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CHAPTER 4 
Looking Through Plas�cs: Inves�ga�ng 
op�ons for the treatment of scratches, 

chips and losses in cast unsaturated 
polyester works of art 

 
 

 

 

 

 

 

 

This chapter is based on the following publica�ons: 

Laganà, A., and T. van Oosten. 2011. “Back to Transparency, Back to Life: Research Into the Restora�on of Broken 
Transparent Unsaturated Polyester and Poly(Methyl Methacrylate) Works of Art.” In ICOM-CC 16th Triennial 
Conference Preprints, Lisbon, 19–23 September 2011, edited by J. Bridgland, art. 1009, 9. Almada: Critério Produção 
Gráfica, Lda. htps://www.icom-cc-publica�ons-online.org/1260/Back-to-transparency-returning-to-life-Research-
and-development-of-a-restora�on-method-for-transparent-artworks-made-of-Unsaturated-Polyester-UP-and-
Polymethylmethacrylate-PMMA-resins 

Laganà, A., R. Rivenc, J. Langenbacher, J. Griswold, and T. Learner. 2014. “Looking Through Plas�cs: Inves�ga�ng 
Op�ons for the Treatment of Scratches, Abrasions, and Losses in Cast Unsaturated Polyester Works of Art.” In ICOM-
CC 17th Triennial Conference Preprints, Melbourne, 15–19 September 2014, edited by J. Bridgland, art. 1005, 9. Paris: 
Interna�onal Council of Museums. htps://www.icom-cc-publica�ons-online.org/1491/Looking-through-plas�cs-
Inves�ga�ng-op�ons-for-the-treatment-of-scratches-and-losses-in-cast-unsaturated-polyester-and-
polymethylmethacrylate-works-of-art 

 

 
Chapter Cover Image: Detail of an unsaturated polyester damaged mock-up. Photo: Julia Langenbacher. © J Paul 
Gety Trust.  

  

https://www.icom-cc-publications-online.org/1260/Back-to-transparency-returning-to-life-Research-and-development-of-a-restoration-method-for-transparent-artworks-made-of-Unsaturated-Polyester-UP-and-Polymethylmethacrylate-PMMA-resins
https://www.icom-cc-publications-online.org/1260/Back-to-transparency-returning-to-life-Research-and-development-of-a-restoration-method-for-transparent-artworks-made-of-Unsaturated-Polyester-UP-and-Polymethylmethacrylate-PMMA-resins
https://www.icom-cc-publications-online.org/1260/Back-to-transparency-returning-to-life-Research-and-development-of-a-restoration-method-for-transparent-artworks-made-of-Unsaturated-Polyester-UP-and-Polymethylmethacrylate-PMMA-resins
https://www.icom-cc-publications-online.org/1491/Looking-through-plastics-Investigating-options-for-the-treatment-of-scratches-and-losses-in-cast-unsaturated-polyester-and-polymethylmethacrylate-works-of-art
https://www.icom-cc-publications-online.org/1491/Looking-through-plastics-Investigating-options-for-the-treatment-of-scratches-and-losses-in-cast-unsaturated-polyester-and-polymethylmethacrylate-works-of-art
https://www.icom-cc-publications-online.org/1491/Looking-through-plastics-Investigating-options-for-the-treatment-of-scratches-and-losses-in-cast-unsaturated-polyester-and-polymethylmethacrylate-works-of-art


CHAPTER 4 

128 

4.1  INTRODUCTION 

Objects and works of art made with translucent or transparent plas�cs, such as unsaturated 

polyester (UP), are especially challenging to preserve. Their transparency tends to make any 

damage highly conspicuous, and invisible repairs are extremely difficult to achieve. When these 

plas�cs are highly polished, like in the colorful and pris�ne-looking works made by a number of 

ar�sts from Los Angeles in the 1960s and 70s (Figure 4.1 and 4.2), there is even less tolerance to 

damage (Rivenc, Richardson, and Learner 2011)  

Figure 4.1. De Wain Valen�ne, Lavender Column, 
1968, cast unsaturated polyester, 69.25 x 23.5 x 
5.25 in. Collec�on of Beau R. Ot. Photo and 
Courtesy: Beau R.Ot. 

Figure 4.2. Fred Eversley, Untitled (3 Color 3 Layer Lens), 
1972, cast unsaturated polyester, 36.625 x 36.625 x 8.75 in. 
Collec�on of Beau R. Ot. Photo and Courtesy: Beau R.Ot. 

Therefore, when these type of works get scratched or chipped, they o�en undergo very invasive 

conserva�on treatments, including re-sanding and re-polishing, that require the loss of original 

surfaces in an area much larger than the damage itself, and some�mes over the en�re work. 

Ar�st De Wain Valen�ne expressed the dilemma as follows:  

 “My polyester work needs to be pristine, because if there is a scratch anywhere, all you see is 

the scratch. The surface needs to disappear as much as possible, so you can look through it to 

the inside of the piece and out to the other side… With my cast polyester pieces, the interior of 

the sculpture is so essential. So they get finished whenever it’s needed. Of course when you do 

that, a small amount of material is always removed from all over the surface, so I guess if you 
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kept doing it, the object would eventually get completely worn away…” (Learner, Rivenc, and 

Richardson 2011).  

Therefore, the aim of this study was to research and develop alterna�ve, less invasive treatment 

op�ons for the local repair of scratches, chips, and losses in cast transparent and polished 

unsaturated polyester objects, to preserve the physical integrity of these ar�facts and retain 

their original material. 

For mi�ga�ng the visual appearance of scratches and chips, various fill or 'addi�ve' methods 

were explored as possible alterna�ves to 'subtrac�ve' approaches, such as sanding and 

polishing. For compensa�ng losses, gap-filling methods (such as cas�ng techniques) commonly 

used for the restora�on of glass and ceramics objects were tested, as well as the possibility of 

using novel 3-D prin�ng technologies as a rapid and high precision method to produce fills for 

repairing losses.  

Fill materials were selected for their appropriate level of transparency, viscosity, workability, 

curing �me, compa�bility with UP, and par�cularly for their refrac�ve index.  

Previous research on bonding UP (see Chapter 3), showed that when bonding broken 

transparent unsaturated polyester objects, the most important property for an invisible joint is 

the refrac�ve index (RI). Bonding tests performed showed that a difference in the refrac�ve 

indices of the adhesive and unsaturated polyester close to 0.03 (ca. 0.028) or greater resulted in 

a visible joint, while with a difference of approximately 0.02 or less mended breaks and cracks 

could be nearly invisible under normal viewing condi�on.  

Building on these findings, this study explored whether similar refrac�ve index thresholds also 

apply when filling small superficial damage and larger losses, by examining the no�on of 

acceptable devia�on for the RI between the original material (UP) and the filling resins. It also 

inves�gated the Becke line test with the microscopical immersion method (Lampmann 2003) as 

an alterna�ve to refractometers for measuring the RI, especially when dealing with samples 

taken from objects, since refractometers typically require flat, polished surfaces. 

To inves�gate the suitability and stability of fill materials and methods, the experimental set-up 

- which had proven effec�ve in iden�fying treatment solu�ons for bonding broken UP objects 

(see Chapter 3) - was used and further developed. 

The experiment included: tes�ng the treatments on mock-ups prepared to closely simulate cast 

polished transparent pris�ne-looking artworks and a�erwards deliberately damaged; evalua�ng 

the visual results with naked eye observa�ons; assessing the efficacy of the treatments at a 
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microscopic level with op�cal microscopy; measuring the refrac�ve index using the Becke line 

test to establish its impact for these treatments, evalua�ng the stability of the material through 

accelerated light aging and color measurements. Fourier Transform Infrared Spectroscopy (FT-

IR) analyses were also carried out to iden�fy the materials and evaluate their aging behavior. 

Finally, fill materials and methods that provided the best results were applied on damaged 

naturally aged UP objects. 

4.2  EXPERIMENTAL SET-UP  

4.2.1 UP mock-ups and damage simula�on 

A set of UP mock-ups1 were cast and polished by Eric Johnson2, a Los Angeles-based sculptor 

working with polyester. They were poured in polyethylene molds, using polyester resin SIL 95BA-

41 mixed with 1% MEKP-9 (methyl ethyl ketone peroxide) catalyst. The mock-ups were cast as 

cubes measuring (10.5 x10.5 x 10.5 cm) and thinner square plates (2.8 x10.5 x 10.5 cm) (Figure 

4.3). 

Scratches, chips, and losses (Figure 4.3) were simulated on the UP mock-ups with a variety of 

tools. Sharp metal points were used to recreate both superficial and deep scratches (length 7.5 

1 In In this study, only the clear, colorless UP mock-ups – visible in Figure 4.3 – were used. The materials described 
for making the mock-ups refer exclusively to these clear, colorless variety. 
2 For more informa�on about Eric Johnson and his work visit: htps://www.ericjohnsonstudio.com/ (accessed on 
June 22, 2025).  

Figure 4.3. Unsaturated polyester mock-ups. Photo: Anna Laganà. © J. Paul Gety Trust. 

https://www.ericjohnsonstudio.com/
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cm; widths: 0.1 mm, 0.2 mm and 0.5 mm), while a hammer and a chisel were used to create 

chips (ca. 8 mm x 4 mm) and losses (ca. 1 cm x 1 cm x 1.5 cm to ca. 2.5 cm x 2 cm x 1.5 cm).  

  
 

4.2.2 Fill materials  

In the selec�on of fill materials, the following proper�es were considered the most relevant: 

op�mal transparency, low viscosity to easily fill the gaps, good workability, suitable curing �me, 

low shrinkage upon curing (<1%), compa�bility with UP, and a RI close to UP (see Appendix B for 

a detailed list of the materials used in this study and their suppliers). 

As shown in the previous study on bonding UP (Chapter 3), to achieve invisible repairs the 

refrac�ve indexes of the materials used need to fall close to or within the range reported for UP, 

which can vary from ca. 1.54 to 1.57. Since epoxy resins represent the only class of materials 

matching this RI range as well as fulfilling the other required proper�es, the inves�ga�on has 

Figure 4.4. Damage recreated on mock-ups: scratches (a), chips (b), losses (c). Photos: Anna Laganà. © J. Paul Gety 
Trust. 
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been necessarily restricted to these types of resin, even though they are not reversible in any 

safe solvents, but only mechanically.  

Based on these considera�ons, the following epoxies resins, well established in glass 

conserva�on, were tested: HXTAL NYL-1, EPO-TEK 301-2, Fynebond, as well as a 1:1 mixture of 

HXTAL NYL-1 and Fynebond3. The mixture was especially chosen for its refrac�ve index which 

showed to closely match all the possible RI varia�ons that unsaturated polyester may have, as 

discussed in Chapter 3. EPO-TEK 301-2 and Fynebond have similar chemical composi�on and RI; 

the first is produced in the United States while the second is produced in Europe.  

The inves�ga�on also included evalua�on of the clear polymer VeroClear RGD810 used in  

3-D prin�ng with PolyJet technology4 for crea�ng clear and smooth parts (see sec�on 4.2.3).

The composi�on and proper�es of the materials tested are listed in Table 1.

Table 1. Materials tested. Composi�on and proper�es.

Material Composi�on* Colour Curing �me Viscosity     
cps 

Refrac�ve 
index ** 

HXTAL NYL-1 Hydrogenated 
Bisphenol A 

Colourless 7 days 200 - 300 c 1.52 

EPO-TEK® 301-2 Epoxy based 
on Bisphenol A 

Colourless  24 hours 225 - 425 1.564 

Fynebond Epoxy based 
on Bisphenol A 

Colourless 36-48 hours moderately 
low viscosity 

1.565 

HXTAL NYL-1 + Fynebond 
mixture (1:1) 

- Colourless - - 1.55 

Veroclear RG810 Styrene-Acrylic 
Polyurethane 

Nearly 
colourless 

- - 1.527 

*Manufacturers data, confirmed by FTIR.
**Refrac�ve index values from datasheets.

3 The mixture was made by first preparing the two epoxy resins separately - following the instruc�ons in the 
datasheets – and then mixing them in a 1:1 ra�o by weight.  
4 PolyJet is a revolu�onary mul�-material je�ng photopolymer 3-D prin�ng technology 
htps://www.stratasys.com/en/guide-to-3-D-prin�ng/technologies-and-materials/polyjet-technology/ 

https://www.stratasys.com/en/guide-to-3d-printing/technologies-and-materials/polyjet-technology/
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4.2.3 Treatment methods  

Different filling methods were tested on the UP mock-ups depending on the type of damage. 

The methods included a variety of techniques based on tradi�onal conserva�on prac�ces or the 

applica�on of common tools (Davison 2003; Koob 2006; Kim and Breitung 2007), as well as new 

technologies such as 3-D scanning and prin�ng.  

Filling methods for scratches and chips  

For scratches and chips, various tools were tested to apply the resins into these small areas of 

damage and fill them.  

The tools tested included:  

• mini brushes, size 20/0 (3 types: Monogram; Round; Spoter - PRINCETON ART & BRUSH 

Co. series 3050)  

• �ny stainless steel insect pins  (BioQuip, size: 000 up to 6) 

• 1 ml single-use syringe (NORM-JECT® Luer Slip Tuberculin) with w 27G 12.7mm needle 

• 1 ml single-use syringe (NORM-JECT® Luer Slip Tuberculin) with w 27G 12.7mm needle 

and a clear tape (3M Scotch® Clear Packaging).  

For more details on these tools see Appendix B.  

When using the syringe with tape, the clear tape was placed over the damage, a small hole was 

made in it, and the resin was injected through the hole using the syringe. 

Filling methods for losses (casting)  

The methods evaluated to fill losses (also referred to as gap-filling or loss compensa�on 

methods) were selected based on published literature and adapted from common prac�ces in 

glass conserva�on (Davison 2003; Koob 2006). Two methods were tested:  

 

• Direct filling (or direct cas�ng) which involves cas�ng the fill material directly into the loss 

to be repaired, using a mold taken from an intact part of the original object. Specifically, in 

these tests, a silicone mold was taken from an intact corner of the UP cube mock-up. Before 

pouring the silicone, a simple enclosure (or dam) was made using plas�cine or pliable wax 

to confine the silicone to a restricted area (Figure 4.5). Since the type and posi�on of the 

loss (a corner) required a closed mold, two “ports” were created with small straws or wax. 

Ports are made to create two small holes; one to allow the epoxy resins to be injected later, 

and the other to let air escape from the interior of the mold.  
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Once the silicone mold of the intact corner had cured, it was posi�oned over the area of 

loss and secured with fresh silicone. The fill material was then poured into the loss. 

Two types of liquid silicone rubber were used and compared for making molds: the opaque 

Poly-Sil PS 81020 and the clear silicone P-4 (RTV-2 Silicones, Inc)5 (Figure 4.6).  

The later was tested to evaluate whether a transparent mold could provide a greater degree 

of control during cas�ng, allowing to monitor the process, correct any internal flaws that 

may develop during the cas�ng process (like air bubbles), and address any issues that might 

occur before the fill cures. 

• Indirect filling (or indirect cas�ng) which involves cas�ng the fill material into a mold taken

from a model of the missing fragment (an intermediate fill). In this study, the missing corner

of the UP cube mock-up was reconstructed by modeling beeswax to the shape of the loss. A

sheet of transparent polyethylene food wrap film was stretched between the wax and the

UP surface of the broken corner (Figure 4.7). This film allowed the shaped wax fill to be easily

removed from the mock-up without being touched or deformed. The intermediate fill was

then used to create a mold in silicone rubber, from which an epoxy fill was cast (Figure 4.7).

In this method, the fill is polished as necessary to match the smooth original surface and

then adhered into the area of loss.

5 P-4 is a low viscosity, transparent silicone rubber used for po�ng or encapsula�on of intricate parts 
where visual inspec�on is required (htps://www.silicones-inc.com/datasheets/pseries/p4.pdf)  

Figure 4.5. Making plas�cine dams on two intact 
corners of the UP mock-ups before pouring the 
silicone rubber. Photo: Anna Flavin. © J. Paul  
Gety Trust. 

Figure 4.6. Detail showing the applica�on of transparent 
silicon rubber on two intact corners of the UP mock-up. 
The image also shows the plas�cine dam confining each 
mold area and ports made from small pieces of 
black straw. Photo: Anna Laganà. © J. Paul Gety Trust. 

https://www.silicones-inc.com/datasheets/pseries/p4.pdf
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Figure 4.7. Figure showing the indirect cas�ng process on the UP damaged mock-up. From le� to right: the missing 
corner reconstructed with yellow beeswax / intermediate fill (indicated by the light blue circle) and the sheet of 
transparent polyethylene food wrap stretched between the wax and the UP surface of the broken corner (a).  
The intermediate wax fill was placed in a container where silicone rubber was poured to take its mold (b).  
The silicone rubber mold (taken from the intermediate fill) used to cast an epoxy fill which is indicated by the light 
blue-green circle (c). Photos: Anna Laganà. © J. Paul Gety Trust. 
 

Filling methods for losses (3-D scanning and printing)  

A portable ROMER Absolute Arm 7525SI from Hexagone Metrology with an integrated laser 

scanner was used to scan the damaged parts of the UP mock-ups (Figure 4.8). The laser scanner 

used has a capture rate of 460,000 points/second with a point-to-point resolu�on of 0.014 mm.  

Although a temporary spray coa�ng is generally required to be able to scan transparent objects6, 

no surface prepara�on was necessary prior to the scan in this case. The 3-D scanner used was 

able to capture data points from the UP surface of each damaged corner. To reconstruct the 

missing pieces, the surrounding intact areas of the mock-ups were also scanned for reference. 

The data captured was converted into digital models transformed into a printable format.  

The fills were printed with a PolyJet 3-D printer by the company GROWit, using the product 

VeroClear RGD810 (see details in Table 1), a clear photopolymer, recently introduced for 3-D 

prin�ng of transparent objects. The PolyJet 3-D printer works by je�ng layers of the liquid 

photopolymer onto a build tray and then cures them with UV light to bond layers thus producing 

solid transparent pieces. 

 

 
6 3-D scanners, par�cularly those u�lizing structured light or lasers, rely on light reflec�ng off an object's surface to 
capture its shape and details. Transparent materials generally allow light to pass through them or refract it, 
preven�ng the scanner's sensors from accurately detec�ng the surface and crea�ng a digital model. This can result 
in incomplete or inaccurate scan data. Therefore, a temporary spray coa�ng addresses this challenge by providing a 
layer that scaters the light projected by the scanner. 
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Figure 4.8. The ROMER Absolute Arm 7525SI (Hexagon Metrology) portable scanner. The image on the right shows 
the instrument scanning the area of the missing corner (indicated by the light blue circle) on one of the transparent 
UP mock-ups. Photos: Anna Laganà. © J. Paul Gety Trust. 
 

 

4.2.4 Fourier transform Infrared spectroscopy (FT-IR)  

The samples were analyzed7 using a 15X Cassegrain objec�ve on a Hyperion 3000 FT-IR 

microscope (Bruker Op�cs) with a mid-band Mercury Cadmium Telluride (MCT) detector and 

purged with dry air. The spectra were the sum of 64 scans at a resolu�on of 4 cm-1.  

4.2.5 Microscopy 

Photographs of each damage before and a�er treatment were taken using a Spot RT color 

microscope under 6 x and 25 x magnifica�on.  

4.2.6 Refrac�ve Index measurements (Becke line test) 

Small par�cles of the UP mock-ups and fill materials were immersed in a series of refrac�ve 

index liquids by Cargille and observed with a Leitz DMR microscope (Leica Mikroskopie) at 

10x/20x magnifica�on, following the method described by McCrone (McCrone, L.B., and J.G. 

1985).  

 

 

 
7 FT-IR analyses were carried out by Julia Langenbacher former Researcher Lab Assistant at the Gety Conserva�on 
Ins�tute (GCI), with supervision of Rachel Rivenc former Associate Scien�st at the GCI.  
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4.2.7 Accelerated light aging  

Films of epoxy resins were cast on Mylar using an 8-mil drawdown bar (0.2032 mm). Films were 

exposed in an Atlas Wheater-Ometer Ci40008, following the ASTM standard D4459-99 for 

Xenon-Arc Exposure of Plas�cs intended for Indoor Applica�on. The irradiance was controlled at 

0.33 W/m2 at 340 nm and the test pieces were evaluated a�er 100, 200, 300 and 400 hours of 

exposure. Four-hundred hours exposure approximates 40 years museum ligh�ng at 200 lux. 

Samples of each epoxy resin were also stored in the dark as references.  

A circular sample of VeroClear RGD810, provided by the 3-D prin�ng company GROWit was also 

included in the aging tests, measuring ca 50 mm in diameter, with a thickness of 4mm at the 

apex and 2 mm at the edges.  

4.2.8 Color measurements  

Color measurements9 were performed on the epoxy films before, during and a�er accelerated 

light aging using a Konica Minolta 2600d Spectrophotometer, rela�ve to a magnesium oxide 

white standard (Geometry: 0/45°, DRS spectral engine, aperture: 3 mm). Each sample was 

measured nine �mes and results for L*, a*, b* and ΔE were averaged using Spectra Magic 

so�ware. 

4.3  RESULTS AND DISCUSSION 

4.3.1 Refrac�ve index measurements  

The Becke line test with microscopical immersion proved to be a viable op�on, par�cularly for 

measuring the refrac�ve index of very small samples, including those with irregular surfaces. 

Sample size is especially relevant with pris�ne transparent plas�c objects, as material removal 

must be minimized to avoid being visible. Moreover, the method is highly accurate (±0.001).  

The refrac�ve index measurements of fill materials and UP mock-ups carried out using the Becke 

line test are presented in Table 2. The refrac�ve index values of fill materials from datasheets 

are also provided in the table for comparison. The only notable difference is observed in the RI 

value of HXTAL NYL-1. This discrepancy may be due to the value being averaged or differences 

in measurement methods and condi�ons, which are not specified in the datasheet. 

 

 
8 Accelerated light aging experiments were carried out by Julia Langenbacher former Researcher Lab Assistant at 
GCI. 
9Color measurements were carried out by Julia Langenbacher former Researcher Lab Assistant at GCI. 
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Table 2. RI measurements of materials from datasheets and Becke line test method. 

Fill materials 

Refrac�ve index 

(Datasheets) 

Refrac�ve Index * 

(Becke line test) 

HXTAL NYL-1 1.52 1.516 

HXTAL NYL-1 + Fynebond (1:1) 1.55 1.55 

EPO-TEK® 301-2 1.564 1.565 

Fynebond 1.565 1.565 

Veroclear RG810 1.527 1.527 

Mock-ups 

UP Mock-ups - 1.568 

* The Becke line test accuracy is ± 0.001.

4.3.2 Evalua�on of fill materials and methods 

Filling scratches and chips 

For scratches and chips, an important assessment criterion was the ease of applying the fill 

material neatly and strictly within the boundaries of the damage, to avoid a need for any later 

finishing treatment or use of solvents.  

To fill scratches, the best results were obtained with the Round mini brush 20/0, because the 

�ny point allowed a very precise applica�on within this narrow type of damage. Compared to 

the other tools, the brush also holds and deposits the fill material well, without dripping. It 

should be moved slowly to allow the resin to flow into the deeper por�on of the damage. One 

applica�on is generally sufficient, depending on the depth of the scratch. If not, the fill material 

can be reapplied un�l the scratch is fully saturated, taking care not to overfill. 

For chips, all the methods tested proved successful except for the applica�on using 3M clear 

tape and a syringe, which created numerous air bubbles in the fills.  

For both scratches and chips, the visual appearance was drama�cally improved by all the resins 

tested. The best results were achieved with Fynebond and EPO-TEK 301-2 whose RI closely 

matched that of the UP mock-ups (Figures 4.9 and 4.10), but even HXTAL NYL-1, whose refrac�ve 

index diverges significantly from that of the mock-up, lowered the visual impact of the scratches 

and chips, making them much less conspicuous.  
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Figure 4.9. Scratch (magnifica�on 25x), before treatment (le�), lower part treated with Fynebond (right). Scratch 
width: 0.5 mm. Photomicrographs: Anna Laganà. © J. Paul Gety Trust. 
 

 
 

 

Figure 4.10. Chip (magnifica�on 25x) before treatment (le�), a�er treatment with EPO-TEK 301-2 (right). Chip size: 
8.2 mm. Photomicrographs: Anna Laganà. © J. Paul Gety Trust. 
 

 

Filling losses (casting)  

For filling losses, good results were achieved with both direct and indirect cas�ng, although 

considerable experience and aten�on to detail are necessary, especially when cas�ng resins 

directly on the objects. Each method has advantages and disadvantages which should be 

carefully considered prior to treatment to make an informed decision.  

 

• The indirect cas�ng method provides good results and offers the advantage that pouring, as 

well as finishing, can be done away from the original object, reducing the opportuni�es for 

damage. However, it involves addi�onal steps such as polishing and gluing the fill in place. 

Polishing is generally required, as the epoxy fill is obtained from a model which is rarely able 

to perfectly replicate the original surface. In this study the use of beeswax was explored and 

proved effec�ve, but other kneadable pu�es suggested for the restora�on of glass can be 

good op�ons too.  
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• The direct cas�ng method can yield superior visual results because silicone takes a precise

imprint of the smooth UP surface. As a result, the fill obtained does not require addi�onal

finishing, such as polishing. Cas�ng directly onto the object can produce fills that seamlessly

merge with the area of loss and fill any undercuts from the breakage, since the resin is cast

directly into place. Nevertheless, when direct cas�ng involves the use of a closed mold—as

in this case—the loss area is covered during pouring, which reduces visibility and makes the

process difficult to monitor. The clear silicone tested to address this issue ul�mately proved

ineffec�ve, and the opaque variety was preferred, as it was otherwise difficult during cas�ng

to dis�nguish where one transparent material ended and another began (i.e. from clear

silicone to epoxy or UP). However, during the tests, the transparency of the UP mock-up and

the specific loca�on of the loss ul�mately made it possible to observe and monitor the

cas�ng process from the opposite side, using a dental instrument mirror. This allowed for

the prompt removal of any air bubbles from the fill before curing, and enabled monitoring

for poten�al issues, such as inadequate adhesion of the mold to the surface, liquid silicone

entering the repair area, or other factors that could compromise the final visual result.

Regarding the visual performances of the epoxy resins when filling losses, again the results 

ranked depending on how close their RI was to that of the UP mock-ups, as visible in the results 

obtained with the direct cas�ng method in Figure 4.11  

Figure 4.11. UP mock-ups with losses (missing corners) (le�). Image showing four losses filled using direct cas�ng 
with the selected epoxy resins (right). The four epoxy fills are circled in light blue and ranked according to their 
visual performance: Fynebond (1), EPO-TEK 301-2 (2), a 1:1 mixture of HXTAL NYL-1 and Fynebond (3), and HXTAL 
NYL-1 (4). Photos: Anna Laganà. © J. Paul Gety Trust. 

Fynebond seemed to provide the most invisible repair, immediately followed by EPO-TEK 301-2. 

The fill cast with the 1:1 mixture of HXTAL NYL-1 and Fynebond shrank by more than 1%, 

remaining very visible, and was therefore not found sa�sfactory. The fill made with HXTAL NYL-

1, with a RI which differed from that of the mock-ups by 0.048 (based on datasheet) and by 0.052 
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(based on the Beck line test), was the most visible to the naked eye. What is actually disturbing 

is not the fill itself but the damaged surface underneath that remained quite visible through the 

repair (Figure 4.11). 

Therefore, these tests confirmed the importance of RI for the visual success of all treatments. 

However, it also showed that it is more crucial for some applica�ons than others. For the filling 

of losses, a resin (fill material) with RI as close as possible to the RI of the object (UP) is essen�al. 

However, for more superficial damages such as scratches and chips, all the resins provided visual 

improvement; and even a 0.04 devia�on of the RI, as is the case with HXTAL NYL-1, was less 

evident in small surface repairs. Therefore, for such applica�ons, the visual performance of the 

fill material might be weighed against its stability upon aging (see sec�on 4.3.3) and in some 

cases a compromise might be favored.  

Filling losses (3-D scanning and printing) 

3-D prin�ng technologies proved capable of producing three-dimensional transparent solid fills 

from digital models that precisely reproduced the missing corners of the UP mock-ups (Figure 

4.12). The technology offers advantages such as speed, high precision, and the ability to print 

complex shapes and fine details. Since the 3-D printer does not produce smooth surfaces, it was 

decided to print two pieces for each fill: one “standard” without addi�onal finishing treatment, 

to be manually polished, and one polished by the company GROWit in order to evaluate any 

eventual change in shape or dimension of the fills due to commercial finishing (Figure 4.13).  

 

The results were generally promising. Even a small piece with a complex shape could be re-

produced very quickly and precisely as shown in Figures 4.12 and 4.13.  

 

 
Figure 4.12. 3-D digital reconstruc�on of one of the 
missing corner of the UP mock-up. © J. Paul Gety 
Trust. 

 
Figure 4.13. Two 3-D-printed fills reconstruc�ng the 
same missing UP corner: standard, unpolished (le�); 
polished (right). Photo: Anna Laganà. © J Paul Gety 
Trust. 
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However, it is advisable that a conservator perform the finishing treatment: the pieces finished 

by GROWit were over-polished and the dimensions slightly altered, so they did not fit perfectly 

on the original object.  

In addi�on, the material used to print, Vero Clear-RGD810, has a slightly grayish hue that 

becomes evident on larger and thicker pieces. This, together with its poor aging proper�es (see 

sec�on 4.3.3), makes it unsuitable for the compensa�on of losses.  

However, further tests showed that 3-D printed fills can be successfully used for the indirect 

cas�ng methods as model / intermediate fill. A silicone rubber mold of one of the standard 3-D 

printed fill was taken and used to cast an epoxy fill that can be then glued on the original. This 

produces a more precise result than indirect cas�ng with beeswax (Figure 4.14). Therefore, using 

3-D scanning and prin�ng can be a useful solu�on when direct cas�ng on transparent UP objects 

is problema�c or when very complex shapes have to be molded. 

 

 

 

 

 
Figure 4.14. From le� to right: the 3-D printed fill standard (unpolished), the 3-D printed fill polished, and an 
epoxy fill made with EPO-TEK® 301-2. The EPO-TEK® 301-2 fill was cast from a mold taken from the 3-D printed 
standard fill. Photo: Anna Flavin. © J. Paul Gety Trust. 
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4.3.3 Accelerated light aging results 

Color measurements taken before, during and a�er accelerated light aging revealed some 

degree of altera�on in all epoxies. Altera�ons were mainly revealed in the b*value, which 

corresponds to yellowing, with minor altera�ons in L* value (darkening). The ∆E values (overall 

color change) are reported in Figure 4.15.  

 
Figure 4.15. Color changes of the fill materials a�er accelerated light aging.  
 

HXTAL NYL-1 hardly exhibited any change at all, with a total color change of max 0.5 ∆E, while 

only a color difference ≤ 2.0 ∆E is generally considered to be visible to the observer (Smith, 

Derbyshire, and Pretzel 2002). Fynebond and EPO-TEK® 301-2 showed almost a comparable 

yellowing upon aging which started to be visible a�er 200 h of light exposure (equivalent to 

approximately 20 years in museum condi�ons at 200 lux). The 1:1 mixture of HXTAL NYL-1 and 

Fynebond also showed discolora�on, though to a lesser extent than Fynebond and EPO-TEK, as 

the presence of HXTAL contributed to greater color stability.  

The piece of VeroClear RGD810 donated by the manufacturer was also evaluated, and although 

the yellowing cannot be compared with the other resins because of the difference in thickness 

of the test films, considerable discolora�on was observed a�er only 100 hours of ar�ficial aging 

(11.07 ∆E). However, the degrada�on process seemed to slow down during further exposure.  

The visual trends were confirmed by the FT-IR measurements performed before and a�er aging. 

Fynebond and EPO-TEK 301-2 have iden�cal aging paterns, both displaying evidence of 

oxida�on (increase in carbonyl peak), as well as Vero Clear-RGD810. No significant changes upon 

aging were detected in the spectra of HXTAL NYL-1. 
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FT-IR measurements taken a�er aging were performed on both sides of the epoxy resin films: 

the one exposed to light showed evidence of changes, while spectra collected from the 

unexposed side did not display major changes (Figure 4.16). 

When assessing the poten�al discolora�on of fill materials, several aspects should be 

considered. One of these is the extent of the fill repair, such as its size and thickness. When filling 

surface damages, the amount of resin used is minimal, par�cularly for scratches. In such 

instances, any discolora�on is unlikely to be visually disturbing. Furthermore, it should be kept 

in mind that the impact of discolora�on will be much less for colored works. Discolora�on would 

poten�ally become more no�ceable when compensa�ng for larger losses. However, UP itself 

also discolors significantly upon aging, possibly mi�ga�ng the yellowed appearance of the repair 

materials. Many naturally aged UP artworks and objects that need repair exhibit no�ceable 

yellowing (see Chapter 3) raising the ques�on of whether the new, clear conserva�on material 

(fill) should be colored to match the tone of yellowed transparent plas�c as further discussed in 

the next session 4.4. 

Figure 4.16. FT-IR spectra of the epoxy resin Fynebond a�er 400 hours of aging taken from the side exposed to 
light (recto, red spectrum) and the other side (verso, blue spectrum), along with a spectrum of unaged Fynebond 
as reference (green spectrum) 
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4.4  PRACTICAL APPLICATION TO NATURALLY AGED OBJECTS  

Fill materials and methods that provided the best results were also applied on damaged 

naturally aged UP objects (two paperweights). One paperweight exhibited a minor chip and 

slight yellowing (Figure 4.17), while the other had a large corner loss and more pronounced 

yellowing (Figure 4.18). 

 
Figure 4.17. Close up of the naturally aged UP 
paperweight exhibi�ng a minor chip (circled in light 
blue) and slight yellowing. Photo: Anna Laganà. 
 

 
Figure 4.18. Naturally aged UP paperweight with a large 
corner loss (circled in light blue) and pronounced 
yellowing. Photo: Anna Laganà. 
 

Since the polyester of both paperweights had yellowed—par�cularly in one case—and their 

repair might have required color matching of the material used for the filling treatment, tests 

were carried out to explore two possible op�ons for coloring the fills. Given that both objects 

had a refrac�ve index of 1.548, Fynebond was selected as one of the epoxy resins that could 

provide the best RI match and, therefore, the best visual results for both chip and loss fills. 

 

The first method for color-matching fills is commonly used in glass conserva�on and involves 

mixing dyes into the uncured epoxy resin before it is applied to fill the gap (chip or loss) (Davison 

2003; Koob 2006).  

 

The second method consists of retouching the fill material using dyes dissolved in a solvent 

solu�on. This method has previously been applied by modern and contemporary art 

conservators, but on a different type and form of plas�c. Specifically, Orasol® dyes were used to 

retouch inlays made of clear polyvinyl chloride (PVC) film to color-match the yellowing of a 

damaged PVC artwork (Huys and van Oosten 2005). This method was considered a viable op�on 

to explore in these tests, as the datasheets of Orasol® dyes indicate that they can be used to 

color epoxies and are soluble in a mixture of ethyl alcohol, water, and methoxypropanol 

(Dowanol PM), solvents that can be safely applied to these type of plas�cs.  
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A�er tes�ng both methods, retouching the cured epoxy was iden�fied as the most suitable 

op�on. The method used in glass conserva�on to color the uncured epoxy, as also noted in the 

literature, requires extensive preliminary tes�ng to find the correct color and the appropriate 

dye-to-epoxy ra�o. Even then, the color of the fill may ul�mately appear different. Color can 

change a�er curing, and its intensity and effect on the clarity of the fill may vary depending on 

the thickness (Koob 2006), making accurate color matching par�cularly challenging. Moreover, 

it should be considered that the color cannot be adjusted a�er curing, and removing the cast 

risks damaging the original, since there is no solvent that can safely dissolve the epoxy fill 

without also harming the UP. 

On the contrary, the retouching method provides greater flexibility and reversibility and is easier 

to carry out. It is carried out on the epoxy fills a�er curing, making the color match less 

challenging. Moreover, the retouching can be easily modified or safely removed if the color is 

not sa�sfactory or in case of future discolora�on, as it can be dissolved using the same solu�on 

used to disperse the dyes. This is par�cularly relevant, as the ligh�astness of Orasol® dyes can 

vary depending on the specific color. During the previously men�oned conserva�on project 

(Huys and van Oosten 2005)10, accelerated light aging experiments were carried out on a 

selec�on of Orasol® dyes (Orasol® Gelb 2RLN, Orasol® Gelb 4GN, Orasol® Braun 2RL, and Orange 

G). A�er 440 hours of light aging, none of the colors showed darkening, but they all exhibited 

some fading, par�cularly Gelb 4GN. Therefore, based on these considera�ons, their solubility is 

a key advantage, as it allows for re-treatability if any changes occur over �me. 

Treatment of the naturally aged paperweight with surface damage 

The chip in the slightly yellow paperweight was filled using a stainless-steel pin to apply the resin. 

Fynebond was applied directly into the damaged area un�l it was completely filled, taking care 

not to overfill. The following day, slight shrinkage was observed at the center of the fill — as 

previously men�oned, the epoxy may shrink up to 1%, which can occasionally be no�ceable. 

This depends on the size and depth of the superficial damage. Generally, one applica�on is 

sufficient for small chips. In this case, a second applica�on of Fynebond was carried out in that 

area only and blended into the surrounding fill by gently moving it with the pin un�l a uniform 

level was achieved. The resin then self-leveled. No further shrinkage was observed a�er curing, 

and the repair fully recovered its transparency. Retouching the fill was unnecessary. The slight 

yellowing of the UP was visible through the clear Fynebond fill. Since the clear fill was also 

10The results on the ligh�astness of Orasol dyes obtained during this project are not included in the conference 
paper but were presented in the related lecture given at the conference. Data were provided by authors.  
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superficial and small, it blended perfectly with the surrounding material, and it was not 

perceivable (Figure 4.19).  

 

Treatment of the naturally aged paperweight with a large loss 

For the naturally aged UP paperweight with a large loss at one corner and significant yellowing, 

the direct cas�ng technique was chosen to compensate the loss.  

 

This approach was feasible due to the symmetrical features of the object and the presence of 

iden�cal, undamaged areas — specifically, the other corners. It was preferred because it 

eliminates addi�onal steps, such as finishing the cast fill and gluing it in place and can provide a 

beter visual result. As previously men�oned, the silicone mold captures a precise imprint of the 

original smooth surface, allowing the repair to merge seamlessly with the original and to 

effec�vely fill all undercuts of the broken surface. 

 

Therefore, loss compensa�on was carried out by first copying the shape of the missing part (the 

corner) by making a silicone rubber mold of one of the intact corners.  

Before pouring the silicone, a dam made of dental wax was created to confine the area, along 

with two wax ports to form openings in the mold -one for injec�ng the epoxy resin and the other 

to allow air to escape. The opaque silicone rubber Poly-Sil PS 81020 was then poured onto the 

intact corner to take the imprint of this area (Figure 4.20). Once the silicone mold had cured and 

the wax elements were removed, the mold was reposi�oned over the damaged area (the 

missing corner) (Figure 4.21) and filled with Fynebond, achieving very good visual results.  

 
 

 

Figure 4.19. Detail of the UP paperweight before (le�) and a�er chip-filling (right). Photos: Anna Laganà.  
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However, although the epoxy fill restored the physical integrity and transparency of the object, 

as expected, it was s�ll dis�nguishable from the yellowed UP due to its clarity, size, and posi�on, 

and thus required color matching.  

Based on the results obtained from tests on coloring epoxy fills and given the reversibility this 

treatment offers, the fill was retouched using Orasol® dyes. Specifically, Orange G and Yellow 

2GLN were dissolved using a mixture of 80% ethyl alcohol, 5% water, and 15% Dowanol PM 

(Figure 4.22) and applied on the epoxy fill with a brush. The retouching successfully matched the 

yellowing of the paperweight, retaining the transparency of the Fynebond cast (Figure 4.23). 

Figure 4.20. Image showing the yellowed 
paperweight with a missing corner and the silicone 
mold made from the opposite, intact corner. The 
image also shows the dam and ports made with 
pink dental wax. Photo: Anna Laganà.  

Figure 4.21. Image showing the silicone rubber 
reposi�oned on the loss (the missing corner) before 
pouring Fynebond. Photo: Anna Laganà.  
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4.5  CONCLUSION  

The results of this research are especially encouraging, as they showed that mi�ga�ng the visual 

impact of scratches, chips and losses in cast transparent UP objects using “addi�ve methods” is 

both possible and successful. In line with previous research, the refrac�ve index of the repair 

materials proved to be a crucial factor in the visual success of the treatment. In fact, the larger 

the loss, the greater the impact of the refrac�ve index.  

Unfortunately, the material that showed the greatest stability to light aging, HXTAL NYL-1, has a 

very low RI which does not match that of the UP mock-ups tested in this study. Fynebond and 

 
Figure 4.22. Image showing the retouching of the clear epoxy fill with Orasol® dyes to match the yellowing of 
the UP paperweight. Photo: Anna Laganà.  
 

  
Figure 4.23. The naturally aged yellowed UP paperweight before (le�) and a�er loss compensa�on with 
Fynebond and color matching with Orasol® dyes. Photos: Anna Laganà.  
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EPO-TEK 301-2, although they discolor to some extent upon aging, gave the best results, 

providing nearly invisible repairs.  

However, experiments also indicated that all the resins tested mi�gated the visual appearance 

of more superficial damage such as scratches and chips, since even an RI match that is not close 

is less visible in smaller repairs.  

Therefore, in many cases the choice of a suitable repair resin will be a trade-off between 

different desirable proper�es. The study also showed that although VeroClear RGD810 is not 

suitable material for filling losses, 3-D prin�ng technology is poten�ally a useful method for 

indirect fills.  

The treatment methods developed for surface damage and losses proved successful on clear, 

pris�ne UP mock-ups as well as on naturally aged objects, where the fills effec�vely restored 

materiality and transparency in both chips and losses. The results also demonstrated that, when 

trea�ng superficial damage such as chips, it is not necessary to match the yellowing of naturally 

aged polyester, as the yellow can be perceived through the transparency of the small epoxy fill. 

While for larger and thicker losses where color matching is needed, the research showed that 

retouching the cured epoxy cast fill with dyes is an op�mal, easier and successful solu�on.  

It is hoped that, although most repairs on transparent objects are irreversible, exploring less-

invasive op�ons than those currently used will open up new possibili�es for conservators and 

help reduce the likelihood of works of art being “worn away”. 
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