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a b s t r a c t 

The use of active fiber lasers for cleaning applications in the field of cultural heritage is in rapid expan- 

sion. One of the main potentials of this new technology lies in the possibility to combine a broader range 

of parameters compared to lamp-pumped lasers, enabling different types of interactions with the mate- 

rials. In addition, the possibility to choose from a variety of scan shapes and sizes modifies the spatial 

distribution of the energy on the surface and accelerates the cleaning process. 

In this study, a Design of Experiment (DoE) approach was combined to Principal Component Analysis 

(PCA) to investigate the influence of repetition rate, pulse duration, power and scan speed in the cleaning 

process. The tests were performed on mock-ups replicating the Roman fresco technique coated both with 

an organic layer, a strappo glue , and an inorganic layer, a limewash . A series of responses were selected 

to evaluate the transformations occurred on the surface after laser irradiation: the changes in surface 

roughness and color before and after the treatment, and the assessment of the alteration percentage 

induced on the materials. 

The DoE methodology was implemented to define an experimental domain, allowing the evaluation of 

both the influence and the interactions of the investigated parameters across the entire domain with a 

preliminary settled and reduced number of tests. The selected responses were analyzed through Princi- 

pal Component Analysis (PCA), which revealed the underlying correlations among them and permitted 

the selection of a reduced, yet representative, subset of responses for analysis. Through this integrated 

approach it was possible to identify the key parameters controlling the two different cleanings, to dis- 

tinguish those suitable for optimization and to categorize the possible surface alterations that can occur 

when the parameters are not properly adjusted. Finally, the present study also highlights the differences 

in the removal of inorganic and organic materials. 

© 2026 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC 

BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Since the first applications of laser systems in the field of cul- 

ural heritage [ 1 , 2 ], lamp-pumped lasers have been the predomi- 

ant type of laser technology adopted; however, in recent years, 

 novel form of laser technology, namely active fiber lasers, has 

merged as a viable option for a variety of applications. The use 

f these devices was initially confined to the industrial sector, par- 

icularly in the domain of cutting, welding or removing paint lay- 
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rs from large machinery [ 3 , 4 ]. Since then, active fiber lasers have

een applied in the cultural heritage field, with the first studies 

eporting the use of these new systems on an artwork presented 

t a LACONA conference in 2009 [ 5 , 6 ]. Active fiber lasers have

een applied on stone materials [ 7–10 ], wall paintings [ 6 , 8 ], plaster

 11 ], wood [ 8 , 12 ] canvas [ 8 , 13 ], carboard [ 8 ] and metallic artworks

 14 , 15 ]. 

The major potentiality of active fiber lasers is the possibility 

o select through the user interface a wider range of parameters 

ompared to traditional lasers. Indeed, the parameters that can be 

odulated are pulse duration, repetition rate, power, scan speed 

nd the shape and size of the scan. The importance of this pos- 

ibility relies on the fact that different combinations of parame- 
ss article under the CC BY-NC-ND license 
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ers can produce different types of interaction with the materials 

o be removed and, consequently, different types of cleaning [ 7 ]. 

urthermore, modulating the shape and the size of the scan influ- 

nces the spatial distribution of the emitted energy and increases 

he cleaning speed compared to lamp-pumped lasers. This makes 

ctive fiber lasers particularly effective for cleaning large surfaces, 

uch as archaeological sites, façades or statues [ 9 , 16 ]. 

A distinguishing characteristic of active fiber lasers is that the 

uence alone cannot fully account for the energy emitted onto the 

aterial. To gain a complete understanding of the energy delivery 

rocess on the material, it is necessary to consider the combination 

f all the selectable parameters. Fiorucci et al. [ 17 ] emphasized this 

spect and stressed the importance of factoring in repetition rate 

nd scan speed due to their cumulative effects. Therefore, studying 

he influence of parameters is essential to fully understand how 

hese laser systems work. 

Noteworthy, the effect of parameter variation has already been 

he subject of previous studies. The pulse duration is directly cor- 

elated with the definition of thermal irradiation and the depth 

f the substrate heating [ 18–20 ]. At short or medium duration 

ulses, it is possible to operate under thermally confined condi- 

ions, according to the thermal diffusivity of the material. Con- 

ersely, longer pulse durations lead to a larger affected volume but 

ith a lower peak temperature compared to short pulses [ 21–23 ]. 

urthermore, other researches [ 19 , 21 , 22 , 24 ] demonstrated that the

ariation of the pulse duration can result in different laser ablation 

echanisms. 

The selection of the scan shape and of the repetition rate in- 

uences the overlap rate, which is defined as the percentage of 

verlap between two consecutive spots. Increasing the scan speed 

hile maintaining fixed the repetition rate results in a decrease in 

pot overlap. Conversely, at a constant scan speed, higher repeti- 

ion rates lead to a greater overlap. At low scan speeds and rep- 

tition rates in the hundreds, overlap is always a dominant phe- 

omenon and the laser exhibits a quasi-continuum behavior [ 7 ]. 

nother critical factor to consider is that, at higher overlap rates, 

he surface thermal accumulation becomes predominant [ 25–27 ]. 

his occurs because the second pulse arrives before the heat gen- 

rated by the previous one has fully dissipated [ 6 , 18 ]. More gen-

rally, a high repetition rate is recognized as a key contributor to 

umulative heating, as highlighted by several studies [ 19 , 23 , 28–30 ].

Previous studies [ 17 , 31 ] also investigated the impact of the 

can speed variation onto the cleaning process, concluding that 

ower scan speeds were associated with greater laser ablation than 

igher scan speeds [ 31 ]. 

Moreover, while in lamp-pumped lasers the output energy can 

e modulated via the control monitor, in active fiber lasers it is 

ossible to select the power percentage, which directly influences 

he total output energy and average power [ 14 , 32 ]. 

Principal Component Analysis (PCA) is the most widely em- 

loyed tool for dimensionality reduction of high-dimensional space 

ata and it is applied to the results of different analytic tech- 

iques, such as spectroscopic analysis or hyperspectral imaging. 

iu et al. [ 33 ] provided an overview of the application of chemo- 

etrics in cultural heritage conservation field. PCA is useful for 

haracterizing constituent materials [ 34–36 ], as well as for assess- 

ng the conservation state of artworks and their degradation prod- 

cts [ 37–40 ]. Moreover, it is also applied to study restoration pro- 

esses [ 41 ] and to define the most appropriate sampling points 

 42 ]. On the other hand, while the Design of Experiments offers 

onsiderable potential for conducting experiments involving mul- 

iple variables, it is not yet widely used in the cultural heritage 

eld, with few representative studies available in the literature 

 43 ]. Nonetheless, Ouyang et al. [ 44 ] applied DoE to optimize the

emoval of a coating using an active fiber laser in an industrial 

pplication. 
156
In this context, the application of DoE in the field of cultural 

eritage is an innovative way to study the relationships between 

ultiple input and output variables, to reveal correlations and in- 

eractions among them, and to gain understanding across the en- 

ire experimental domain, and not just at tested points [ 45 ]. A key 

dvantage of the methodology proposed in this study is that it al- 

ows to maximize the information gained while minimizing the 

umber of experiments, reducing the wasted material and the rep- 

titions. Furthermore, both DoE and PCA were implemented using 

n open-source software, permitting this approach to be fully ac- 

essible and reproducible by other researchers. 

. Research aim 

The present study paves the way for a new methodology for 

esting and validating new cleaning techniques through the com- 

ined application of Design of Experiment (DoE) and Principal 

omponent Analysis (PCA). The aim of this research is to investi- 

ate the influence of the multiple adjustable parameters, namely 

epetition rate, pulse duration, power, and scan speed, on the 

leaning process when operating with an active fiber laser. Fur- 

hermore, this research examines the role of interactions between 

he different parameters and provides an approach to define a suit- 

ble parameter combination to obtain the desired material removal 

ithout altering the substrate. It also identifies the possible types 

f alteration that may occur when the parameters are not prop- 

rly modulated. Finally, the study focuses on the removal of two 

ifferent materials, one organic (a strappo glue ) and the other inor- 

anic (a limewash ) from fresco mock ups, to provide a comparative 

valuation for parameter selection during the removal of materials 

ith distinct properties. This approach demonstrated the potential 

pplicability of active fiber laser on polychrome materials, and par- 

icularly frescoes. 

. Materials and methods 

.1. Materials 

.1.1. Sample preparation 

The experiments were conducted on mock-ups designed to sim- 

late traditional Roman frescoes . Two layers of lime-based mortar, 

raditionally referred to as arriccio and intonaco [ 46 ], were applied 

n an aluminum honeycomb panel. The lime was mixed with mar- 

le powder in proportion 1:2.5, using increasingly fine-grained ag- 

regates from the innermost to the outermost layers [ 47 ]. Finally, 

he paint layer was created by diluting Rosso Pozzuoli pigment (PR 

02/77,491, Sinopia S.a.s) in water and by applying it with a brush 

o the fresh surface. The painting layer was then polished with a 

etallic instrument to make the surface finer, more compact and 

ore resistant, according to the Roman politiones technique [ 48 ]. 

After natural ageing of the mock-ups for 2 months to ensure 

arbonation of the intonaco, two overlapping layers were applied 

sing the micrometer adjustable film applicator Sheen 1117/200. 

he organic layer used in the experiments was a strappo glue ap- 

lied at a thickness of 60 μm, prepared according to the Mora- 

hilippot receipt, which requires 3 kg of bone glue in pearls, 2.5 kg 

f water, 0.75 kg of molasses, 2 l of vinegar and 0.3 l of ox bile

 49 ] . The selected inorganic layer was a limewash , thickness of 

0 μm, applied on top of a fine layer of diluted clay (clay-water 

atio 1:10 w/w) with a thickness of 10 μm to replicate a layer of 

uperimposed material. 

.1.2. Laser instrument 

The cleaning tests were performed using the active fiber laser 

mart 300 (El.En Group). This laser system is Ytterbium-doped 
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Table 1 

Technical features laser Smart 300 (El.En Group). 

Type Value 

System Active fiber laser 

ytterbium doped 

Wavelength 1064 nm 

Pulse duration 2–500 ns 

Repetition rate 2–4000 kHz 

Maximum power/energy emission 300 W/15 mJ 

Laser beam diameter at the handpiece output d86 

(i.e., 86% of the output power) 

290 μm 

Laser beam divergence full angle d86 

(i.e., the 86% of the output power) 

18 mrad 

Beam delivery 5 m optical fiber 

Nominal ocular hazar distance (NOHD) 154.2 m 
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nd emits at 1064 nm. Its technical features are reported in 

able 1 [ 50 ]. 

During the tests the laser was fixed to a tripod, ensuring a con- 

istent distance of 254 mm between the handpiece and the mock- 

p, that corresponds to the focal distance of the f-theta lens on the 

andpiece. 

.2. Instrumentation 

Three colorimetric and roughness measurements were carried 

ut in each test section, both before the application of the overlap- 

ing layers and after their removal. To ensure the representative- 

ess of the data, the measurements were always performed at the 

ame point using a previously prepared mask. The sampling points 

ere located at the top, center and bottom of each test area. 

.2.1. Colorimetric measurement 

Color variations were monitored by performing colorimetric 

easurements with a portable spectrophotometer CM-700d (Kon- 

ca Minolta, Japan), with a white calibration standard Konica Mi- 

olta CM-A177. Measurements were taken in SCI mode (specular 

omponent included), using a measurement area of 8 mm diam- 

ter, a measurement range of 360–700 nm, under D65 illuminant 

nd a 10 ° observer. 

A total of 9 measurements were taken for each test Section 

3 measurement points, 3 measurements per point). The mean val- 

es and standard deviations of the three color components (L, a∗, 

nd b∗) and of the overall color change ( �E) were calculated. The 

olor differences of each component before and after laser treat- 

ent were then computed. 

.2.2. Roughness measurements 

A SJ-210 portable profilometer (Mitutoyo, Japan) was used to 

erform surface roughness measurements. This instrument oper- 

tes through a diamond-tipped stylus which moves along the sur- 

ace and detects micro-irregularities. The stylus tip has a radius of 

 μm and the detector measuring force is 0.75 mN. In this study, 

ata were collected according to ISO 4287: 1997, using a R-profile, 

 gaussian filter and a sampling length of 0.8 mm for 5 measure- 
able 2 

peration range of the parameters. 

Overlapping layer Studied parameters ranges 

Repetition rate 

(kHz) 

Pulse duration 

(ns) 

Powe

Limewash 350–700 2–6 50–1

Strappo glue 40–90 30–80 50–1

157
ents, for a total of 4 mm. A short cut-off ( λs) value of 2.5 μm was

elected to eliminate high-frequency components such as noise. 

Three replicates were performed for each measurement, and 

he mean surface roughness was evaluated before the applica- 

ion of the overlapping layer and after its removal, as well as the 

hange in surface roughness. 

.2.3. Area extrapolation through photoshop software 

An area extrapolation method was used to quantify the trans- 

ormations induced on the surface by the laser beam. Each test 

ection was photographed under consistent conditions, and the im- 

ges were imported into Photoshop. With the software, it was pos- 

ible to map the areas where the paint layer was exposed but 

ltered, where residues of the overlapping layer remained, and 

here the paint layer appeared intact. The mapping was carried 

ut by defining the RGB value of the non-altered pictorial layer 

hrough the color range tool. A tolerance value of 50 was applied in 

rder to include the intrinsic chromatic heterogeneity of the pic- 

orial layer while avoiding the selection of the clearly altered ar- 

as. The residual overlapping layer was mapped through a progres- 

ive selection using the magic wand tool with a tolerance value of 

. This methodology permitted the inclusion of the only visually 

etectable residues while minimizing the selection of the picto- 

ial layer. The altered area was obtained as a subtraction between 

on-altered area and residual overlapping layer from the total sur- 

ace. The three areas were transformed into different layers, allow- 

ng the number of pixels in each to be calculated and thus the 

otal percentage of surface transformation to be quantified. This 

ethodology was applied to all images to ensure consistency of 

he procedure. 

.3. Experimental plan and data treatment 

.3.1. The designed variables 

In this study, two experimental investigations were carried 

ut following the Design of Experiments (DoE) methodology, each 

imed at removing a different overlapping layer, namely the lime- 

ash and the strappo glue . 

The Design of Experiment adopted in this study is a four- 

actorial design, exploring the effects of the repetition rate (x1 ), 

ulse duration (x2 ), power (x3 ), and scan speed (x4 ). A specific 

ange (minimum and maximum) was preliminarily selected for 

ach parameter, and the defined ranges are reported in Table 2 . 

From a geometrical perspective, the four-factorial design ex- 

lores the vertices of a geometric space called a hypercube. For 

 variables, the factorial design requires 24 experiments to be per- 

ormed, corresponding to the corners of this figure. Additionally, 

 series of experiments are performed at the center of the hyper- 

ube to assess the reproducibility and the trend in the curves [ 32 ].

hese experiments were performed in a randomized order to avoid 

umulative error. For each study, a total of 19 cleaning tests were 

arried out at selected combination of parameters according to the 

oE approach. Of these, 16 experiments correspond to the corner 

oints of the hypercube and 3 to its center. Calculations were car- 

ied out using the CAT (Chemometric Agil Tool) software [ 51 ]. 
Fixed parameters 

r (%) Scan speed 

(m/s) 

Scan shape Dimension of scan 

shape (mm) 

00 1–5 Line 10 

00 6–13 Brush 20 

fill: 0.95 mm, 

width: 100% 



M. Polizzi, F. Zenucchini, M.-C. Canepa et al. Journal of Cultural Heritage 80 (2026) 155–164

e

r

v

y

w

b

a

a

t

a

p

t

3

e

c

v

t

D

f

t

o

t

�

c

a

s

w

l

3

t

p

t

g

a

u

o

m

w

w

t

c

w

o

a

n

t

4

4

m

f

e

s

i

a

p

t

s

d

c

d

b

d

T

a

t

e

e

a

i

a

r

l

t

f

s

l

t

s

a

s

a

t

t

w

w

a

2

a  

1

d

m

e

v

a

w

o

m

n

s

s

4

p

a

4

 

P

T

t

The model construction involves arranging the selected param- 

ter values into a matrix, where each parameter is normalized to a 

ange from −1 to + 1. The experimental procedure ultimately pro- 

ides a mathematical model describing the system behavior: 

 = b0 + b1 x1 + b2 x2 + b3 x3 + b4 x4 + b5 x1 x2 + b6 x1 x3 

+b7 x1 x4 + b8 x2 x3 + b9 x2 x4 + b10 x3 x4 

here x1 , x2, x3 and x4 represent the variables and each coefficient 

i carries a specific sign, a significance and an absolute value. The 

bsolute value of the coefficient indicates the estimated effect of 

 variable on the response and so indicates which parameters are 

he most impactful, the sign expresses whether the variable has 

n increasing or decreasing effect on the response, according if its 

ositive or negative. Furthermore, each coefficient has its own sta- 

istical significance expressed as a p-value. 

.3.2. The responses 

A set of responses were selected to evaluate the outcome of 

ach cleaning test. 

The colorimetric analysis was employed to provide an analyti- 

al description of the color variation before and after cleaning. The 

ariation of the three components L∗, a∗, and b∗ as well as the to- 

al perceptible difference �E were selected as responses for the 

esign of Experiment. The variation of the mean roughness, be- 

ore and after the application of the overlapping layer and the laser 

reatment, was also selected as a response. Finally, the percentage 

f alteration of the paint layer, calculated using the area extrapola- 

ion method presented in paragraph 2.3.1, was also considered. 

For the limewash samples, the measured values of �L, �a, �b, 

E, and �r showed no significant differences between the un- 

leaned test areas and those exhibiting alteration. Thus, to ensure 

 consistent interpretation within the Design of Experiment, the 

igns of the results corresponding to the uncleaned test sections 

ere inverted, so that all responses followed the same directional 

ogic (i.e., increasing values correspond to greater alteration). 

.3.3. Principal component analysis (PCA) 

Principal Component Analysis (PCA) is a chemometric tool for 

ransforming complex, multidimensional data into a more inter- 

retable form by reducing its dimensionality [ 52 ]. 

In this study, Principal Component Analysis (PCA) was applied 

o the response variables obtained from the limewash and strappo 

lue removal tests. 

To calculate the PCA models, the data must first be entered into 

 matrix, with each row representing a cleaning test and each col- 

mn corresponding to the response values that reflect the outcome 

f the tests (see paragraph 2.3.2). The data were autoscaled and 

odels were calculated using CAT (Chemometric Agil Tool) soft- 

are [ 51 ]. The aim was to identify patterns, to group responses 

ith similar characteristics, and to highlight the correlations be- 

ween the responses. In the loading plots, responses with a strong 

orrelation are positioned close together in the spatial domain, 

hereas responses inversely correlated have an opposite spatial 

rientation. In contrast, distant responses present different features 

nd so different information. 

For each resulting group, the response showing the highest sig- 

ificance, based on the percentage of explained variance provided 

hrough the DoE, was selected for further analysis. 

. Results and discussion 

.1. Experimental domain definition 

For each of the two overlapping layers tested, a specific experi- 

ental domain was defined by selecting the ranges over which the 

our investigated parameters were explored (see Table 2 ) . The two 
158
xperimental domains selected differ because prior tests demon- 

trated that the two materials are removed at different and non–

nterchangeable parameter combinations. The two observed mech- 

nisms also differ: the limewash removal is achieved by applying a 

oint of water before the laser irradiation and through its instan- 

aneous detachment from the surface. Instead, the removal of the 

trappo glue requires its gradual heating, swelling and consequent 

etachment from the surface. In both cleanings the removal was 

ompleted mechanically with the aid of a bamboo stick. 

The prior experiments conducted demonstrated that the pulse 

uration range in which the limewash removal was achieved was 

etween 2 and 6 ns, while for the glue removal the ideal range was 

efined at higher pulses duration, specifically from 30 to 80 ns. 

his result depends on the different ablation mechanisms involved 

ccording to the different pulse duration. [ 19 , 53 ] Furthermore, the 

ests conducted by varying the repetition rate revealed that differ- 

nt cleaning results could be achieved by modifying this param- 

ter. Specifically, the removal of the limewash was accomplished 

t repetition rates in the hundreds, with the selected range be- 

ng 350–700 kHz. The removal of the glue, instead, was favored 

t lower repetition rates, typically below 100 kHz, and the chosen 

ange was 40–90 kHz. The variation in power percentage modu- 

ates the amount quantity of energy that is irradiated onto the ma- 

erial and, in the present study, a range of 50–100% was selected 

or both the limewash and the strappo glue removal. Finally, the 

can speed is a key parameter in this laser application. Indeed, the 

imewash removal can only be achieved at low scan speeds. Thus, 

he range selected for the limewash removal is 1–5 m/s. For the 

trappo glue removal, a more gradual flow of energy was prefer- 

ble so the range 6–13 m/s was selected. Indeed, a too short scan 

peed would result in the immediate burning of the glue, without 

llowing it to swell and detach. 

Although the scan shape and dimensions were not included in 

he Design of Experiment and were instead preliminarily selected, 

hey play a fundamental role in the cleaning process. For the lime- 

ash removal, a line scan shape with 10 mm size was preferred, 

hile for the strappo glue the selected shape was the brush , with 

 width of 100%, a fill of 0.95 mm and a overall dimension of 

0 mm. The choice of these two different combinations of shape 

nd dimension is due to the fact that, for the same time, the line at

0 mm delivers more energy than the brush 20 mm, favoring the 

etachment of the limewash. Conversely, the strappo glue was re- 

oved though a more progressive and widespread delivery of en- 

rgy. This preliminary selection helped to reduce the number of 

ariants in the Design of Experiment, resulting in a more focused 

pproach. 

Once the experimental domain and the cleaning methodology 

ere defined, the experiments were carried out in a randomized 

rder, as described in Section 2.3.1, and all response variables were 

easured. A limitation of the methodology applied is that it does 

ot account for the influence of local variations in the substrate, 

uch as porosity, or any impurities present in the pigment compo- 

ition, which could lead to variations in the cleaning results. 

.2. Screening of the responses through principal component analysis 

As previously mentioned, a PCA model was built for each ex- 

eriment to investigate the relationships among the response vari- 

bles. The results obtained are presented below. 

.2.1. Strappo glue 

The loading plot ( Fig. 1a ) highlights a clear grouping on PC1 and

C2, with an explained variance of 88.7% on PC1 and 6.7% on PC2. 

he spatial distribution of the responses on the loading plot reveals 

hree distinct groups: (1) �a and �b, (2) �E and (3) the alteration 
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Fig. 1. Principal component analysis, loading plot: a) strappo glue , b) limewash . 
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nd �r. However, the �a and �b are inversely correlated with �E, 

ndicating that they carry similar information. 

Principal Component Analysis was used to assess the correla- 

ions among the selected response variables, revealing that analyz- 

ng all of them would result in redundant information. Based on 

he loadings plot, only a subset of variables was retained for ex- 

erimental design modelling, specifically �b and �r. 

.2.2. Limewash 

The loading plot ( Fig. 1b ) explains the 96.9% of the total vari-

nce, with 83.6% on PC1 and 13.2% on PC2. The analysis of the 

oading plot distribution clearly identifies the presence of four 

ain groups: (1) �a and �b, (2) �E and �L, (3) �r and (4) al-

eration. 

Groups (1) and (2) appear to be inversely correlated and thus 

xpress similar information, while groups (3) and (4), while still 

etaining similar features, exhibit some differences that warrant 

urther consideration. 

In this case too, PCA assisted in selecting the variables to be 

tudied within the DoE, choosing �r and �a, together with alter- 

tion. 

.3. The design of experiment responses 

For each selected response, the values and statistical signifi- 

ance of the coefficients, together with the proportion of variance 

xplained by the model (R2 ), are reported in Table 3 . The num- 

er of significant figures are reported according to the guidelines 

f Olivieri et al. [ 54 ]. 

.3.1. Strappo glue 

.3.1.1. Variation of the color component ∗b. Through the study of 

he coefficients of the equation resulting from the Design of Ex- 

eriment approach it was possible to define the parameters that 

nfluence the most the cleaning process, and those that increase 

nd decrease the response effect. The most significant parameters 

ffecting the b∗ component are the ones with a higher coefficient: 

ulse duration, power, and interaction between repetition rate and 

ulse duration, as well as the interactions of repetition rate-power, 
159
epetition rate-scan speed and pulse duration-power. Also the rep- 

tition rate and the interplay between pulse duration and power 

xhibit a notable role in the variation of b∗. 

It emerged that increasing repetition rate, pulse duration and 

ower lead to more significant effects on the mock-up surface, 

hereas a faster scan speed results in a decrease in the cleaning 

fficiency. 

The results demonstrate that by selecting the correct param- 

ter combination is possible to achieve an ideal cleaning result, 

hile an incorrect selection may lead to different forms of alter- 

tions ( Fig. 2 ). Analysis of the response surfaces ( Fig. 3 ) highlights

hat all the resulting surfaces exhibit a steep slope, indicating that 

n excessive increase in each parameter may lead to a compelling 

olor variation. This is particularly significant for the variation of 

ulse duration and power, the two parameters that mostly affect 

his response variation, especially when the others are already at 

heir maximum. The repetition rate, instead, does not have a com- 

elling role in achieving the right conditions for the glue removal; 

owever, it becomes significant in causing chromatic alteration 

t higher values, especially when the other parameters (such as 

ower and pulse duration) are increased ( Fig. 4 ). Indeed, the inter- 

ction between power and repetition rate ( Fig. 3 a) shows that the 

ariation in the repetition rate is not significant at low power val- 

es, while it becomes significant at higher ranges by burning the 

lue and/or altering chromatically the paint layer. Overall, the vari- 

tion of this parameter may be useful for modulating the cleaning 

nce selected a suitable value of power and pulse duration. To re- 

ove the glue, a higher scan speed is preferable, because a slower 

can speed may result in the immediate burning of the glue, with- 

ut allowing it to swell and detach. 

.3.1.2. Roughness variation. As observed for the �b variation, the 

nalysis of the roughness variation response shows that pulse du- 

ation and power are the parameters with a highest coefficient, to- 

ether with the interaction of repetition rate and scan pulse dura- 

ion. Scan speed and the interaction between pulse duration and 

ower also influence the outcome, although in a less meaningful 

ay than the parameters previously mentioned. 

As already said, pulse duration and power are the parameters 

hat most influence glue removal and, when selected correctly, they 
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Fig. 2. Test sections of the strappo glue removal: a) pulse duration and power appropriately modulated, good result; b) high pulse duration and power, thinning of the paint 

layer; c) low scan speeds and high repetition rates, scan marks are visible on the surface. 

Fig. 3. Strappo glue removal. Response surfaces of: a) variation of color component ∗b, interaction between repetition rate and power; b) variation of the mean roughness, 

interaction between pulse duration and power; c) variation of the mean roughness, interaction between repetition rate and scan speed. Graph x and y axes are scaled within 

the range of −1 to + 1 while the z-axis denotes the predicted response in its original units of measurement. 

Fig. 4. Microscopic observation of the pictorial layer: a) before laser irradiation; b) after laser irradiation, with chromatic alteration of the surface due to high repetition 

rates. 
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nable effective cleaning without altering the surface morphology. 

evertheless, if selected at too high values, they can lead to the 

ariation in the roughness of the paint layer, as confirmed by the 

teep slope of the response surface of the interaction of these two 

arameters ( Fig. 3 b). In comparison with the result obtained for 

b, the repetition rate appears here to be less significant. Indeed, 

n the glue removal, the repetition rate has a more relevant role 

n the eventual chromatic alteration rather than the actual varia- 

ion of surface roughness. Conversely, the role of scan speed has 

 more dominant role on the variation of the roughness response 

han on the color variation, as a low scan speed can lead to visible

canning marks on the surface that correspond to the scan path se- 
s
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ected. Indeed, the interaction between scan speed and repetition 

ate evidence that, at low scan speeds, the variation in the repeti- 

ion rate notably affects the outcome, potentially leading to surface 

arkings ( Fig. 2 c). In contrast, at high scan speeds, the influence of 

he variation in the repetition rate is negligible ( Fig. 3 c). 

.3.2. Limewash 

.3.2.1. Roughness variation. Among the investigated parameters, 

ulse duration emerges as the most impactful with a higher co- 

fficient, with repetition rate and scan speed also playing substan- 

ial roles. In addition, the interaction between repetition rate and 

can speed is particularly significant. Furthermore, power, together 
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ith other interactions such as repetition rate–pulse duration, rep- 

tition rate–power, and pulse duration–power exert a noticeable 

nfluence, although their individual effects are less dominant com- 

ared to the others. 

Consistently with what previously demonstrated, a correct com- 

ination of parameters permits an adequate removal of the lime- 

ash without altering the underlying pictorial layer. Once again, it 

s important to emphasize the need to set the parameters correctly 

n order to avoid damaging the surface. 

As previously demonstrated in the context of the strappo glue 

emoval, the analysis of the coefficient signs revealed that higher 

epetition rates, pulse durations and power levels are associated to 

 major cleaning efficiency, whereas higher scan speeds decrease 

t. 

An inversion in the roles of the repetition rate and the power 

s observed in the removal of strappo glue and limewash. For the 

trappo glue , power was a crucial parameter to achieve the desired 

leaning outcome, while the repetition rate was mainly used for 

ne-tuning. Conversely, for limewash , repetition rate plays a key 

ole and must be set above a certain threshold to enable an effec- 

ive removal, as shown in Fig. 5a , b . In contrast, power has a lim-

ted impact, especially at low repetition rates or short pulse du- 

ations, but it may be effectively used to modulate the cleaning 

nce the other parameters have been selected ( Fig. 6a ). The pulse 

uration significantly contributes to the overall effect, and so it is 

ecommended to closely monitor its variation, especially when the 

epetition rate is already high, to avoid thinning of the paint layer 

 Fig. 5c ). This finding is consistent with the results previously dis- 

ussed on the role of the pulse duration in the removal of strappo 

lue. As highlighted by the response surfaces of the scan speed 

 Fig 6b ), an effective removal of the limewash occurs at low scan 

peeds due to the major energy concentration, whereas at higher 

can speeds this type of removal is more difficult to achieve. There- 

ore, it is advisable to operate at a low scan speed while modulat- 

ng the other parameters. This result highlights how scan speed 

eeds to be adjusted accordingly to the overlapping layer to be re- 

oved: while low scan speeds are required for the limewash re- 

oval, higher scan speed are preferable for the strappo glue. 

.3.2.2. Alteration of the surface. Within the examined variables, 

epetition rate and pulse duration are the parameters with highest 

oefficient, although the interaction between pulse duration and 

epetition rate with power is also noteworthy. Lastly, also the inter- 

ction between repetition rate and power must be taken into con- 

ideration, even if it appears to be less significant than the other 

nteractions. 

Analysis of the response surface demonstrates that it is possible 

o achieve the correct removal of the overlapping layer without in- 

ucing surface alterations when selecting an appropriate parame- 

er combination. Nevertheless, the steep slope of the response sur- 

ace of the interaction between repetition rate and pulse duration 

 Fig. 6c ) highlights that, if increased excessively, alterations on the 

urface may be induced. Therefore, it may be useful to increase 

nly one parameter at a time rather than immediately bringing 

hem to their maximum. Although the scan speed has a high sig- 

ificance in the �r response, as it plays a crucial role in the ca- 

ability of achieving the right conditions for the removal of the 

imewash, its variation does not significantly affect the formation 

f alterations on the surface. Indeed, only when repetition rate and 

ulse duration are high and scan speed is low, it is possible to ob- 

erve traces of the scan on the surface ( Fig. 5d ). 

.3.2.3. Variation of the color component ∗a. The developed model 

onfirms the fundamental role of pulse duration in influencing the 

olor variation in limewash removal, although also repetition rate 

nd the interaction between pulse duration and scan speed emerge 
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Fig. 5. Test sections of the limewash removal: a) test performed at low repetition rate, intact limewash layer; b) test performed above the repetition rate threshold, good 

result; c) thinning of the pictorial layer due to high pulse duration; d) the alteration follows the scan lines, that appear as horizontal parallel lines. 

Fig. 6. Limewash removal. Response surfaces of: a) variation of the roughness, interaction between power and repetition rate; b) variation of the roughness, interaction 

between scan speed and repetition rate; c) formation of alterations, interaction between pulse duration and repetition rate. Graph x and y axes are scaled within the range 

of −1 to + 1 while the z-axis denotes the predicted response in its original units of measurement. 
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s particularly meaningful. Instead, compared to the model ob- 

ained for the �r and alteration responses, scan speed and power 

re less significant. 

The evaluation of the interaction between pulse duration and 

epetition rate is essential to define a correct parameter selection 

hat does not induce variation of the color component a∗. At low 

epetition rates, power changes do not affect �a variation; how- 

ver, at high repetition rates and longer pulses the effect of power 

s significant . 

. Conclusions 

This study proposes an innovative methodological approach 

hat combines two chemometric tools, the Design of Experiments 

DoE) and Principal Component Analysis (PCA) to investigate the 

nfluence of the adjustable parameters, namely repetition rate, 

ulse duration, power and scan speed, on the active fiber laser 

leaning. The aim of this study was not to define a single opti- 

al combination of laser parameters for the removal of the strappo 

lue and the limewash, as each artwork presents unique materials 

nd conservation conditions, but rather to achieve an in-depth un- 

erstanding of the underlying experimental dynamics. Indeed, the 

ntegrated PCA-DoE approach allowed a systematic evaluation of 

arameter effects and interactions, clarified which variables gov- 

rn the desired cleaning mechanisms, which may be used for 

ne-tuning, and which combinations may induce unwanted sur- 

ace modifications when improperly selected. Differences in the re- 
162
oval behavior of inorganic and organic materials were also high- 

ighted. 

The good cleaning results demonstrate the effectiveness of this 

aser technology in removing two different overlapping layers and 

ts capability to preserve a sensitive and delicate substrate, recom- 

ending further development of this technology in the conserva- 

ion field. Furthermore, the results highlight the great effectiveness 

f this laser system, that requires a careful parameter modulation 

o obtain the desired cleaning effect. 

A key advantage of the DoE methodology is that it enables 

he experimental domain and the total number of tests to be de- 

ned a priori, before performing the actual cleaning experiments. 

his aspect is particularly valuable in any experimental context, 

s it allows the required time, resources, and effort to be esti- 

ated in advance, while ensuring that the minimum number of 

xperiments necessary to extract statistically meaningful informa- 

ion is performed. Moreover, DoE makes it possible to investigate 

he influence of the selected parameters over the entire experi- 

ental domain, rather than being limited to discrete tested condi- 

ions. PCA was subsequently applied to analyze the experimental 

esponses, identify correlations among them, and rationalize the 

ataset by selecting a representative subset of response variables. 

his step significantly simplified data interpretation and enabled a 

learer understanding of the relationships between process param- 

ters, cleaning efficiency, and potential surface alterations. 

The proposed approach is inherently suitable for optimization 

asks, thus fulfilling a dual purpose: enabling comprehensive inves- 
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