
 
 

Delft University of Technology

Gelatine adhesives from mammalian and fish origins for historical art objects conservation
How do microstructural features determine physical and mechanical properties?
Mosleh, Yasmine; van Die, Mees; Gard, Wolfgang; Breebaart, Iskander; van de Kuilen, Jan Willem; van
Duin, Paul; Poulis, Johannes A.
DOI
10.1016/j.culher.2023.07.012
Publication date
2023
Document Version
Final published version
Published in
Journal of Cultural Heritage

Citation (APA)
Mosleh, Y., van Die, M., Gard, W., Breebaart, I., van de Kuilen, J. W., van Duin, P., & Poulis, J. A. (2023).
Gelatine adhesives from mammalian and fish origins for historical art objects conservation: How do
microstructural features determine physical and mechanical properties? Journal of Cultural Heritage, 63, 52-
60. https://doi.org/10.1016/j.culher.2023.07.012
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.culher.2023.07.012
https://doi.org/10.1016/j.culher.2023.07.012


Journal of Cultural Heritage 63 (2023) 52–60 

Contents lists available at ScienceDirect 

Journal of Cultural Heritage 

journal homepage: www.elsevier.com/locate/culher 

Original article 

Gelatine adhesives from mammalian and fish origins for historical art 

objects conservation: How do microstructural features determine 

physical and mechanical properties? 

Yasmine Mosleh 

a , b , ∗, Mees van Die 

a , Wolfgang Gard 

b , Iskander Breebaart c , Jan-Willem van 

de Kuilen 

b , d , Paul van Duin 

c , Johannes A. Poulis a 

a Structural Integrity Group, Department of Aerospace Structures and Materials, Faculty of Aerospace Engineering, Delft University of Technology, Delft, the 

Netherlands 
b Biobased Structures and Materials Group, Department of Engineering Structures, Faculty of Civil Engineering and Geosciences, Delft University of 

Technology, Delft, the Netherlands 
c Department of Conservation & Science, Rijksmuseum, Amsterdam, the Netherlands 
d Wood Technology Group, TU Munich, Munich, Germany 

a r t i c l e i n f o 

Article history: 

Received 9 October 2022 

Accepted 17 July 2023 

Keywords: 

Gelatine adhesive 

Triple helix 

Moisture sensitivity 

Animal glue 

Adhesive toughness 

Microstructure-property correlations 

a b s t r a c t 

Gelatine adhesives aka ‘animal glues’ are water-soluble biopolymers used in historic objects such as 

wooden cabinets and panel paintings since ancient times. This paper investigates the correlations be- 

tween microstructural features, namely triple helices, and macroscopic properties of four different types 

of gelatine adhesives, prevalently used in conservation practices, irrespective of the animal origin. These 

adhesives include bovine bone, bovine skin, rabbit skin, and fish glues. Thin adhesive films were pro- 

duced via solution casting methods in controlled climate conditions and their thermal and mechanical 

properties, and moisture sensitivity were investigated. XRD as a non-destructive characterisation method 

demonstrated good agreement with DSC in the quantification of gelatine adhesive (animal glue) triple 

helix content irrespective of the animal origin. Linear correlations between triple helices and gel (Bloom) 

strength and tensile strain energy to failure (toughness) were found for all adhesive types. Dynamic 

vapour sorption experiments demonstrated that lower triple helix content is correlated with higher mois- 

ture sensitivity of the adhesives. Moreover, the effect of environmental RH on the thermal behaviour 

of adhesives was investigated by DSC. The results demonstrated that the increase in environmental RH 

causes a reduction in the adhesives’ glass transition and denaturation temperatures whilst triple helix 

content did not alter. Bovine bone glue with the lowest triple helix content showed the least toughness 

and highest moisture sensitivity, whilst fish glue with the highest triple helix content was identified as 

the most flexible glue. 

© 2023 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Animal glues have been used by artists and craftsmen as ad- 

esives, binding media, and consolidants in historic and artistic 

bjects such as decorative woodworking, paintings, bookbinding, 

nd papermaking, for centuries and even since antiquity. In mod- 

rn times, animal glues are widely used in the conservation and 

estoration of artifacts and historical objects. 

Animal glues are impure form of gelatines. Gelatines are 

ollagen-based biopolymers derived from animal products. Colla- 
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en, in which the term (kólla) is derived from the Greek word 

or glue, is a fibrous structural protein found in the extracellular 

atrix of connective tissues (e.g. skin, bone, and cartilage) of the 

ammalian and fish species. It provides the tissues with struc- 

ural integrity and support [1–3] . Each collagen molecule essen- 

ially consists of three polypeptide chains in which the amino acids 

re arrayed in a specific sequence of Gly-X-Y, with Glycine re- 

eating at every third residue, and where X is prevalently pro- 

ine and Y hydroxyproline [ 4 , 5 ]. The origin and source of collagen

lso affect its amino acid profile. Collagen fibers have a hierarchical 

tructure (see Fig. 1 ); they comprise of collagen microfibrils, and 

ach microfibril is comprised of several collagen molecules. Each 

ollagen molecule, called tropocollagen, is composed of three α- 
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Fig. 1. (Left) Hierarchical structure of collagen; from single alpha helix to tropocol- 

lagen triple helix, to supramolecular assembly into the collagen microfibril, and to 

collagen fibre. (Right) Amorphous conformation of gelatine chains when dissolved 

in water, and partial renaturation and formation of triple helices in gelatine struc- 

ture upon cooling and drying. 
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elix chains wound together in a right-handed triple helix struc- 

ure, stabilized by intermolecular hydrogen bonds and chemical 

ross-links, thus forming a subunit of the larger collagen fibril 

ggregates [ 3 , 6 ]. 

The triple helix, a ternary structure, is the most important 

tructural feature of the collagen molecule and it is stabilized by 

ntra-chain hydrogen bonds between water molecules and main 

hain N 

–H and C = O groups [ 1 , 2 , 7 ]. 

Collagen is insoluble in cold water and can be transformed into 

ater-soluble gelatine through a process called denaturation by 

he application of heat (50–80 °C) and acidic or alkali treatment 

ollowed by water extraction [ 3 , 8 , 9 , 10 ]. During denaturation, col-

agen triple helices are hydrolysed and the covalent bonds con- 

ecting the polypeptide chains are broken which leads to gelatine 

ith a random coil structure. Upon cooling and drying gelatine 

hains undergo a conformational rearrangement called renatura- 

ion during which random coils partially rearrange themselves into 

ollagen-like triple helices within or between the gelatine chains. 

hese partially renatured helical structures only occur in sections 

f the chains and act as physical nodes or cross-links and form a 

D network structure [11–14] . The physical and mechanical prop- 

rties of gelatines are highly influenced by the triple helix con- 

ent [15–18] . The extent of renaturation in animal glues can vary 

ue to many parameters such as the animal origin [19] , glue con- 

entration [20] , preparation and casting conditions [21] , molecu- 

ar weight distribution [ 22 , 23 ], and moisture content influenced by 

nvironmental relative humidity [ 24 , 25 ]. 

Animal glues have versatile functionality in the conservation 

nd restoration of historic objects. A comparative and system- 

tic study on the thermal and mechanical performance of preva- 

ently used adhesives (from different animal origins) in conserva- 

ion practice is still limited and therefore it is necessary to provide 

ractitioners with quantitative data on these materials [ 11 , 26 ]. 

This paper presents a comparative study of the thermal be- 

aviour and mechanical performance of four animal glues com- 

only used in the conservation of wooden artefacts as part of 

utch Heritage collections. The adhesives investigated in this study 

re bovine bone, bovine skin, rabbit skin, and fish glue. These ad- 

esives have been used by furniture conservators in the Rijksmu- 
53 
eum (Amsterdam, the Netherlands) in their restoration and repair 

ractices during the last decades. 

In this study, a correlation between the microstructure of these 

dhesives and their macroscopic mechanical behaviour is estab- 

ished. For this purpose, thin films of animal adhesives were pre- 

ared using the solution casting method. The physical and me- 

hanical behaviour of the adhesives was characterized using Differ- 

ntial Scanning Calorimetry (DSC), X-ray Diffraction (XRD), Bloom 

trength measurement, and uniaxial tensile tests. Thermal charac- 

erisation methods such as DSC were employed to measure glass 

ransition and enthalpy of denaturation of the adhesives. 

. Research aim 

The current study was undertaken on four types of animal glues 

ommonly used in art conservation. The aim of this study is to de- 

elop a further understanding of the properties of gelatine adhe- 

ive films aka animal glues, irrespective of their animal origin, and 

o detect the effect of changing environmental conditions (relative 

umidity) on thermal behaviour and moisture sensitivity. This un- 

erstanding will also help the conservators in their decision of the 

ype of adhesive they use for a particular application as well as 

n deciding on relaxation measures regarding climate control of 

he museum where they keep art objects containing animal glues. 

oreover, this study is a prelude to a follow-up study regarding 

he ageing of these adhesives in wooden cultural heritage and how 

he microstructural features in these adhesives can determine their 

ate of ageing and degradation. 

. Materials and methods 

.1. Animal adhesives 

Four types of animal adhesives from different animal origins, 

egularly used in conservation practices, were chosen for this study 

n close consultation with furniture conservators of the Rijksmu- 

eum. For the sake of consistency, the adhesives were sourced from 

he same supplier that delivers the adhesives to the Rijksmuseum. 

hese adhesives include bovine bone glue, bovine skin glue, rab- 

it skin glue, and fish glue. Bovine bone glue (article no. O6300 

nd CAS no 90 0 0–70–8), bovine skin glue (article no. O6300), and 

abbit skin glue (article no. O6302), in granular form, were sourced 

rom Labshop (Twello) B.V. (Apeldoorn, the Netherlands). Fish glue 

series no. 63,080 and CAS no. 90 0 0–70–8), in powder form, was 

urchased from Kremer Pigmente, Germany. MERGAL KM90 pesti- 

ide was added to the aqueous solutions of the adhesives to pre- 

ent bio-deterioration by microorganisms. 

.2. Sample preparation 

Thin adhesive films with a thickness of 0.24 ±0.02 mm were 

repared using a solution casting method. 40 gs of dry adhesive 

owder was dissolved in 200 ml of demineralised water (20 wt.% 

f glue solution) along with 0.1 ml of Mergal KM90. This mixture 

as then stirred using a magnetic stirrer in a 60 °C water bath 

or one hour. Then the mixture was homogenously and gently in- 

ected into a 10 ×10 cm Teflon mould using a syringe and spread 

venly by circular motions. Subsequently, the samples were let to 

ool and dry at room temperature and a controlled environmental 

elative humidity of about 50%. 

.3. Physical tests 

.3.1. Differential scanning calorimetry (DSC) 

To obtain the glass transition temperature (T g ), denaturation 

emperature (T ), and denaturation enthalpy ( �H ) of the different 
d d 
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Table 1 

From DSC experiments, values of the glass transition temperature, T g , denaturation 

temperature, T d , and denaturation enthalpy, �H d , of different adhesive films pre- 

conditioned at 23 °C and 50% RH. Also, from XRD experiments, the ratio (A c /A a ) 

between integrated areas of diffraction peaks at crystalline (2 θ∼8 °), and amorphous 

(2 θ∼20 °) regions for different adhesives. 

Adhesive type T g ( °C) T d ( °C) �H d (J/g) A c /A a 

Bovine bone 52 ±1.5 81 ±1 18.5 ± 0.5 0.33 ±0.02 

Rabbit skin 54 ±1 84 ±0.6 23 ±1 0.39 ±0.06 

Bovine skin 55 ±1 84 ±1 25.5 ± 3 0.52 ±0.06 

Fish 55 ±1 84 ±1.5 42 ±2 0.73 ±0.01 
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elatine adhesive films, a TA Instrument DSC 250 differential scan- 

ing calorimeter was utilised. The adhesive films were conditioned 

t 30%, 50%, and 80% of relative humidity at room temperature in 

 controlled climate chamber for 72 h before testing. Subsequently, 

he test samples, each weighing about 8 mg, were within a minute 

ransferred and hermetically sealed using Tzero aluminium pans to 

e able to measure the effect of relative humidity without the es- 

ape of water from the DSC pan during the thermal cycling. An 

mpty pan was used as a reference. For the measurements, the 

amples were heated and cooled. In the heating step, the sam- 

les were heated from 10 °C to 150 °C at 10 °C/min, maintained 

t 150 °C for 5 min, and then cooled from 150 °C to room tem-

erature at 10 °C/min. All the measurements were performed in 

riplicate. The glass transition temperature (T g ) is measured as the 

idpoint of the heat flow change at the glass transition in the first 

eating scan. The denaturation temperature (T d ) is identified as the 

inimum point of the endothermic denaturation peak in the first 

eating scan. The enthalpy of denaturation ( �H d ) is calculated as 

he area of the endothermic denaturation peak in the heating scan. 

.3.2. X-Ray diffraction (XRD) 

X-ray diffractograms were recorded on the adhesive films for 

canning angle 2 θ between 3 and 60 ° at 0.1 ° intervals and a speed 

f 1.0 °/min using a Rigaku MiniFlex 600 with a NaI scintillator de- 

ector. A CuK α radiation source was used ( I = 15 mA, U = 40 kV).

or each adhesive type, measurements were performed on three 

ifferent sam ples, and an average representative curve was cho- 

en for comparative reporting. It was ensured that the sample was 

laced at the same height and level as the rim of the sample 

older and the same distance to the detector for each consecutive 

easurement. 

.3.3. Dynamic vapour sorption 

To investigate the moisture sensitivities of the different adhe- 

ives, moisture sorption experiments were performed using an au- 

omated gravimetric Dynamic Vapour Sorption (DVS) analyser, TA 

50 0 0 SA at an isothermal temperature of 34 °C . The uptake of

he water vapour was determined gravimetrically using a high- 

recision balance with a mass resolution of ±0.1 μg. In the first 

tep, the adhesive films were equilibrated at 0% relative humidity 

RH) to determine a dry reference mass. After drying, the adhe- 

ive films in the DVS were exposed to a stepwise increase of%RH 

0%; 20%; 40%; 60%; 80%; 90%). The same%RH profile in reverse or- 

er was employed for desorption. At each stage, the equilibrium 

oisture content was determined when the mass variation versus 

ime was 0.002 mg/min for at least 10 min. The relative humidity 

round the sample was controlled by mixing saturated and dry car- 

ier gas streams using mass flow controllers. Adhesive films were 

ut into disks and placed in flat aluminium pans with an internal 

iameter of 7 mm. Hence, one side of the adhesive film was ex- 

osed to the surrounding environment of the DVS chamber. 

.4. Mechanical tests 

.4.1. Bloom strength measurements 

For measurement of Bloom strength of the adhesives, a 

2.5 wt.% solution of the adhesive sample was prepared at 60 °C, 

ooled to 10 °C, and kept for 17 h at this temperature to mature 

ccording to the GME method [26] . The resulting Bloom strength 

as measured using a Brookfield CT3 texture analyser equipped 

ith an AOAC plunger (with 12.7 mm diameter, plane surface, and 

harp edge). 

.4.2. Uniaxial tensile measurements 

Uniaxial tensile tests were performed to measure the following 

echanical properties of different adhesive films namely Young’s 
54 
odulus, tensile strength, strain to failure, and energy to fail- 

re. For the measurements, a standard tensile INSTRON machine 

model 3365) equipped with a video extensometer and a 1 kN load 

ell was used. 

For these tests, the ISO 527–2 standard was used. The tensile 

est samples were cut into dogbone shapes, with dimensions of 

 mm (gauge width) × 15 mm (gauge length), and 0.2 ± 0.02 mm 

thickness), using a cutting die and a stamper. The strain rate was 

et to 1 mm/min. The samples were conditioned for at least 48 h 

t a temperature of 23 °C and a RH of 50% before testing. At least

0 samples were tested for each adhesive type to give a good sta- 

istical overview of the properties. Young’s modulus (E) was calcu- 

ated as the linear part of the stress-strain tensile curve. The ten- 

ile strength ( σ max ) was measured as the maximum stress, which 

or these materials is also stress at break. Strain to failure ( εmax ) 

s reported as the strain at maximum stress. Strain energy density 

o failure (J/m 

3 ) was calculated as the area under the stress-strain 

urve up to failure. 

.4.3. Dynamic mechanical analysis (DMA) 

DMA measurements were performed in tensile mode using a 

MA Q800 (TA Instruments, USA). Samples with a thickness of 

.2 ± 0.02 mm were cut into strips of 5 mm in width and 20 mm

n length. Temperature sweep measurements were performed by 

eating the samples from 10 °C to 220 °C and applying an oscilla- 

ion strain amplitude of 0.01, at a frequency of 1 Hz, along with a 

re-tension force of 0.1 N to straighten the films. The storage and 

oss moduli were recorded. 

. Results and discussions 

.1. Microstructural characterisation using physical methods: 

easurement of triple helix content by DSC and XRD 

The structural characterization of gelatine-based animal adhe- 

ives in the form of physical gels is of primary importance for 

nderstanding their physical and mechanical performance. Animal 

lues are thermoplastic polymers in which some segments of the 

hains are partially renatured in the shape of triple helices at 

ontact points between three different strands and stabilised by 

ydrogen bonding. The triple helices are randomly distributed in 

pace in a matrix of amorphous polypeptide chains. 

DSC is one of the physical characterisation methods that can 

e employed to quantify the triple helix content of the adhesives 

 27 , 16 ]. For this, four types of animal glue films were acclimatised

t room temperature and 50% RH before testing. Fig. 2 a illustrates 

he thermograms of the first heating scan of different animal glue 

lms. The stepwise change in the heat flow curve at around 55 °C 

s related to the glass transition and the values for the different ad- 

esives are tabulated in Table 1 . The glass transition is related to 

he onset of the movements of the amorphous parts of the chains 

nd is the temperature at which the animal glue films transit from 

 glassy and stiff to a more soft and rubbery state. Hence, the glass 
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Fig. 2. (a) DSC thermograms for different animal glues from the first heating scan tested at 23 °C and 50% RH; (b) Comparative XRD diffractogram patterns of different 

adhesive films conditioned at 23 °C and 50% RH. 

Table 2 

The Measured Bloom strength of 12.5 wt% solutions of the adhesives at 10 ° C; values for Young’s modulus, maximum stress, 

maximum strain to failure, and strain energy to failure for different adhesive films obtained from tensile experiments at 23 °C 
and 50% RH. 

Adhesive type Bloom strength (g) σ max (MPa) εmax (%) E (GPa) Strain Energy (MPa) 

Bovine bone 169 ±2.5 78.0 ± 10 4.5 ± 1 2.7 ± 0.2 1.7 ± 0.8 

Fish 786 ±12 82.0 ± 5 10.0 ± 2 2.6 ± 0.2 6.3 ± 1.2 

Rabbit skin 261 ±4 81.0 ± 3 6.5 ± 1 2.4 ± 0.1 3.2 ± 0.8 

Bovine skin 306 ±4.5 92 ±8 6.0 ± 1 2.8 ± 0.7 4.0 ± 0.9 
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ransition is an important thermodynamic parameter which deter- 

ines the change in the mechanical performance of the adhesives 

.g. the creep behaviour. Mosleh et al. [16] also found a slight cor- 

elation between triple helix content in gelatine films and their 

lass transition in porcine gelatines with different Bloom numbers. 

nother aspect that affects the glass transition is the presence of 

ater or smaller molecules (e.g. fats, sugars) that act as plasticis- 

rs and cause reduction of glass transition temperatures in ani- 

al glues, [11] . As observed in Table 1 , bone glue demonstrates a

lightly lower glass transition temperature compared to the other 

dhesives. This cannot be solely attributed to the triple helix con- 

ent but also to the additives in the adhesive formulation (e.g. fat 

r sugar) and the moisture content of each adhesive. Nevertheless, 

he values of T g of all the adhesives are well above room temper- 

ture, indicating that these adhesives are in the glassy state and 

ence, likely to demonstrate brittle behaviour. Following the glass 

ransition temperature, an endothermic peak appears at a higher 

emperature of around 84 °C associated with the denaturation of 

he collagen triple-helix structures to coil structure. The denatura- 

ion temperature (T d ) is a measure of the thermal stability of the 

nimal glues. The denaturation enthalpy ( �H d ), which is the area 

ssociated with this endothermic peak, is believed to be related 

o the triple-helix content in the protein chains [27] . The values 

or T d and �H d are given in Table 1 . As observed, the bone glue

hows the lowest enthalpy of denaturation whilst the highest de- 

aturation enthalpy is related to fish glue. This can be also demon- 

trated in the lower value of Bloom strength for bone glue and the 

igher Bloom value of fish glue reported later in Table 2 . For fur-

her scrutiny of the triple-helix content, XRD measurements were 

erformed on the adhesive films with similar thicknesses. 

Representative X-ray diffraction patterns of different glues are 

llustrated in Fig. 2 b. As observed, two characteristic diffraction 

eaks at angles of 2 θ∼8 °, and 2 θ∼20 ° are found in all different

nimal adhesives films. The first diffraction peak at 8 ° is attributed 

o the ordered structure of the triple-helix from a partially rena- 

ured collagen-like structure, which can also be designated as a 
55 
rystalline structure, while the second peak at 20 ° relates to the 

morphous phase with free single-helix chains [28] . A parameter 

 related to the inter-planar spacing is calculated from the Bragg 

quation with values of ∼1.1 nm and ∼2.9 nm, which can be at- 

ributed to the peaks at 2 θ∼8 ° and 2 θ∼20 °, respectively. These 

wo values are attributed to the internal diameter of the triple he- 

ix structure in the ‘crystalline’ region and the single helix in the 

morphous regions, respectively [ 15 , 28 ]. 

Table 1 summarises the ratio of peak areas to compare the con- 

ent of the ‘crystalline’ and amorphous structure (A c /A a ) in each 

dhesive. This ratio is the lowest for bone glue and highest for fish 

lue. This trend is in agreement with the triple helix content at- 

ributed to the enthalpy of denaturation values obtained from DSC 

easurements ( Table 1 ). The lowest content of triple helix struc- 

ure in bone glue can be attributed to a broader molecular weight 

istribution and lower average molecular weight (indicated by the 

teeper slope of decline in storage modulus measured by DMA that 

ill be shown in a later section), which can potentially hinder 

olecular arrangements. Moreover, the results showcase that two 

undamentally different physical characterisation methods, namely 

RD and DSC, are in agreement in identifying the molecular struc- 

ure content in gelatine-based adhesives. 

In Fig. 3 , the ratio of A c /A a (the ratio of the integrated crys-

alline and amorphous peaks) derived from XRD measurements is 

lotted against the denaturation enthalpy obtained by performing 

SC on four different adhesive film types. 

Both parameters give a quantitative measure of the triple helix 

ontent as explained earlier. As illustrated, a linear relationship de- 

cribes the correlation between A c /A a and �H d . It should be noted 

hat the curve is assumed to pass through the origin, meaning that 

he absence of denaturation enthalpy relates to the lack of triple- 

elix structure and hence no diffraction peak at 2 θ∼8 ° would oc- 

ur. 

The existence of a linear correlation between the XRD and DSC 

utput was previously demonstrated for gelatine adhesives de- 

ived from one animal species (porcine skin with different bloom 
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Fig. 3. Correlation between the measured ratio between integrated areas of diffrac- 

tion peaks at crystalline (2 θ∼8 °), and amorphous (2 θ∼20 °) regions and denatura- 

tion enthalpy, both associated with the triple helix content obtained by XRD and 

DSC techniques, respectively. 
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Fig. 4. Uniaxial tensile stress–strain curves of the different adhesives, at standard 

environmental conditions (room temperature, 50% RH). 
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trengths) [16] . Here, a similar linear correlation (with different 

lope) also for gelatine adhesives sourced from different animal 

pecies (bovine, rabbit, and fish) is yet again observed. Note should 

e taken that this conclusion is limited to the climate conditions 

hat measurements have been carried out in (23 °C and 50%RH). 

.2. Macroscopic mechanical behaviour of the adhesive films 

.2.1. Bloom strength of the adhesives 

Bloom strength is one of the most important physical charac- 

eristics of animal adhesives. The Bloom strength is measured as 

he weight (force in grams) required to depress the surface of the 

dhesive gel 4 mm using a 12.7 mm diameter flat-bottomed cylin- 

rical plunger, [3] . 

Bloom strength is essentially a measure of gel-forming ability, 

ohesive strength, and stiffness of the gelatinous adhesives thus 

he structure formed by intermolecular hydrogen bonds. The num- 

er of nodes or junctions that are formed by hydrogen bonds 

ithin and between the molecules determines the rigidity and 

lasticity of the glue matrix and its Bloom strength [29] . Bloom 

trength generally relates to the average molecular weight of the 

olypeptide chains, the level of physical and chemical cross-links 

resent in the micro-structure of these adhesives, and also to the 

egree of renaturation during gelation [ 11 , 15 ]. 

Table 2 summarises the measured Bloom strength values of the 

our different adhesives according to the procedure described in 

.2.1. As observed, bovine bone adhesive demonstrates the lowest 

loom strength, whilst the highest Bloom strength is found for fish 

lue. The Bloom strength is believed to be related to the degree 

f renaturation of microstructural features, mainly triple helices, of 

olypeptide chains in the adhesives [ 11 , 15 , 16 ]. This indeed proved

o be the case (see Fig. 7 ). 

.2.2. Uniaxial-tensile measurements 

Fig. 4 illustrates the comparative stress-strain curves of the dif- 

erent adhesives. As observed, the gelatine adhesive films demon- 

trate a typical elastic-plastic behaviour described by a yield point 

s the point at which a shift from elastic to plastic behaviour oc- 

urs. The extent of plastic deformation is the lowest for bone glue 

ith strain to failure around 4%. The highest plasticity is demon- 

trated by fish glue rendering a strain to failure up to 10%. 

The tensile experiments were performed at standard conditions 

f 23 °C and 50% RH, meaning that the adhesive films were be- 

ow their glass transition temperature (as indicated by DSC experi- 

ents) and in their glassy state. The results of the tensile tests per 
56 
ype of glue are shown in Table 2 . The first interesting observation 

s that Young’s modulus (E) is almost constant for different adhe- 

ives at room temperature. This indicates that the different triple 

elix content of the adhesives hardly affects the elastic modulus 

t the conditions at which the glue films were tested (glassy state, 

0% RH, and 23 °C) [16] . Though triple helices act as physical cross- 

inks which can increase stiffness, it must be noted that these ad- 

esives are tested in standard conditions (room temperature, 50% 

H) and well below their glass transition temperature at which the 

morphous phase is in its rigid state, hence the cross-link content 

r crystalline content hardly affects the elastic stiffness. The ten- 

ile strength, defined as the maximum stress value ( σ max ), is the 

ighest for bovine skin glue (around 90 MPa) whilst the other ad- 

esives show similar strength values at around 80 MPa. The strain 

t break value (maximum strain, εmax ) which is related to the flex- 

bility of the glue, is the highest for fish glue, whilst bone glue 

eems to be the less flexible adhesive. To be able to show a mea- 

ure for the toughness of the different glues, the strain energy den- 

ity to failure was calculated as the area under the tensile stress- 

train curve of the adhesives. As indicated in Table 2 , the strain 

nergy value is the highest for fish glue, and the lowest for bovine 

one glue. The observed trend in the toughness of all four adhe- 

ives can be associated with the amount of triple helix content (see 

lso Fig. 6 ). Similarly, it can be observed that the value of strain to

ailure increases with increasing triple helix content in the adhe- 

ive films. This is in line with previous findings of research indi- 

ating a strong correlation between triple helix content and tensile 

train to failure in porcine gelatine films [ 15 , 16 ]. 

To describe this phenomenon one can consider the self- 

rganised triple helices acting as mobile physical cross-links or 

ome type of inter/ intra chain entanglements which form a three- 

imensional network within the polymer matrix, improving its 

lasticity and extensibility. Also, the improved failure strain energy 

an be because the triple helices act as denser and more compact 

egions around which the propagating crack path deflects leading 

o a larger absorbing energy. 

.2.3. Dynamic mechanical analysis 

DMA experiments were performed to assess the viscoelastic 

roperties of the four adhesives as a function of temperature. 

ig. 5 (left) shows the storage modulus (E’) of the different adhe- 

ive films. A steady reduction of the storage modulus can be ob- 

erved as a function of temperature for all the adhesives. A change 

n the slope of the storage modulus curve starting around 50 °C 

an be observed, which is in correspondence with an increase in 

an δ values in Fig. 6 (right). This softening of the adhesive is fol- 
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Fig. 5. Storage modulus (left) and tan delta (right) versus temperature curves of the different adhesive films obtained from DMA. 

Fig. 6. (left) Bloom strength, (right) energy to failure, plotted versus denaturation enthalpy with a linear least squares regression. 
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owed by a peak of tan δ around 80 °C. This gradual softening of the 

dhesives with increasing temperature can be attributed to transi- 

ions in the microstructure; such as the glass transition and fol- 

owed by the denaturation of the triple helix to coil structure. The 

lope of change in both storage modulus and tan δ curves after 

0 °C is comparatively more prominent for the bone glue, which 

as the lowest triple helix content. This is logical, since T g is a 

roperty of the amorphous phase and bone glue has the highest 

morphous content. 

The major drop in storage modulus around 175 °C for bone glue, 

nd above 200 °C for other glues, is related to the discoloration 

nd degradation of the adhesive films which was directly observed 

fter opening the DMA chamber at the end of the experiment. The 

owest triple helix content leads to the lowest degradation temper- 

ture possibly attributed to lower energy required to break bonds 

or glue with the lowest triple helix content. 

.3. Effect of microstructure on macroscopic mechanical behaviour 

The correlation between the microstructure of the adhesives 

nd their mechanical properties at a macroscopic level is sum- 

arised in Fig. 6 . In Fig. 6 (left), the Bloom strength of the ad-

esives is plotted against their denaturation enthalpy. A direct 

orrelation between triple-helix content represented by denatura- 
57 
ion enthalpy and the Bloom strength can be observed. Interest- 

ngly, a similar linear relation between the denaturation enthalpy 

f these adhesives and their strain energy to failure (toughness) is 

lso present as illustrated by Fig. 6 (right). Previous research also 

emonstrated that Bloom strength, in both wet and dry gelatine 

lms derived from porcine skin, is linearly correlated with triple- 

elix content. Moreover, an increase in tensile strength and strain 

o failure was also observed in prior research, [ 15 , 16 ]. 

.4. Moisture sensitivity of the adhesives 

.4.1. Dynamic vapour sorption analysis: moisture uptake 

Animal adhesives are hygroscopic materials and may undergo 

tructural changes when subjected to different environmental con- 

itions. Different environmental relative humidity can affect physi- 

al and mechanical properties such as thermal transitions, and co- 

esive and adhesive strengths of gelatine and collagen-based ma- 

erials [ 11,30,31 ]. Hence, understanding the extent of moisture sen- 

itivity and the parameters affecting it is necessary to establish the 

ppropriate environmental conditions for their storage, and also 

or conservation practices that they are utilised in. To compare the 

xtent of moisture uptake of the four adhesives DVS experiments 

ere performed. As observed in Fig. 7 , the bone glue demonstrates 

he highest level of moisture uptake whilst the fish glue absorbs 
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Fig. 7. Moisture uptake after reaching equilibrium mass when adhesive films are 

subjected to different relative humidities inside the DVS chamber. 
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Table 3 

Values of the glass transition temperature, T g , denaturation temperature, T d , and 

denaturation enthalpy, �H d , of different adhesive films when subjected to three 

different environmental relative humidities of 30%, 50%, and 80%. N.I. stands for not 

identified. 

Parameter Adhesive type Relative humidity 

30% 50% 80% 

T g ( °C) Bovine bone 70 ±0 52 ±1.5 N.I. 

Fish 60 ±1 55 ±1 38 ±4 

Rabbit skin 65 ±0.5 54 ±1 30 ±1 

Bovine skin 77 ±1 55 ±1 N. I. 

T d ( °C) Bovine bone 92 ±0.5 81 ±1 56 ±2 

Fish 100 ±1 84 ±1.5 68 ±1.5 

Rabbit skin 97 ±0 84 ±0.6 63 ±3 

Bovine skin 95 ±0.5 84 ±1 66 ±3.5 

�H d (J/g) Bovine bone 19 ±2 18.5 ± 0.5 19 ±1 

Fish 44 ± 1 42 ± 2 42 ±3 

Rabbit 24 ±0 23 ±1 23 ±1 

Bovine skin 24.5 ± 3 25.5 ± 3 24.7 ± 1.5 
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he lowest amount of environmental moisture especially when 

ubjected to higher RHs of 80 and 90%. The trend of the moisture 

bsorption of these adhesives is in agreement with their triple he- 

ix content as measured by DSC and XRD techniques. Hence, a cor- 

elation between the microstructural order and the (dis)ability of 

ater absorption can be considered. This is because the ordered 

omains in the form of triple helices are more densely packed 

hus hindering penetration of water molecules whilst amorphous 

egions contain more free volume allowing more absorption of wa- 

er. It can be concluded that the higher amount of structural order 

n the form of physical or chemical cross-links can in principle re- 

uce the moisture sensitivity of these adhesives. 

.4.2. Effect of environmental relative humidity on the thermal 

ehaviour of the adhesives 

Calorimetry is one of the most important techniques to mea- 

ure temperature or moisture-induced changes in the structure of 

roteins. Moisture effects on the thermal properties of animal ad- 

esives have not thoroughly been studied. DSC analysis was car- 

ied out to identify the glass transition temperature (T g ), the helix- 

oil denaturation temperature (T d ), and the denaturation enthalpy 

 �H d ) of the adhesives after exposure to three different relative 

umidities of 30, 50, and 80%. 

In their study on the effect of DSC pan integrity, Mukherjee 

nd Rosolen [ 32 ] showed that the seal integrity of the DSC pans

an remarkably affect the detected thermal transitions of bovine 

elatines, and they attribute this to the moisture escape during 

esting when the pan is not hermetically well sealed. Hence, to 

tudy the effect of moisture, hermetically sealed Al pans were used 

o be able to detect the changes in the thermal transitions without 

he effect of moisture loss. 

Table 3 summarises the glass transition temperature (T g ), the 

enaturation temperature (T d ), and the denaturation enthalpy 

 �H d ) of the four adhesive films after exposure to three differ- 

nt relative humidities of 30, 50, and 80%. The glass transition is 

dentified as the first step-wise transition which is related to the 

lassy to rubbery transition in the amorphous region of the protein 

hains. In the case of bovine bone glue at 80% RH, such step-wise 

ransition is not discernible. This is because the T g transition is 

omewhat coinciding with the denaturation event and it is hidden 

n the endothermic denaturation peak. Both the T g and T d (peak 

emperature of the endothermic peak) remarkably decrease with 

ncreasing relative humidities for all the adhesives. This shift in the 

hermal events is due to the increase in water content of the adhe- 

ives at higher relative humidities as demonstrated by DVS experi- 

ents ( Fig. 7 ). Free water molecules act as plasticiser and facilitate 

he movements in the amorphous regions of polypeptide chains 

24] . The reduction in the glass transition temperature of these ad- 
58 
esives in humid environments has repercussions for conservation 

ractices. For instance, to avoid adhesive softening in humid en- 

ironments, climate control inside museums and storage sites of 

rt objects would become important. Also, reduced glass transi- 

ion and denaturation temperatures of animal glues as a result of 

he increase in environmental relative humidity can lead to an in- 

reased tendency to creep at room temperature conditions. 

However, the denaturation enthalpy seems to hardly change 

ith respect to moisture content and environmental RH ( Table 3 ). 

his as such indicates that water molecules may be absorbed 

ainly into the amorphous regions, and did not highly intervene 

ith the amount of triple helices within the adhesive. But because 

he denaturation temperature (T d ) decreases with moisture con- 

ent it can be hypothesized that there is an effect on the arrange- 

ent and the size of the domains of triple helices. Lower denatura- 

ion temperature at higher RH may indicate more dissociated and 

maller crystalline domains of triple helices. This is in analogy to 

rystalline regions in polymers where smaller crystals have lower 

elting points. 

. Conclusions 

This study investigated the correlation between microstructure 

nd macro-properties in four types of animal glue commonly used 

n the conservation of art objects. The animal glues investigated in 

his study are bovine bone, bovine skin, rabbit skin, and fish glue. 

hin adhesive films were produced via solution casting methods in 

ontrolled standard climate conditions (23 °C and 50% RH). 

• Physical characterisation techniques such as XRD and DSC were 

employed to measure the triple helix content in the adhe- 

sive films which was associated with the enthalpy of the en- 

dothermic denaturation peak and the integrated intensity of 

the diffraction peak at around 2 θ∼8 °, respectively. Both tech- 

niques showed good agreement with each other in identifying 

the triple helix content and it was seen that bovine bone glue 

and fish glue contain the lowest and highest triple helix con- 

tent, respectively. 

• Bloom strength measurements demonstrated a linear correla- 

tion with the renaturation levels of the triple helices. Bovine 

bone glue showed the lowest and fish glue the highest Bloom 

strength. Uniaxial tensile tests on the adhesive films showed 

a linear correlation between the triple helix content and the 

strain energy to failure (toughness) of the adhesives. Particu- 

larly, the fish glue demonstrated higher flexibility and tough- 

ness, which makes it an interesting candidate for adhesively 

bonding parts that can be subjected to impacts or vibrations. 
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Bovine bone glue was identified as the most brittle and least 

flexible glue amongst the four types of glue evaluated. 

• The current paper investigated the effect of animal origin 

(bovine, rabbit, fish). It was demonstrated that the linear corre- 

lation between triple helix content and mechanical properties 

of adhesive films previously found for gelatine adhesives from 

porcine skin [16] , can be translated to gelatine-based adhesives 

derived from different animal origins (bovine, rabbit, and fish). 

Though this observation is valid solely for the particular stan- 

dard climate conditions (23 °C and 50% RH) that tests have 

been performed in. 

• Dynamic vapour sorption experiments showed a negative cor- 

relation between the triple helix content and the water uptake, 

particularly at high RH of 80 and 90%. Bone glue absorbed the 

highest amount of moisture whilst fish glue absorbed the least. 

High triple helix content means a lower amount of amorphous 

phase, the latter of which is expected to absorb more water. 

• The effect of environmental RH on the thermal behaviour of an- 

imal glues such as the glass transition and denaturation tem- 

peratures was investigated by DSC, when the adhesive films 

were pre-conditioned at three different RHs of 30, 50, and 80%. 

The enthalpy of denaturation hardly changes concerning mois- 

ture content and environmental RHs. The fact that the denat- 

uration temperature decreased at high humidity can be ex- 

plained by the occurrence of smaller triple helix domain sizes. 

The results of this study show that adhesive type as well as 

loom number, and the environment that the adhesives used in 

rt objects are subjected to, can have repercussions for conser- 

ation practices. Hence, these results can assist conservators to 

ake a more informed selection of the type of adhesive they use 

or their repair practices. For instance, the results indicate that 

hanges in environmental relative humidity can significantly affect 

he thermal properties of the adhesives, causing them to soften 

rematurely in humid environments due to lowered glass transi- 

ions. This will increase the tendency for creep in the adhesive 

ayer if the art objects would be preserved in humid environments 

ithout proper climate control. Furthermore, the results of this 

tudy demonstrate the importance of the use of adhesive with high 

loom strength and higher strain to failure such as fish glue, for 

otentially creating a tougher adhesive bond that can better with- 

tand stresses as well as possible impact loads, due to the higher 

oughness values of these adhesive films. 

Note must be taken that apart from physical and mechanical 

roperties, there are other factors that conservators regard when 

sing a specific glue in their conservation practices e.g. where the 

lue is used, in a wooden joint or for veneering, or how much open

ime is required to complete the gluing procedure. Moreover, in 

rt conservation practices, conservators at times use mixtures of 

ifferent glues to further optimise the properties based on their 

ractical experience. 
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