August 28, 2024, from https://www.rit.edu/science/studio-scientific-imag-
ing-and-archiving-cultural-heritage

SNYDMAN et al., 2015

Snydman, S., Sanderson, R., & Cramer, T. (2015). The International Im-
age Interoperability Framework (IIIF): A community and technology ap-
proach for web-based images. Archiving Conference, 12(1), 16-16. https://doi.
0rg/10.2352/issn.2168-3204.2015.12.1.art00005

TECHNOLOGIES, 2024
Technologies. (2024). Knald webpage. Retrieved August 28, 2024, from https://
www.knaldtech.com/

VEXGRACE, 2024
VEXGrace. (2024). Details capture webpage. Retrieved August 28, 2024, from
https://www.vfxgrace.com/product/detail-capture/

Vizoo3D, 2024
Vizoo3d. (2024). Xtex scanners webpage. Retrieved August 22, 2024, from
https://www.vizoo3d.com/xtex-hardware/

X-RITE & PANTONE, 2024
x-rite & PANTONE. (2024). TAC7 scanner webpage. Retrieved August 28, 2024,
from https://github.com/cnr-isti-vclab/relight

ZANNONI et al., 2024

Zannoni, M., Foschi, R., Pucci, D., & Saponellj, R. (2024). An immersive haptic
experimentation for dematerialized textile perception in collaborative design
processes. SCIRES-IT - SClentific RESearch and Information Technology, 14(1),
129-146. http://dx.doi.org/10.2423/i22394303v14n1p129

139



http://dx.doi.org/10.1145/1841317.1841321
http://dx.doi.org/10.1145/1841317.1841321
http://dx.doi.org/10.1016/j.gmod.2019.101040
https://vcg.isti.cnr.it/vcgtools/relight
https://www.rit.edu/science/studio-scientific-imaging-and-archiving-cultural-heritage
https://www.rit.edu/science/studio-scientific-imaging-and-archiving-cultural-heritage
https://doi.org/10.2352/issn.2168-3204.2015.12.1.art00005
https://doi.org/10.2352/issn.2168-3204.2015.12.1.art00005
https://www.knaldtech.com/
https://www.knaldtech.com/
https://www.vfxgrace.com/product/detail-capture/
http://dx.doi.org/10.2423/i22394303v14n1p129




Finito di stampare nel mese di giugno 2025
per i tipi di Bologna University Press



This book presents ten innovation fronts developed in parallel
through research funded within Spoke 1 of the MICS (Made

in Italy Circolare e Sostenibile) Partnership. Set within the
framework of Digital Advanced Design, the project explores
the role of design and digital innovation in promoting
sustainable and circular transitions across various Made in
Italy sectors, bringing together knowledge and expertise from
academic, industrial, institutional, and professional fields.

Flaviano Celaschi

Full Professor in Advanced Design at

the University of Bologna. Since 1995,

he has worked on design processes and
cultures in various Italian universities. He
leads Spoke 1 of the project Made in Italy
Circolare e Sostenibile and is Editor-in-
Chief of diid. Disegno industriale Industrial
Design journal. He is the author of over one
hundred scientific publications in the field
of design driven innovation.

Laura Succini

Researcher in Responsible Advanced
Design at the University of Bologna. Her
research focuses on sustainable design
and collaborative approaches within
territories, with particular attention

to intangible dimensions of Made in

Italy. Since 2023, she has also been
investigating processes and methods for
inhabiting extreme environments.

Michele Zannoni

Associate Professor in Industrial Design
at the Universita di Bologna. His published
articles and books explore the intersection
of interaction processes and visual and
product design. His scientific research is
focuses on digital, interaction and physical
products and the evolution of the user
interface.



