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Abstract: Mattel’s Barbie dolls are the most famous and iconic dolls since 1959. Today, they are being
collected by individuals and often conserved in museum environments due to their cultural and
historical significance reflecting everyday life and historical events. However, just like most museum
objects made of plastics, both historical and more recent Barbies show evident degradation phenom-
ena. Firstly, Barbies were made of plasticized polyvinyl chloride (PVC), affected by the migration
of additives—mostly the plasticizers—from the bulk phase to the outermost layer, appearing as a
tacky and glossy exudate. Over the years, Barbies’ polymeric constituents were replaced with more
stable ones, whose additives migration is limited compared to PVC, even though still occurring.
Multispectral photography in visible (VIS) and ultraviolet (UV) light, microscopical observations in
VIS and UV light, and Fourier Transform Infrared spectroscopy in the Attenuated Total Reflectance
mode (FT-IR ATR) were performed to characterize the constituent materials of 15 Barbies produced
between 1959 and 1976, bridging the information gap on their processing over the years. The micro-
invasive multi-analytical approach also allowed for the characterization of the degradation products,
permitting the reference of the exudated compound to the specific bulk polymer.

Keywords: Barbie; PVC; plastic; degradation; plasticizer; EVA; conservation; ABS; LDPE; phthalates

1. Introduction

Plastics entered the technological scene at the beginning of the 20th century. During
the past decades, artists, designers, and architects have used these synthetic materials to
create pieces that are now recognized as iconic items. Hence, they have become a significant
part of many museum collections, posing major problems for collectors and conservators,
due to their fast degradation [1]. Plastic items have defined our culture: ordinary objects,
such as toys, are the reflection of significant social developments in political, cultural,
scientific, and military history [2,3]. Children’s toys are part of social memory, mirroring
the needs of the period when they were produced. It is possible to obtain information on
the toy trade and understand the aspects of perception and use of historical culture [4].

Few toys have impacted fashion, style, and culture as intensely as Mattel’s Barbie doll,
which was first produced in 1959 [5]. She is the best-selling and most famous doll ever [6].
Barbie has been the most iconic toy since the early 60s and continues to be very popular
even today. It emphasized the importance of the female gender in society long before many
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living women had such opportunities [7]. Barbie was represented as a businesswoman
as well as holding the usual gender roles for the 1960s [8]. Numerous versions of Barbie
include various roles that a woman from the 1960s to the 1990s could hardly hope for, such
as professor, librarian, nurse, vet, astronaut, NASCAR driver, babysitter, and presidential
candidate [9]. This amazing fusion between Barbie and the community pushed the interest
of museums in the preservation of Barbies [10].

From a material point of view, Barbies are plastic artifacts, prone to fast deterioration,
and their conservation may represent a challenge as well as an opportunity for collectors
and museum conservators. From a technological point of view, plastics are characterized
by virtually endless possibilities for formulation of different polymers, with different char-
acteristics [2,11]. Chemical-physical properties of polymers also depend on the presence of
different additives, which are known to affect both the long-term stability and an object’s
appearance during the degradation process [10–12]. One of the major problems associated
with the applications of polymers is their instability in weathering and daylight [13,14]. It
is well known that UV light and the short wavelengths of visible light (VIS) can induce
photochemical processes in organic polymers, which result in dramatic changes in the
polymeric matrix. The degradation phenomena can be measured in years, which is consid-
erably less than that of traditional art and heritage materials, often measured in hundreds
or thousands of years. Understanding the mechanisms of the reactions that produce degra-
dation of polymer properties has thus been the subject of intensive research over the past 50
years [1,13,15–18]. In most cases, the main cause of deterioration is photooxidation, which
is initiated by light irradiation [19]. Radiation in the ultraviolet and visible is indeed the
primary factor in polymer weathering. Effects from heat, moisture, pollutants, mechanical
stresses, and biological attacks also play a role, but in many cases, the weathering process
begins with a photochemical event. Solar UV light induces photochemical processes in
organic materials, which result in the fixation of oxygen, rearrangements, chain scissions,
cross-linking, photo-discoloration, and photo-bleaching. All these processes contribute
to a decrease in the various properties of the materials, such as optical, mechanical, and
electrochemical properties [20].

Despite the very large effort put into the development of mechanical and chemical
methods for assessing degradation, the links between chemical reactions and engineering
failure in weathered polymers are far from being completely elucidated. In addition to
sociological factors, an analysis of the evolution of Barbie dolls may include an assessment
of their technological production, which can maintain industrial historical memory. Indeed,
the Mattel doll underwent about 50,000 structural and design changes since its first release
based on users’ needs and social changes [8,9,21]. Since the first Barbie, produced in
1959 using plasticized polyvinyl chloride (PVC), the constituent materials of Barbies have
changed over time also because the bulk polymer was not stable enough, causing premature
whitening due to the reaction of vinyl-based polymers with light [22]. The recipe of the
polymer matrix changed both due to degradation problems and also because of economic
and legal constraints of the specific production period [23].

To better understand the effect of these technological modifications, 15 Barbies pro-
duced between 1959 and 1976, based on the year reported on the Barbie itself, have been
studied. The first aim of this study was to evaluate the Barbies’ constituent materials to
bridge the information gap regarding the evolution of the most famous doll manufacturing
process. Only a few data on Barbies’ processing changes over the years are available so far,
making the selection of the most appropriate preservation strategy even more challeng-
ing [5,23]. Besides, each of them is characterized by different deterioration phenomena,
mainly consisting of the formation of a glossy or crystal-like white patina on the surface
which gives rise to dust embedding and color alteration over time. An effort has been made
to relate constituent materials to specific degradation products using a micro-invasive
analytical approach, permitting identification of compounds that tend to migrate to the
surface layer. At the same time, the appearance of the different exudates was examined to
attempt a prediction of their composition based on visual features.
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2. Materials and Methods

Fifteen Barbie dolls have been analyzed. Their dating is as follows:

• 1959/1960: Barbies #1 and 2.
• 1964: Barbies #3 to 6.
• 1965: Barbies #7 and 8.
• 1972: Barbies #9 and 10.
• 1974/1976: Barbies #11 to 15.

The Barbies’ general conditions were examined through macroscopic and microscopic
inspection. Multispectral photography was carried out using a multispectral system (Ma-
datec, Milan – Italy), consisting of a Digital Camera (Samsung NX500—28.2 MP BSI CMOS)
and Madatec spotlights with 365 nm wavelength (UV light). Images of the induced fluo-
rescence were taken using the HOYA UV-IR filter cut 52 (Kenko Tokina Co. Ltd., Tokyu –
Japan) [24–26]. An optical portable microscope Dino-Lite AM411-FVW (Dino-Lite Europe,
Almere – Netherlands) was used at different magnifications—from 40× to 220×—and
illumination modes—visible light (VIS), ranking light (VIS-RAD), and ultraviolet light (UV)
to better evaluate the deterioration phenomena on the surface of the polymeric matrix.
The acquired images enabled the selection of the most significant areas for the subsequent
analysis performed using Fourier Transform Infrared spectroscopy in the Attenuated Total
Reflectance mode (FT-IR ATR). Most of the FT-IR ATR analysis was carried out by directly
placing each element comprising the dolls on the diamond of the ATR, working in a non-
invasive mode. Based on the details acquired using the portable microscope and imaging
investigations with UV-induced fluorescence, a few deterioration products were sampled
using a scalpel or a swab with absolute ethanol solution and analyzed through FT-IR ATR
to better understand the composition of the deteriorated areas. FT-IR ATR spectra were
collected using the Nicolet Summit FT-IR spectrometer and the Everest™ Diamond ATR
accessory (ThermoFisher Scientific™, Waltham, MA, USA) with a resolution of 8 cm−1 and
a laser frequency of 15,798.0 cm−1. 32 scans were performed on each area. The acquired
spectra were examined using the instrument library, scientific literature, and the database
edited by Vahur et al. [27,28].

3. Results
3.1. Imaging in Visible (VIS) Light and Ultraviolet-Induced Fluorescence (UV)

Images in visible light and UV-induced fluorescence acquired on the different Barbies
(front and back) allowed for the identification of the constituent materials. The analysis also
enabled the collection of significant information on the Barbies’ state of conservation based
on the different fluorescence emissions. The analyzed Barbies showed different fluorescence
effects depending on the examined body part (pink, orange, and dark emissions). The main
differences can be seen in the legs, arms, and torso (Tables 1 and 2).

Despite the year of production, the hair of each brunette Barbie exhibits strong absorp-
tion of the UV radiation, while the hair of blonde Barbies has different degrees of yellow
fluorescence emission based on the color. Only the hair of Barbie #13 shows yellow-greenish
emission.
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Table 1. Multispectral images (VIS and UV) of the 15 Barbies including a VIS/UV reference standard:
right side.

Barbie #1 (1959/60) Barbie #2 (1959/60) Barbie #3 (1964)

VIS UV VIS UV VIS UV
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Table 1. Cont.

Barbie #10 (1972) Barbie #11 (1974/76) Barbie #12 (1974/76)

VIS UV VIS UV VIS UV
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Table 2. Cont.

Barbie #4 (1964) Barbie #5 (1964) Barbie #6 (1964)

VIS UV VIS UV VIS UV
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Table 2. Cont.

Barbie #13 (1974/76) Barbie #14 (1974/76) Barbie #15 (1974/76)

VIS UV VIS UV VIS UV
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Despite the year of production, the hair of each brunette Barbie exhibits strong ab-
sorption of the UV radiation, while the hair of blonde Barbies has different degrees of 
yellow fluorescence emission based on the color. Only the hair of Barbie #13 shows yel-
low-greenish emission. 

The Barbies #1, 2, 3, and 4 exhibit the typical dim green fluorescence emission of the 
polyvinyl chloride (PVC) polymer [29]. The Barbie #4 is characterized by the presence of 
a substance on the torso, showing a white color in visible light (VIS), while a darker fluo-
rescence emission under UV light if compared to the other parts of the body. The crystal-
like white exudate is also present on the legs of Barbie #5 and the face of Barbie #6, show-
ing emissions lighter than in the legs and the face, respectively. It is possible to observe a 
UV radiation-absorbing material on the torso of Barbies #6, 7, 8, 9, 10, 11, and 12, appearing 
deep dark under UV light compared to the face and limbs, which glow intensively when 
exposed to UV radiation. In addition, the face and limbs of Barbies #13, 14, and 15 exhibit 
high absorption of the UV radiation appearing dark if compared to the torsos. Even 
though the difference cannot be seen under UV light, the faces of Barbies #1, 4, 6, 7, 8, 9, 
10, 11, 12, 13, and 14 appear darker if compared with other parts of the body with the same 
fluorescence emission, due to the presence of an exudate that makes the surface sticky and 
embedded with dust over time (torso, face, and legs of #1, torso and arms of #4, legs and 
face of #6, legs of #7, face and legs of #8, limbs of #9, face and legs of #10, limbs of #11, legs 
of #12, and arms and legs of #13 and #14). Barbies #9, 10, 11, and 13 show differentiated 
fluorescence emission based on the examined area, even though the difference is not no-
ticeable in VIS light. Indeed, only Barbie #10 exhibits dark-reddish spots—in VIS light—
on the upper part of the legs, appearing pink-fluorescent when exposed to UV radiation. 
On the other hand, it is possible to observe multiple fluorescence effects on Barbies #9, 11, 
and 12, that do not appear deteriorated in VIS light. Barbies #9 and 11 are characterized 
by a pinkish fluorescence on the inner and the upper sides of the legs, while strong ab-
sorbance of the UV radiation—resulting in a dark appearance—is visible on the remaining 
parts of the legs, as well as on the torso and arms. This phenomenon is especially evident 
in Barbie #11, which shows an unevenly spread substance on the arms, appearing deep 
dark under UV light. In both cases, the face of the doll shows a yellow-greenish fluores-
cence emission. Barbie #13 exhibits a pinkish fluorescence on the calves and a darker one 
on the limbs, on which attached fragments of her hair are visible. 

The dark-absorbing material that is present on the limbs of most of the Barbies is 
characterized by different degrees of saturation. This effect could be most likely related to 
different amounts of plasticizer on the surface. Indeed, migration of the plasticizer is a 
common deterioration problem in plastics, causing embrittlement of the bulk and adhe-
sion of environmental pollutants and dust on the object’s tacky surface, altering its color 
and fluorescence emission [22]. In other cases, the differences visible under UV radiation 
could be related to the constituent polymers, which changed over the years. 

The parts of the Barbies exhibiting different fluorescence responses are as follows: 
• The face in Barbies #14 and 15. 
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The Barbies #1, 2, 3, and 4 exhibit the typical dim green fluorescence emission of the
polyvinyl chloride (PVC) polymer [29]. The Barbie #4 is characterized by the presence
of a substance on the torso, showing a white color in visible light (VIS), while a darker
fluorescence emission under UV light if compared to the other parts of the body. The crystal-
like white exudate is also present on the legs of Barbie #5 and the face of Barbie #6, showing
emissions lighter than in the legs and the face, respectively. It is possible to observe a UV
radiation-absorbing material on the torso of Barbies #6, 7, 8, 9, 10, 11, and 12, appearing
deep dark under UV light compared to the face and limbs, which glow intensively when
exposed to UV radiation. In addition, the face and limbs of Barbies #13, 14, and 15 exhibit
high absorption of the UV radiation appearing dark if compared to the torsos. Even though
the difference cannot be seen under UV light, the faces of Barbies #1, 4, 6, 7, 8, 9, 10, 11, 12, 13,
and 14 appear darker if compared with other parts of the body with the same fluorescence
emission, due to the presence of an exudate that makes the surface sticky and embedded
with dust over time (torso, face, and legs of #1, torso and arms of #4, legs and face of #6,
legs of #7, face and legs of #8, limbs of #9, face and legs of #10, limbs of #11, legs of #12, and
arms and legs of #13 and #14). Barbies #9, 10, 11, and 13 show differentiated fluorescence
emission based on the examined area, even though the difference is not noticeable in VIS
light. Indeed, only Barbie #10 exhibits dark-reddish spots—in VIS light—on the upper
part of the legs, appearing pink-fluorescent when exposed to UV radiation. On the other
hand, it is possible to observe multiple fluorescence effects on Barbies #9, 11, and 12, that
do not appear deteriorated in VIS light. Barbies #9 and 11 are characterized by a pinkish
fluorescence on the inner and the upper sides of the legs, while strong absorbance of the
UV radiation—resulting in a dark appearance—is visible on the remaining parts of the legs,
as well as on the torso and arms. This phenomenon is especially evident in Barbie #11, which
shows an unevenly spread substance on the arms, appearing deep dark under UV light. In
both cases, the face of the doll shows a yellow-greenish fluorescence emission. Barbie #13
exhibits a pinkish fluorescence on the calves and a darker one on the limbs, on which attached
fragments of her hair are visible.

The dark-absorbing material that is present on the limbs of most of the Barbies is
characterized by different degrees of saturation. This effect could be most likely related
to different amounts of plasticizer on the surface. Indeed, migration of the plasticizer is a
common deterioration problem in plastics, causing embrittlement of the bulk and adhesion
of environmental pollutants and dust on the object’s tacky surface, altering its color and
fluorescence emission [22]. In other cases, the differences visible under UV radiation could
be related to the constituent polymers, which changed over the years.

The parts of the Barbies exhibiting different fluorescence responses are as follows:

• The face in Barbies #14 and 15.
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• The limbs in Barbies #5, 7, 9, 11, 12, 13, 14, and 15.
• The torsos of Barbies #4, 5, 6, 7, 8, 9, 10, 11, and 12.

3.2. Microscopic Observations

Microscopic acquisitions were taken using a 50× magnification to further examine the
morphology and the state of conservation of the 15 Barbies (Table 3). The analysis confirms
the hypotheses made using multispectral imaging. Faces and legs appear to be the most
degraded areas. Indeed, they are often characterized by the presence of an exudate that
makes the surface sticky and glossy. This substance is particularly visible on the arms
and legs of Barbie #4, but also on the face of Barbie #7—where embedded fibers can be
seen—and on the face and limbs of Barbies #8 and #9. Other deterioration phenomena are
also better highlighted, such as the white crystal-like substance on the back of Barbie #4, on
the legs of Barbie #5, and on the face of Barbie #6. Some of the Barbies also present materials
superimposed by the owners, such as the red lipstick on Barbies #1 and 2, scratches induced
by scrubbing on Barbie #7, cracking in Barbie #9, and signs of a marker pen ink in Barbies #10,
12, 13, and 15. These alterations of the original doll were not further investigated in this
study, as they are considered accidental or intentional damages that cannot be related to
intrinsic deterioration phenomena occurring in plastic materials.

Table 3. Microscopic images (magnification: 50×) under VIS and UV light: details of the head, torso,
legs, arms, and back on each Barbie identified through the ID number.

ID Head Torso Legs Arms Back

1
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Table 3. Cont.
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3.3. Fourier Transform Infrared Spectroscopy in the Attenuated Total Reflectance Mode (FT-IR 
ATR) 

Spectra were collected examining each element comprising the dolls to characterize 
their constituent materials and the substances responsible for the evident degradation of 
the Barbies. 

Based on their constituent materials, the Barbies were divided into three groups, 
namely: 
• Group I: Barbies #1, 2, 3, 4, 5; 
• Group II: Barbies #6, 7, 8, 9, 10, 11, 12; 
• Group III: Barbies #13, 14, 15. 

Figure 1 depicts an FT-IR ATR spectrum representative for Group I: the torso, limbs, 
and face of Barbies of this Group consist of a PVC matrix, which was identified thanks to 
the characteristic peaks at 1426 cm–1 (CH2–Cl angular deformation), 960 cm–1 (C–H out of 
plane trans deformation), 831, 691, and 615 cm–1 (C–Cl bond stretching) [30]. A peak at 
1640 cm–1 was detected in almost all the spectra acquired on the body of the five Barbies, 
except for the torso of doll #4 and the legs of #5. This absorption can refer to the presence 
of carboxylates in the solid products of degradation of PVC and be attributed to the 
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• Group III: Barbies #13, 14, 15. 

Figure 1 depicts an FT-IR ATR spectrum representative for Group I: the torso, limbs, 
and face of Barbies of this Group consist of a PVC matrix, which was identified thanks to 
the characteristic peaks at 1426 cm–1 (CH2–Cl angular deformation), 960 cm–1 (C–H out of 
plane trans deformation), 831, 691, and 615 cm–1 (C–Cl bond stretching) [30]. A peak at 
1640 cm–1 was detected in almost all the spectra acquired on the body of the five Barbies, 
except for the torso of doll #4 and the legs of #5. This absorption can refer to the presence 
of carboxylates in the solid products of degradation of PVC and be attributed to the 
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Based on their constituent materials, the Barbies were divided into three groups, 
namely: 
• Group I: Barbies #1, 2, 3, 4, 5; 
• Group II: Barbies #6, 7, 8, 9, 10, 11, 12; 
• Group III: Barbies #13, 14, 15. 

Figure 1 depicts an FT-IR ATR spectrum representative for Group I: the torso, limbs, 
and face of Barbies of this Group consist of a PVC matrix, which was identified thanks to 
the characteristic peaks at 1426 cm–1 (CH2–Cl angular deformation), 960 cm–1 (C–H out of 
plane trans deformation), 831, 691, and 615 cm–1 (C–Cl bond stretching) [30]. A peak at 
1640 cm–1 was detected in almost all the spectra acquired on the body of the five Barbies, 
except for the torso of doll #4 and the legs of #5. This absorption can refer to the presence 
of carboxylates in the solid products of degradation of PVC and be attributed to the 
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3.3. Fourier Transform Infrared Spectroscopy in the Attenuated Total Reflectance Mode
(FT-IR ATR)

Spectra were collected examining each element comprising the dolls to characterize
their constituent materials and the substances responsible for the evident degradation of
the Barbies.

Based on their constituent materials, the Barbies were divided into three groups, namely:

• Group I: Barbies #1, 2, 3, 4, 5;
• Group II: Barbies #6, 7, 8, 9, 10, 11, 12;
• Group III: Barbies #13, 14, 15.

Figure 1 depicts an FT-IR ATR spectrum representative for Group I: the torso, limbs,
and face of Barbies of this Group consist of a PVC matrix, which was identified thanks
to the characteristic peaks at 1426 cm−1 (CH2–Cl angular deformation), 960 cm−1 (C–H
out of plane trans deformation), 831, 691, and 615 cm−1 (C–Cl bond stretching) [30].
A peak at 1640 cm−1 was detected in almost all the spectra acquired on the body of
the five Barbies, except for the torso of doll #4 and the legs of #5. This absorption can
refer to the presence of carboxylates in the solid products of degradation of PVC and be
attributed to the formation of double bonds in the main polymer chain, indicating that some
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degradation occurred during the crosslinking process of PVC [31]. Spectra acquired on the
limbs, torso, and face of the Barbies of Group I—except for the torso of #4—highlighted
the presence of the sole plasticizer, identified as a phthalate-based compound for the
bands at 1718 cm−1 (phthalate ester), 1450 cm−1 (C–H bending), 1278 cm−1, 1127, and
1027 cm−1 (O–CH2 aromatic group stretching), the small peaks at 1579 cm−1 and 1599 cm−1

(aromatic ring quadrant stretching vibration), and the strong absorbance band at 743 cm−1

(phthalate ortho-substituted aromatic ring) [22,32,33]. It is likely that this can be linked to
the presence of a dioctyl phthalate (DOP) or di(2-ethylhexyl) phthalate (DEHP) that have
been traditionally used as plasticizers in PVC objects (Figure 1) [34–36].
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face of the polymer because they are usually not chemically bonded to the polymer chain 
[40,41]. Release of the plasticizer is one of the main causes of the deterioration of 

Figure 1. FT-IR ATR spectrum collected on the arm of Barbie #1 and shown as a model spectrum
of PVC elements in all the other dolls, with the reference spectra of PVC and n-octyl n-decyl phtha-
late (plasticizer).

The hair of Barbies belonging to Group I has been identified as polyvinylidene dichloride
(PVDC) for the peak at 1405 cm−1 (CH2 bending), the two peaks at 1068 and 1044 cm−1 (C–O
stretching vibrations), and the band a 655 cm−1 (C–Cl2 stretching vibrations), while the
small peak at 1740 cm−1 corresponding to the C=O stretching is linked to the presence of a
plasticizer (Figure 2) [37].
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Figure 2. FT-IR ATR spectrum collected on the hair of Barbie #2 and shown as a model spectrum of
PVDC hair in all the other dolls, with the reference spectrum of PVDC.

Barbie #4 shows a white crystal-like patina on the torso. The FT-IR ATR analysis
detected di(1-butyl)tin(IV) phthalate, highlighting the presence of organotin compounds
and plasticizers in the polymeric matrix (Figure 3). Organotin compounds have been
commonly used as a thermal stabilizer for PVC compounds even before 1973 due to
PVC’s sensitivity to thermal degradation during processing and use [38]. Phthalate-based
plasticizers have been also widely added to improve the flexibility, processability, and
durability of PVC [39]. Both organotin compounds and plasticizers tend to migrate to the
surface of the polymer because they are usually not chemically bonded to the polymer
chain [40,41]. Release of the plasticizer is one of the main causes of the deterioration of
plasticized PVC, resulting in mass loss, embrittlement of the bulk, and the appearance
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of sticky exudates on the surface, which could appear as white deposits on the torso of
Barbie #4 due to the presence of organotin compounds.
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Figure 3. FT-IR ATR spectrum collected on the crystal-like white patina on the torso of Barbie #4,
with the reference spectrum of a phthalate-organotin compound.

The torso of Barbies from Group II consists of low-density polyethylene (LDPE) matrix
(Figure 4). LDPE can be distinguished from high-density polyethylene (HDPE) by the small
peak at 1377 cm−1 [42]. The polymer can be also characterized by the peaks at 1467 cm−1

(CH2 bending vibrations), 730 and 717 cm−1 (CH2 rocking vibrations), while the small
peak at 1720 cm−1 has to be related to the presence of phthalate plasticizers, even if in
smaller amounts than in the PVC parts. The hair of Barbies belonging to Group II again
consists of polyvinylidene dichloride (PVDC). Limbs and heads are made of PVC and show
the characteristic peaks of the phthalate plasticizer—presumably DEHP or DOP—in the
yellow-green-fluorescing areas as well as in the pink-fluorescing ones.
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Figure 4. FT-IR ATR spectrum collected on the torso of Barbie #6 and shown as a model spectrum of
LDPE elements in all the other dolls, with the reference spectrum of LDPE.

The torso of Barbies from Group III has been characterized as acrylonitrile butadiene
styrene (ABS), which explains the yellow-orange fluorescence under UV light compared to the
other dolls (Figure 5). ABS’ characteristic peaks can be seen at 1726 cm−1 (C=O stretching),
1583 cm−1 (aromatic stretching vibration), 1492 cm−1 (aromatic C=C bond), 1452 cm−1 (C–H
bending), 1070 and 1028 cm−1 (C–O stretching), 965, 910, 758, and 698 cm−1 (C=C bending) [43].
The leg and face of all the Barbies of Group III consist of PVC, while differences can be seen
in the spectra collected on the hair and the face. Indeed, while the arms of Barbie #13 are
made from PVC, the ones of Barbie #14 show the typical peaks of LDPE.



Polymers 2022, 14, 4287 12 of 16Polymers 2022, 14, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 5. FT-IR ATR spectrum collected on the torso of Barbie #13 and shown as a model spectrum 
of ABS elements in all the other dolls, with the reference spectrum of ABS. 

Furthermore, the spectra acquired from the arms of Barbie #15 can be attributed to 
ethylene vinyl acetate (EVA) with peaks at 724 cm–1 (CH2 rocking vibrations), 1027 and 
1242 cm–1 (C–O stretching), 1380 and 1460 cm–1 (C–H bending), and 1737 cm–1 (C=O stretch-
ing) (Figure 6) [44]. 

 
Figure 6. FT-IR ATR spectrum collected on the arm of Barbie #15 with the reference spectrum of 
EVA. 

Finally, Barbie #14 and 15 again have PVDC hair, whereas Barbie #13 has polypro-
pylene (PP) hair, which is the reason for the green fluorescence emission when irradiated 
by UV light, as reported in paragraph 3.1 [45]. Characteristic peaks of PP can be observed 
at 2950, 2920, and 2870 cm–1 (C–H stretching), 1456 cm–1 (C–H bending), 1376 cm–1 (O–H 
bending), 1166 cm–1 (C=O stretching), 996, 973, 840, and 808 cm–1 (C=C bending)  (Figure 
7) [46]. 

 
Figure 7. FT-IR ATR spectrum collected on the hair of Barbie #13 with the reference spectrum of 
PP. 

Figure 5. FT-IR ATR spectrum collected on the torso of Barbie #13 and shown as a model spectrum of
ABS elements in all the other dolls, with the reference spectrum of ABS.

Furthermore, the spectra acquired from the arms of Barbie #15 can be attributed to
ethylene vinyl acetate (EVA) with peaks at 724 cm−1 (CH2 rocking vibrations), 1027 and
1242 cm−1 (C–O stretching), 1380 and 1460 cm−1 (C–H bending), and 1737 cm−1 (C=O
stretching) (Figure 6) [44].
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Finally, Barbie #14 and 15 again have PVDC hair, whereas Barbie #13 has polypropy-
lene (PP) hair, which is the reason for the green fluorescence emission when irradiated by
UV light, as reported in paragraph 3.1 [45]. Characteristic peaks of PP can be observed
at 2950, 2920, and 2870 cm−1 (C–H stretching), 1456 cm−1 (C–H bending), 1376 cm−1

(O–H bending), 1166 cm−1 (C=O stretching), 996, 973, 840, and 808 cm−1 (C=C bending)
(Figure 7) [46].
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A summary of the polymers composing each element of the 15 examined Barbies is
reported in Table 4.
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Table 4. Results of the FT-IR ATR analysis, based on the characteristic peaks of the Barbies’ constituent
materials.

ID Year Torso Arms Legs Face Hair

1 1959/1960 PVC PVC PVC PVC PVDC
2 1959/1960 PVC PVC PVC PVC PVDC
3 1964 PVC PVC PVC PVC PVDC
4 1964 PVC PVC PVC PVC PVDC
5 1964 PVC PVC PVC PVC PVDC
6 1964 LDPE PVC PVC PVC PVDC
7 1965 LDPE PVC PVC PVC PVDC
8 1965 LDPE PVC PVC PVC PVDC
9 1972 LDPE PVC PVC PVC PVDC

10 1972 LDPE PVC PVC PVC PVDC
11 1974/1976 LDPE PVC PVC PVC PVDC
12 1974/1976 LDPE PVC PVC PVC PVDC
13 1974/1976 ABS PVC PVC PVC PP
14 1974/1976 ABS LDPE PVC PVC PVDC
15 1974/1976 ABS PEVA PVC PVC PVDC

4. Discussion

The results obtained by the multi-analytical approach highlighted the frequent use of
PVC in Barbies’ manufacturing from 1959 to 1965, which has been gradually replaced by
more stable polymers over the years. The characterization of the different plastic elements
and degradation products was made possible by using FT-IR ATR spectroscopy, which
confirmed the differences in the fluorescence emissions of the plastic elements comprising
the 15 Barbies. Indeed, multispectral images in UV light show PVC’s yellowish-green
fluorescence emission, while LDPE, which was used to produce the torsos between 1964
and 1974/1976, deeply absorbs the UV radiation, resulting in a dark appearance. Finally,
polymers used since 1974/1976—ABS, PP, and EVA—result in yellow-orange, glow-green,
and yellow fluorescence emissions, respectively, when irradiated by UV light sources.
Barbies showing a grey patina or a pink-reddish fluorescence under UV light—meaning
the PVC elements mainly—are the ones that feature the highest inner alteration and the
greatest amount of plasticizer on the surface. The presence of phthalate-based plasticizers
was evident both in the FT-IR ATR spectra acquired on samples and the ones resulting
from the direct analysis of PVC dolls. The doll exhibiting the worst state of conservation is
Barbie #11, which has different fluorescence colors on various elements of her body. The
FT-IR spectra also confirmed the hypothesis that the main cause of degradation, referring
to the glossy exudate and the white crystal-like patina, is the migration of the plasticizers—
phthalates—and stabilizers—such as organotin compounds—associated with the polymer
processing to improve its flexibility and heat stability.

5. Conclusions and Further Research

This study has provided further information regarding the evolution of the Barbies’
manufacturing process over the years, highlighting changes in the choice of the polymeric
matrix for the different body elements. The analytical results were associated with the
visible deterioration phenomena that were present on all the Barbies’ surfaces to different
degrees. The migration of phthalate-based plasticizers from the bulk up to the surface of the
polymer can be considered the main cause of the deterioration of the analyzed dolls. Such
a phenomenon results in physical damage to the bulk—embrittlement—and the formation
of a tacky patina on the PVC’s outermost layer, which was evident in both VIS and UV
light when using the imaging system and portable microscopy.

It was likely for this reason that the Bakelite company carried out an extensive investi-
gations back in 1954 [22,47]. Based on the results from analysis and previous reports, the
producers of Barbie dolls had to gradually rethink the chemical composition even before
the late 1980s, when a German government law limited the amount of plasticizer allowed
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in PVC for the safety of children playing with PVC toys [5,23]. Mattel eventually started
adapting Barbies’ constituent materials and packaging to the law up to the present day [23].
Over the years, Barbie dolls started to have EVA arms, ABS torsos, heads of a hard vinyl
compound, and outer legs in PVC, although using a different formula from the earlier
dolls [23]. Even though the evolution process is known to have occurred, only a little infor-
mation is available regarding the dates on which these structural changes were made. Thus,
the present research represents an unprecedented deeper view of the gradual evolution of
Barbies’ manufacturing, which enabled assessing the introduction of new polymers—such
as LDPE—already used in 1964, and newer ones—such as ABS, PP, and EVA—evident
in 1974-1976. Some of these materials are still in use in Mattel’s industry, suggesting that
significant changes in the Barbies’ chemical composition occurred already around the ‘70s.
Eventually, the implemented multi-analytical approach also allowed for the understanding
of polymers’ tendency to deterioration phenomena. Degradation—meaning the migration
of the plasticizer and other additives on the outermost surface layer—appears to be more
consistent in PVC: the other polymers show plasticizer migration as well, but to a lesser
degree.

Nevertheless, given the inner instability of the detected polymeric materials, future
research will be devoted to a more in-depth investigation of polymeric fractions, additives,
and their degradation products and sub-products (e.g., by micro-invasive analysis by Py-
GC-MS or TG-DSC). Then, special attention will be paid to the definition of an appropriate
conservation strategy to prevent future deterioration caused by new migration of the
additives to the surface. The rapid deterioration of these plastic dolls represents an urgent
concern for Cultural Heritage conservation. Hence, innovative preservation approaches
need to be improved and tested.

Author Contributions: Conceptualization, A.M.; methodology, A.M.; validation, A.M. and F.C.I.;
formal analysis, A.M., M.D., D.T. and C.B.; investigation, A.M., M.D., D.T., C.B. and C.Z.; resources,
K.T.C.; data curation, A.M. and C.B.; writing—original draft preparation, A.M. and C.B.; writing—
review and editing, A.M., C.B. and F.C.I.; visualization, A.M. and C.B.; supervision, M.F.L.R.; project
administration, A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study to compare the
acquired FT-IR spectra with already available spectra of standard materials. Data can be found here:
https://spectra.chem.ut.ee/ (accessed on 5 September 2022).

Acknowledgments: We would like to express our deepest appreciation to YOCOCU APS’ members,
in particular Laura Rivaroli, Lisa Maria Schuberthan, Nicola Pagani, and Alice Hansen, for their help
and suggestions to improve this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shashoua, Y. Conservation of Plastics; Routledge: London, UK, 2020.
2. Madden, O.; Learner, T. Preserving Plastics: An Evolving Material, a Maturing profession. In Conservation Perspectives; Getty

Conservation Institute: Los Angeles, CA, USA, 2014; pp. 4–9.
3. Thompson, R.C.; Swan, S.H.; Moore, C.J.; Saal, F.S.V. Our plastic age. Philos. Trans. R. Soc. B 2009, 364, 1973–1976. [CrossRef]

[PubMed]
4. Kühberger, C. Toys with Historical References as Part of a Material Culture: An Ethnographic Study on Children’s Bedrooms. In

Proceedings of the 8th International Toy Research Association World Conference, International Toy Research Association (ITRA),
Paris, France, 11–13 July 2018.

5. de Vincentiis, M.; Aversa, R.; Tamburrino, F.; Apicella, A. Analysis of the Barbie Case Study: Social, Material and Technological
Evolution Related to the Development of the Products. In Proceedings of the ATINER’s Conference Paper Series, Athens, Greece,
16–19 May 2016.

6. Tulinski, H. Barbie as Cultural Compass: Embodiment, Representation, and Resistance Surrounding the World’s Most Iconized Doll;
Sociology Student Scholarship; College of the Holy Cross: Worcester, MA, USA, 2017.

https://spectra.chem.ut.ee/
http://doi.org/10.1098/rstb.2009.0054
http://www.ncbi.nlm.nih.gov/pubmed/19528049


Polymers 2022, 14, 4287 15 of 16

7. Dos Santos Rolim, J. Female Empowerment: A Multimodal Analysis of Representations of Women in Images of Barbie Dolls’ Packages;
Universidade Federal da Paraíba: João Pessoa, Brazil, 2020.

8. Gerber, R. Barbie and Ruth: The Story of the World’s Most Famous Doll and the Woman Who Created Her; Harperbusiness: New York,
NY, USA, 2010.

9. Esfahani, N.N.; Carrington, V. (Re)scripting Barbie: Postphenomenology and Everyday Artefacts. In Phenomenology of Youth
Cultures and Globalization; Routledge: London, UK, 2015; pp. 128–143.

10. Bertrand, L.; Alban, F.; Graham, M. POPART Preservation of Plastic Artefacts in Museum Collections; Comité des Travaux Historiques
et Scientifiques—CTHS: Paris, France, 2012.

11. Saldìvar-Guerra, E.; Vivaldo-Lima, E. Handbook of Polymer Synthesis, Characterization, and Processing; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2013.

12. Moura, J.C.V.P.; Oliveira-Campos, A.M.F.; Griffiths, J. The Effect of Additives on the photostability of Dyed Polymers. Dyes
Pigment. 1997, 33, 173–196. [CrossRef]

13. Gardette, J. Fundamental and Technical Aspects of the Photooxidation of Polymers. In Handbook of Polymer Degradation; CRC
Press: Boca Raton, FL, USA, 2000.

14. Pino, F.; Fermo, P.; la Russa, M.F.; Ruffolo, S.; Comite, V.; Baghdachi, J.; Pecchioni, E.; Fratini, F.; Cappelletti, G. Advanced mortar
coatings for cultural heritage protection. Durability towards prolonged UV and outdoor exposure. Environ. Sci. Pollut. Res. 2017,
24, 12608–12617. [CrossRef] [PubMed]

15. Celina, M.; Ottesen, D.K.; Gillen, K.T.; Clough, R.L. FTIR emission spectroscopy applied to polymer degradation. Polym. Degrad.
Stab. 1997, 58, 15–31. [CrossRef]

16. Van Oosten, T. PUR Facts; Amsterdam University Press: Amsterdam, The Netherlands, 2021.
17. Izzo, F.C.; Carrieri, A.; Bartolozzi, G.; van Keulen, H.; Lorenzon, I.; Balliana, E.; Cucci, C.; Grazzi, F.; Picollo, M. Elucidating the

composition and the state of conservation of nitrocellulose-based animation cells by means of non-invasive and micro-destructive
techniques. J. Cult. Herit. 2019, 35, 254–262. [CrossRef]

18. Izzo, F.C.; van Keulen, H.; Carrieri, A. Assessing the Condition of Complex Poly-Material Artworks by Py-GC-MS: The Study of
Cellulose Acetate-Based Animation Cels. Separations 2022, 9, 131. [CrossRef]

19. Feldman, D. Polymer Weathering: Photo-Oxidation. J. Polym. Environ. 2002, 10, 163–173. [CrossRef]
20. Allen, N.S. Photochemistry and Photophysics of Polymer Materials; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010.
21. Miller, G.Z.; Harris, Z.E. Hazardous metals in vintage plastic toys measured by a handheld X-ray fluorescence spectrometer. J.

Environ. Health 2015, 77, 8–13.
22. Shashoua, Y. Inhibiting the Deterioration of Plasticized Poly (Vinyl Chloride)—A Museum Perspective; Denmark’s Technical University:

Kongens Lyngby, Denmark, 2001.
23. Lord, M.G. Forever Barbie: The Unauthorized Biography of a Real Doll; Walker & Company: New York, NY, USA, 2004.
24. Macchia, A.; Biribicchi, C.; Carnazza, P.; Montorsi, S.; Sangiorgi, N.; Demasi, G.; Prestileo, F.; Cerafogli, E.; Colasanti, I.A.; Aureli,

H.; et al. Multi-Analytical Investigation of the Oil Painting “Il Venditore di Cerini” by Antonio Mancini and Definition of the Best
Green Cleaning Treatment. Sustainability 2022, 14, 3972. [CrossRef]

25. Macchia, A.; Biribicchi, C.; Rivaroli, L.; Aureli, H.; Cerafogli, E.; Colasanti, I.A.; Carnazza, P.; Demasi, G.; La Russa, M.F. Combined
Use of Non-Invasive and Micro-Invasive Analytical Investigations to Understand the State of Conservation and the Causes of
Degradation of I Tesori del Mare (1901) by Plinio Nomellini. Methods Protoc. 2022, 5, 52. [CrossRef]

26. Macchia, A.; Aureli, H.; Biribicchi, C.; Docci, A.; Alisi, C.; Prestileo, F.; Galiano, F.; Figoli, A.; Mancuso, R.; Gabriele, B.; et al.
In Situ Application of Anti-Fouling Solutions on a Mosaic of the Archaeological Park of Ostia Antica. Materials 2022, 15, 5671.
[CrossRef]

27. Database of ATR-FT-IR Spectra of Various Materials. Available online: https://spectra.chem.ut.ee/ (accessed on 5 August 2019).
28. Vahur, S.; Teearu, A.; Peets, P.; Joosu, L.; Leito, I. ATR-FT-IR spectral collection of conservation materials in the extende region of

4000-80 cm−1. Anal. Bioanal. Chem. 2016, 408, 3373–3379. [CrossRef]
29. Munoz, L.P.; Baez, A.G.; McKinney, D.; Garelick, H. Characterisation of “flushable” and “non-flushable” commercial wet wipes

using microRaman, FTIR spectroscopy and fluorescence microscopy: To flush or not to flush. Environ. Sci. Pollut. Res. 2018, 25,
20268–20279. [CrossRef] [PubMed]

30. Chen, J.; Nie, X.A.; Jiang, J.C.; Zhou, Y.H. Thermal degradation and plasticizing mechanism of poly(vinyl chloride) plasticized
with a novel carnadol derived plasticizer. IOP Conf. Ser. Mater. Sci. Eng. 2017, 292, 012008. [CrossRef]

31. Zaikov, G.E.; Jimenez, A. Polymer Analysis, Degradation and Stabilization; Nova Science Pub Inc.: New York, NY, USA, 2005.
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