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Abstract 
  

Current building of wooden kayaks is limited to craftsmanship or hobbyist activities. 

To match with the increasing market demands in outdoor products i.e. recreational kayaks, 

an industrialization of kayaks made out of wood is necessaire. The main drawback in wooden 

kayaks building with conventional methods is the long leading times because of extensive 

manufacturing processes. The idea of the current study is to reduce the manufacturing time 

by forming a wooden kayak shape in a single process by pressing and gluing of veneers and 

reinforcement layers.    

The objective of the current study was to investigate 3D-moulding of veneers 

designed for a new construction method for wooden kayaks. The method involves obtaining 

of a kayak structure using laminated veneers (LV) together with a fiberglass reinforcement 

polymer (FRP) in a simultaneous process. Additionally, the study investigated the FRP-LV 

optimal composition for kayak use and design simulation studies with in regard to the 

product strength requirements. 

For experimental testing in 3D-moulding of veneers a CAD version of a kayak was 

generated and used for moulds generation at a 1:5 scale. Afterwards moulds manufacturing, 

the 3D-molding of veneers was done using a vacuum-bag pressing system. Considering the 

smaller radiuses of bending a special flexible veneer was used. For the FRP-LV structure 

study and optimization a design of experiments (DOE) was run. The study involved 

application of multiple linear regression (MLR) method in the analysis of FRP-LV parameters 

influence on the structure specific strength and specific stiffness. The parameters studied 

were veneer amount, FRP amount and 3 different LV adhesives (Polyurethane (PU) D4, 

Polyvinyl-acetate and Epoxy). For the kayak design simulation testing numerical calculations 

using finite elements analysis (FEA) was performed. The studies consist of loadings models 

relevant to the product usage – loadings under the paddler weight and impact stresses when 

hitting deliberately the ground.  

The results of 3D-moulding of veneers highlighted the possibility to form a kayak 

body part; hence, few defects were encountered. The defects observed were in the form of 

ridges and wrinkles because of the material limited plastic deformation. The best surface was 

obtained with quarter divided mould, limiting the double curvature resulting to influence 

positively the surface quality. Pressing using vacuum-bag system is thought to be optimal for 

the FRP-LV structure since the evacuation of the excess of polymer and the evenly applied 

pressure rendered in very qualitative surface.  
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 The results of the DOE study revealed interesting facts about the FRP-LV 

components influence on its specific strength and specific stiffness. The most important 

finding is the negative influence of increasing number of FRP layers on both specific 

strength and specific stiffness. This indicates that future studies should be carried out on the 

elimination of the FRP component from a wooden kayak structure. Opposite, the structure 

specific strength and specific stiffness was influenced positively by PU adhesive. Results of 

the FEA point-out that the stresses caused by relevant loadings for kayak usage are quite low 

and within the material elastic deformation zone. This means that the design will not fail 

under normal loadings and the product development can proceed to the production phase.  

 The results of the 3D-moulding of FRP-LV rendered the new technology feasible for 

wooden kayak construction. Structure optimization and design simulation studies enable the 

further product development processes.   
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1. Introduction 

1.1 Background 

At the beginning of the 21st century, wooden kayaks manufacturing is limited to 

hobbyist activities or small workshop production. With the development of the modern 

society, wooden kayaks manufacturing may be even more infrequent as wood craftsmanship 

is becoming a disappearing occupation. Composite materials i.e. glass, plastic and carbon 

fibres are widely used for kayak construction since their technology is available for industrial 

application. 

 The drawbacks in wooden kayak manufacturing are the high production costs mainly 

due to long production times (c. 150 hours /unit) and other drawbacks e.g. a high weight, a 

reduced strength, design and maintenance issues. The vision of this study was to develop a 

building technique using moulding and lamination of veneers sheets together with a FRP 

matrix in a single process that will render in reduced manufacture times, superior product 

features e.g. high strength, reduced weight and appealing appearance.  

The results in early studies (Grubii, 2015) confirmed the FRP-LV advantages 

comparing to FRP-solid wood for kayak construction e.g. about 2.5 times increase in the 

strength to weight ratio and a reduced manufacturing time.      

1.2 Objective 

The objective of this study was to develop the 3-D moulding technology of veneers 

for kayak construction. The study should investigate the composite parameters influence on 

the specific strength and specific stiffness of the structure and bring an optimal structure 

composition for FRP-LV. The understanding of product mechanical performances 

requirements was also an important goal in this study.  

1.3 Limitations 

The current study represents a concept development stage thus other steps in the 

product development are not taken in consideration. Firstly, the current study, does not 

investigate the feasibility of wood alone for the intended product because of durability and 

strength concerns. 

 The new building technique has to be developed only at the kayak body level, 

building of the final features e.g. cockpit coaming, bulkheads, hatches, footrests and seat 

being left for further investigations. As testing of the new product structure at full scale 

could be quite costly at this early stage, the structure forming and testing was done at a 

smaller scale.   
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2. State-of-the-art in kayak construction 

2.1 History 

Wooden kayaks have a long and important part in the history of the culture of 

different civilizations. One of the first cultures to build and use kayaks were Inuit and Aleut 

tribes from North America who used kayaks as hunting vessels (Heath, 2004). The members 

of the tribes have built their kayaks from driftwood and whalebones covered with skin and 

waterproofed with whale fat. The reason why such small vessels were developed is due to the 

lack of building materials required for big boats, but also the need for fast and manoeuvrable 

hunting boats.  

Wooden kayaks were brought to Europe by the 19th century explorers. Boat builders 

adopted the design of a small, double paddled, and covered boat by using the traditional 

European techniques of boat building. The canoes or kayaks called later, were built using 

thin pieces of solid wood. This technique is known as strip-building. It was not before 1930 

when a British expedition on an Arctic air route rediscovered and helped reintroducing the 

kayaks of Inuits of Greenland. The kayaks had a lightweight wooden frame structure covered 

with canvas. Nowadays, these kayaks are known as built with the skin-on-frame method and 

the most popular models are the West Greenland Inuit kayak and the Aleut baidarka (Heath, 

2004).  

The World War II had also a major impact on wooden kayaks development. The 

development of composite materials lead to replacement of wood with the last ones because 

of labour-saving and the perception of low durability, weight, strength and maintenance of 

wooden kayaks. Nowadays, wooden kayaks construction techniques assume using of 

composite materials such as glass, carbon, aramid fibres to increase the product strength and 

durability and decrease the weight.  

2.2 Construction techniques   

2.2.1 Skin-on-frame  

The skin-on-frame technique has emerged from original Greenland style Inuit kayak. 

The construction is based on joining a wooden frame using stiches and straps (Fig.1). The 

bottom ribs, made usually from ash wood, are steamed and bent to the desired shape. The 

frame is covered with canvas, stitched and filled with lacquer for a relatively rigid surface. 

These kayaks can be produced in relatively short times requiring about 11 work days for 

completion. The advantages of skin-on-frame kayaks are that they are lightweight, rugged 

and resilient vessels. The disadvantages of this building method are the appearance (opaque 

cover), durability and exclusive manual labour requiring advanced building skills and 

knowledge. 
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2.2.2 Wood-stripping 

The strip-building technique was inspired from construction of large boats and 

assumes bonding of narrow strips of wood and wrapping around temporary forms (Fig.2). 

The structure is then reinforced on inner and outer surfaces with glass or carbon fibre fabric.  

The main advantage of this method is the freedom in design and usage of any desired 

wood species. Some builders create real masterpieces by combining different wood species 

placed in a special pattern (Fig.3). The main issue of it is that is a time-consuming technique, 

a kayak could be finished with min. 150 working hours during a 2-3 month period. Other 

disadvantages related to the wood-striping method are relatively poor joints between strips 

and over-consumption of the resin which makes the product heavier comparing to mould 

injected composite kayaks. 

Figure 1. The wooden structure of a skin-on-frame kayak (www.skinonframe.wordpress.com) 

Figure 2. Wood-striping of a kayak hull  



4 

 

Figure 4. A stich-and-glue kayak  fixed with stiches (left) the fiberglass tape and bulkheads dividers 
hold the structure in place temporary until the fiberglass is applied (right)(www.clcboats.com) 

 

 

2.2.3 Stich-and-glue 

With the development of the marine plywood and epoxy resins, a faster building 

method was developed. This method also called “stich-and-glue” is based on temporary 

fastening of pre-cut plywood elements with short copper wires around the bulkheads and 

application of glass fibre tape to ensure structure rigidity (Fig.4). 

The kayaks built with this technique are much stronger and lighter and building time 

and skills required are lower comparing to traditional wood-striping method. A main 

disadvantage of the stich-and-glue kayaks is their appearance and design limitations, a 

curved shape is impossible to obtain since joining of plywood strips reveals bevelled edges.  

Figure 3. Artistic “wood-striped” kayak combining a pattern of strips alignment and wood species 
(www.oceankayaks.com) 
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2.3 Overview of the design influence on performance  

2.3.1 Kayaks classification 

Kayaks are small boats designed for a easy movement of one or two persons, using a 

double-bladed paddle. Most kayaks have closed decks, although sit-on-top and inflatable 

kayaks are growing in popularity.  Kayaks designs vary a lot based on their purpose and are 

divided as following: 

- Sea/touring kayak, with rather long, round and medium wide hull, a good trade-

off between speed and stability (Fig.5a); 

- Recreational kayak, medium length and wide hull, very stable and rather 

manoeuvrable (Fig.5b); 

- Racing kayak/ surf-kayak, long and narrow hull, light weight is very demanded 

especially for this type of kayak, rather unstable (Fig.5c); 

- White-water kayak, strong, short and wide hull for the highest stability and 

manoeuvrability (Fig.5d). 

 

 

Wooden kayak construction should be focused on the sea and recreational kayak type 

since the appearance is very important for these products. For racing and white-water 

Figure 5. Different types of kayaks: (a) upper left, sea/touring kayak; (b) upper right, recreational 
kayak; (c) lower left – racing/surf kayak, (d) lower right – whitewater kayak  (www.neckykayaks.com) 
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kayaks, the properties and design are the most important and thus, composite materials have 

an advantage. 

The most important features influencing a kayak performance are its stability, speed 

and manoeuvrability. 

2.3.2 Stability 

Stability and kayaks are thought to have antonymic meaning, but in the end it is the 

matter of some basic physical principles and the skills of the paddler. The stability of a kayak 

is dependent on the centre of buoyancy (CB) and the centre of mass (CM) of the kayak and 

kayaker (Shade, 1998). In a stable state, the CM will be on the vertical line with the CB. The 

loss of stability happens when the CM is farther in the direction of tilt of the paddler than CB 

at the waterline level, as shown in Fig. 6a. A general rule of thumb is that wider boats will be 

more stable because the CM is more likely to be in the opposite direction of tilt. However 

this rule cannot always be applied as in waves, a wider hull will be more difficult to 

straighten compared to narrower hull as the water rotating surface is larger (Fig. 6b). 

Stability is more important for beginners in paddling, skilled paddlers preferring the speed 

and manoeuvrability vs. stability. There is always a trade-off between the three 

performances of a kayak and it relies exclusively on the user needs e.g. increased stability is 

first requirement for recreational kayaks. 

 

 

2.3.3 Speed 

Speed of a kayak is not required only for racing types. It affects the paddler fit and can 

also be a safety concern when sudden changes in weather occur and the paddler must as 

faster as possible return home. Speed is much influenced by the geometry of the hull. A 

Figure 6. Kayak stability (a) as a function of center of mass (CM) and center of buoyancy (CB), (b) 
in a wave as a function of hull width (Shade, 1998) 
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general rule that can be applied is that a longer and narrower hull boat will achieve a higher 

top speed with same effort from the paddler. The length considered is the length at water 

line (LWL) (Fig.7). 

 

 

 

2.3.4 Manoeuvrability and tracking 

 Similarly as speed, the manoeuvrability is a function of design and weight. The kayak 

manoeuvrability can be increased with shallow ends called “rocker” indicating the curve of 

the keel. The difference in kayaks manoeuvrability based on rocker size can be observed in 

Fig.8. 

 

  

  

Tracking is somehow opposite of manoeuvrability and represents the property of a 

kayak to move forward on a straight line. A good balance between them should be achieved. 

According to Shade (1998), the optimal design for tracking would be a U-shaped hull with V-

shaped stern. Once again, a lighter kayak will require less effort to manoeuvre on water.  

2.4 Wood and adhesives in marine conditions 

2.4.1 Wood-moisture relationship  

Wood exchange moisture with its environment. Wood exposed in contact with water 

will absorb moisture until the cell walls and inter cellular space become saturated with water 

Figure 7. Design of two kayaks with similar length overall (LOL) but different waterline length (LWL); 
in this case, the hull with longer LWL will achieve a higher top speed at same effort (Shade, 1998) 

Figure 8. Three kayak designs with different hull rocker. The (a) design has no rocker  (b) double 
rocker – best maneuverability, (c) – compromise between bow rocker and flat aft to help tracking 
(Shade, 1998) 
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resulting in dimensional and properties change. Hence, the dimensions and the mechanical 

properties of wood i.e. modulus of elasticity, modulus of rupture and modulus of rigidity are 

not significantly changed above the fibre saturation point (FSP) and is about 30% moisture 

content (MC) of the wood (Dinwoodie, 2001).  

When wood MC is above its FSP, in air environment, it will reduce its MC below the 

FSP to equilibrium moisture content (EMC) where no more changes in MC occur. The 

reducing of MC below the FSP is accompanied by shrinkage of wood and cracks occuring. 

Cracks in wood will result in a weak material with problems in ensuring a strong and 

watertight structure.  

With the chemical or thermal modification of wood it is possible to obtain less 

hygroscopic products. Such products are thermal modified wood and acetylated wood. 

However, they have important limitations i.e. high costs, reduced strength and availability. 

Respectively, the wooden kayaks construction product and process development presented 

in this study involved using of the FRP coating in order to (i) ensure a constant MC in the 

structure wooden core and (ii) increase the structure strength and scratch resistance. 

2.4.2 Bonding  

Adhesive bonding is identified to be the most efficient method of stress transferal 

between two materials as it avoids stresses concentrations that are associated with 

mechanical fasteners (Pizzi and Mittal, 2003).  The main purposes of adhesive bonding are to 

be a stress-transfer joining, weight saving and more aesthetical technique. Adhesion 

represents a complex knowledge field which cannot be covered by a single model or theory. 

It is however generally believed that the adsorption and the thermodynamic theory define 

the adhesion mechanism. Therefore, adhesion is considered the intimate contact and the 

development of physical forces at the interface e.g. van der Waals and Lewis acid-base 

interactions (Pizzi and Mittal, 2003). This is considered a requirement for the interlocking, 

interdiffusion and chemical bonding mechanisms as a way of increasing the adhesive 

strength. For the maximum adhesion, a successful application of an adhesive to a substrate 

(adherent) involves ensuring the flow, penetration, wetting and setting.  

A special issue in adhesion and especially in bonding strength represents the 

durability of the bond. A major factor in bond degradation of the hygroscopic materials is 

reported to be the moisture (Pizzi and Mittal, 2003). The bond degradation by moisture can 

be realized by altering the adhesive e.g. plasticization, hydrolysis, cracking or by swelling the 

adhesive and inducing of stresses disrupting secondary bonds between the adherent and 

adhesive interface (Comyn, 1983). Thereby, means to improve durability have been 

developed and involve providing of physical bonds and a hydration-resistant surface (Pizzi 

and Mittal, 2003). 
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The durability of bond lines due to moisture is essential in kayak construction. The 

FRP layer improves the water resistance by having none or almost no moisture absorbtion. 

The most important features of the adhesive are: good fracture toughness (cracking should 

not occur along the bond line), easiness in application (pressure and temperature at 

activation and curing should correspond to the available technology) and environmental 

issues.  

2.4.3 Adhesives for moulded laminated veneers 

 Adhesives used for laminated veneers (LV) must lock the construction in the desired 

shape and for industrial use, the synthetic adhesives play the major role (Blomquist, 2013). 

The most established adhesives in the LV production are urea formaldehyde (UF), melamine 

urea formaldehyde (MUF), emulsion polymer isocyanate (EPI), polyurethane (PU) and 

polysulfide/epoxy resins (Pizzi and Mittal, 2003).  3D-moulding of FRP-LV imply specific 

limitations for the adhesives used i.e. lack of heat in the press, low clamping pressure, 

reduced material costs.  

The adhesives used for the lamination of the kayak structure should have the 

application and curing temperature equal to the environment temperature since heat 

pressing using moulds would be very expensive. The adhesive costs itself should be low, they 

should widely available and environmentally less harmful. Water durability of the adhesives 

for veneer lamination is important; however, since the FRP layer reduces moisture 

absorption to the LV core, it is not mandatory. The adhesive types suitable for 3D-moulded 

LV are polyurethane adhesives, epoxy resins, polyvinyl acetates for external use and 

resorcinol and will be presented further. 

Polyurethane adhesives (PU) 

Polyurethanes are made up of long polyol chains that are tied together by shorter 

hard segments formed by diisocyanate and chain extenders if present (Pizzi and Mittal, 

2003). The polyol chains impart low-temperature flexibility and room-temperature 

elastomeric properties. The advantage of PU adhesive is the reaction of isocyanates group 

with the active hydrogen on the surface, subsurface or air, making gluing of surfaces with 

different moisture content possible. Curing time is relatively short, 2-3 hours, resulting in a 

strong and water durable bond. The disadvantages of PU adhesives are the isocyanate 

emissions and the higher pressure needed during moulding.  

Epoxy    

Epoxies are two-component adhesives based on the reaction between a polysulfide 

polymer and an amine hardener. The advantages of epoxy adhesives are good chemical and 

thermal resistance and low clamping pressure. Epoxies are widely used in boat building 

because it allows application and curing at low temperature (room temperature) and creation 
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of water stable bonds. The main disadvantages of epoxy are the high costs, environmental 

issues, presence of high moisture content influence negatively the curing since water 

molecules tend to take the place of the amine hardener in the reaction with the polymer.  

Polyvinyl acetate (PVA-c) 

Vinyl acetate homopolymers are simply-made adhesive bases manufactured by 

addition polymerization in the presence of water and stabilizers (Pizzi and Mital, 2003). 

External plasticizers e.g. dibutyl phthalate are usually added to confer flexibility and to lower 

the curing temperature (Pizzi and Mittal, 2003). Higher quality products may be made by the 

copolymerization of ethylene with vinyl acetate to form ethyl-vinyl acetate (EVA). The 

advantages of PVA-c emulsion adhesives are the low costs, ease of use and minimum harmful 

environmental effects. The disadvantages of PVAc emulsions are the low water durability. 

This drawback is reported to be removed by blending of the PVAc with MUF resins (Pizzi 

and Mittal, 2003) 

Resorcinol adhesives 

Other cold-setting adhesives with good water resistance are reported to be the 

resorcinol adhesives (Pizzi and Mittal, 2003). Resorcinol-formaldehyde (RF) and phenol-

resorcinol-formaldehyde (PRF) are mainly used in the manufacture of structural joints for 

exterior use. RF and PRF create strong joints at ambient temperature setting, however, their 

availability is limited, and thus, the costs are very high.  

2.5 Wood composite reinforcement 

FRP is the most common way to improve wooden kayaks properties i.e. the reduced tensile 

strength and water resistance. FRP represent a compound created by a macromolecular 

matrix of a polymer and reinforcing glass fibres filaments, as represented in Fig.9. The 

advantage of FRP for wooden kayaks construction is the transparent appearance that allows 

observing of the wooden core grain appearance. The most common reinforcement fibres for 

the use in wooden kayaks construction is E-glass type fibres, but for special applications 

carbon and aramid fibres can be used. Shade (1998) refers to carbon and aramid fibres 

reinforcement as “overkill” for wooden kayaks because of the very high specific strength and 

stiffness. Their use is limited in kayak building for reinforcement of the inside part of the 

hull because of the higher stresses compared to the outside part and also due to the  

undesired opaque appearance. 
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The requirements of the reinforcement fibres are a much higher modulus of elasticity 

and a greater tensile strength than the polymer, good adhesion properties with the polymer 

and be chemically and physically resistant to the polymer and other additives. 

  

 

2.5.1 E-Glass fibres 

For wood reinforcement in kayak building the most suitable material is using biaxial 

E-glass because of the ply orientation of the fibres in two layers (Shade, 1998). The layers 

may be displaced parallel or at 45o to the length of the fabric. E-glass fibres are available also 

in non-woven fabric also known as fiberglass “flakes”. Non-woven E-glass fibres have a 

higher specific strength than the woven ones, but the opaque appearance limits their use for 

inside part of the hull. 

E-glass refers to fiberglass produced from a common alumina-borosilicate glass. E-

glass composition offer a high strength, stiffness, corrosion resistance and essentially 

isotropic properties. The properties of the E-glass may vary mostly due to boron oxide 

content variation. Latest commercial needs are to reduce boron oxide content in the E-glass 

composition. Some of the mechanical properties of the E-glass fibers are presented in Table 1. 

Table 1.Mechanical properties of E-glass fibers (Wallenberger and Bingham, 2010) 

 Property Values1 Units 

Density 2.54-2.62 g/cm3 

Tensile strength – filament 3.1-3.8 GPa 

Tensile modulus – filament 76-81 GPa 

Elongation at break – filament 4.5-4.9 % 

Poisson’s ratio 0.18  
1Includes E-glass composition with and without boron oxide 

Figure 9. Compound structure of a unidirectional fiberglass reinforced polymer (FRP) 
(Wallenberger and Bingham, 2010) 
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2.5.2 Thermosetting composites materials 

Thermosetting composites materials represent the matrix of the FRP (Fig.9) and 

usually the term of resin is applied to the precursor chemicals and resulting polymer. 

Composites based on thermosetting resins are created when the monomer or pre-polymer 

liquid is transformed through a chemical reaction into a cross-linked polymer (Wallenberger 

and Bingham, 2010). Thermosetting resins are infusible, hard and brittle compared to 

thermoplastic composites. The requirements of the thermosetting matrix resin for wood 

reinforcement are to ensure strong adhesion with wooden core; to ensure good compensative 

compression strength for the FRP composite; low weight, reduced costs, limited water 

absorption rate and reduced environmental impact. Typical resins are unsaturated polyesters, 

epoxy, vinyl esters, phenolics, polyurethanes and silicones.  

Epoxy resins 

Epoxy resins are a two component thermoset polymers based on a epoxy, epoxide or 

ethoxyline group resin and a curing agent (Wallenberger and Bingham, 2010). Curing agent, 

the hardener, produce an insoluble, intractable, cross-linked thermoset polymer. The 

properties of the cured epoxy polymer depend on the type of hardener, cure temperature and 

schedule. 

Epoxy resins are currently mostly used for wooden boats fiberglass reinforcement. 

Their advantages are stronger bonds with the wood, more durable and more impact-resistant 

than polyester resins and they are relatively easy to work with. As disadvantages, epoxy 

resins are rather expensive, long curing cycles and lower properties achieved when curing at 

room temperature. Also, most of the epoxy resins suffer from “amine blush” a surface coating 

that develops when epoxy is curing in presence of humidity.  

Polyester resins 

Unsaturated polyester resins consist of low molecular weight condensation products 

of unsaturated and saturated biacids and diols dissolved in styrene monomer or other suitable 

reactive diluents (Wallenberger and Bingham, 2010). The unsaturation of the resin systems 

provides vinyl sites for cross-linking and creation of the thermoset resin. Cross-linking can 

be initiated by various activators at ambient or increased temperature. Organic peroxides are 

used as initiators and Cobalt complexes are used as accelerators, to reduce the minimum 

temperature at which the decomposition of the organic peroxide takes place. Polyester resins 

advantages are the availability, low costs and curing at room temperature. As disadvantages it 

can be mentioned the styrene emission and a rather low impact strength of the surface.  

Other thermosetting resins are limited for application for wood fiberglass 

reinforcement because of elevated curing temperature required (silicone resins), toxic 

emissions (polyurethane, phenolic and vinyl-ester resins).  
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Fillers 

Fillers represent additives of the matrix with the cost reduction purpose. However, 

some filler might follow achievement of a special composite property i.e. increased impact 

strength, water resistance. Inorganic fillers are widely used together with unsaturated 

polyester resins. Fillers used for the fiberglass composite used in wooden kayaks building 

should fulfill requirements like: improved abrasion resistance, impact resistance, appearance 

(smooth and transparent) and water insoluble.  Examples of fillers are calcium carbonates, 

hollow glass spheres and wollastonite. 

Release agents 

Release agents are used to prevent a moulded composite to adhere to surface when 

curing. Most common release agents are sprayed on the mould surface as liquid (e.g. 

silicones), wax or a solid film. Polyethylene films can serve as release agent. Sometimes, 

release agents can be mixed with the resin to enhance the processing. Typical property of the 

release agents is a low surface energy that hinders the adhesion of the matrix to the mould.  

2.6 Laminate moulding 

Laminated bending represents the gluing and pressing against a pair of moulds of 

several numbers of veneer layers (Navi and Sandberg, 2012). The advantages of using 

laminated veneers are that small radius of thick laminations can be achieved, higher yield 

including incorporation of lower quality wood, easier to bend and set to the shape of the 

mold. A study of Grubii (2015) reported that the FRP-LV structure has superior mechanical 

properties in respect to MOE and MOR comparing to FRP solid wood structure. The reason 

for the superior mechanical properties is a more homogenous material due to the lack of 

wood anisotropy features (knots, inner cracks) and elastomeric glue lines which act as a stress 

inhibitor.  

A new “3D-veneer” technology was developed by Reholz GmbH in Germany and 

successfully introduced on the market. The particularity of the structure is that a middle 

layer has cut grooves spaced at a distance ranged from 0.1 to 1mm (Navi and Sandberg, 2012). 

With 3D-veneers it is possible to realize a design-language which is known till know only for 

plastic and metal moldings (Fig.10).  

Gaborik and Dudas (2008), refers to 3D-moulding of wood as the most complicated 

non-cutting type of moulding process for wood. The application of three-dimensional 

moulding is limited because of the characteristics of wood e.g. reduced tensile strength, small 

ratio of plastic deformations and anisotropic characteristics. However there are possibilities 

to enhance the moulding ability of the wood by wetting with a 5% ammonia solution (Gaff 

et al., 2015). They report that specie type has an important impact on 3D-moulding of wood. 

Birch veneers sprayed with ammonia showed optimal moulding behaviour.      
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Mould pressing 

Mould pressing is the most common method to produce bended laminated veneers. 

The shape is obtained by pressing between a pair of moulds: “male” – the convex part and 

“female” - the concave part. Usually, moulds for LV manufacturing are made from 

aluminium or plywood. Grubii (2015) has been used MDF boards to produce half-circular 

shaped moulds for FRP-LV manufacturing. Navi and Sandberg (2012) state that the pressing 

of laminae using mould pressing is limited when the applied force is only in one direction 

since the applied pressure is nearly parallel to the laminae thickness at the edge of the mould. 

To trespass this issue, the press in Fig. 11 is equipped with a horizontally movable pressing 

mould.   

 

 

Figure 10. A chair model made off 3-D moulded laminated veneers from Reholz 
(www.studiolog.thysjones.com.au) 

Figure 11. Forming of LV with a  mould pressing system using a “male” - upper mold and a “female” – 
lower mold;  “F” represents the direction of applied pressure  
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Vacuum pressing 

Vacuum pressing comes as alternative for mould pressing. It uses atmospheric 

pressure as a clamp to hold laminate plies together. Vacuum pressing is performed using an 

airtight bag which with the removal of the inside air, applies a pressure on the lamination 

equal to the atmospheric pressure which is approximately 1 bar or 100 KPa. As vacuum is 

created, the atmospheric pressure acts on the component with a uniform force (Fig.12). 

However, absolute vacuum is not possible since some amount of air is not possible to be 

removed. The actual pressure is the pressure differential or clamping pressure which usually 

ranges between 40 to 85 kPa (Westsystems.com, 2010). Vacuum bag pressing are widely used 

in composite moulding and injection and are starting to be used in wood workshops as well.  

 

The advantages of using a vacuum bag are a relatively even distributed pressure over 

the entire surface regardless of the type and material being laminated. Another advantage of 

vacuum bag pressing is the need of only one mould comparing with two for “mould pressing” 

method. This renders in even bigger advantage. Indifferently of moulds dimensional 

precision, the pressing would have the same quality throughout the moulded part with the 

vacuum bag system while with mould pressing, if the two moulds have slight dimensional 

misalignments it will result in poor laminates. However, the main advantage of vacuum 

pressing systems is that they are more cost effective compared to traditional mould pressing. 

A disadvantage of vacuum bag pressing systems is the relative low pressure.    

 

 

 

 

Figure 12. Veneer lamination using vacuum-bag system (www.airpress.co.uk) 
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2.7 Product development  

According to Ulrich and Eppinger (2012), a generic product development process 

consists of 6 stages in the following order: planning, concept development, system-level 

design, detail design, testing and refinement and production ramp-up (Table 2). As an early 

stage product development, the current study will stress the planning and concept 

development of the product for the design and manufacturing part.  

Table 2. Generic product development process, green cells represent the study objectives  

 Planning Concept 

Development 

System-Level 

Design 

Detail Design Testing and 

Refinement 

Production 

Ramp-up 

Marketing -Articulate market 

opportunity; 

- Define market 

segments 

-Collect customer 

needs; 

-Identify lead 

users; 

-Identify 

competitive 

products 

-Develop plan for 

product options and 

extended product 

family 

-Develop 

marketing plan 

-Develop 

promotion and 

launch materials ; 

-Facilitate field 

testing 

-Place early 

production 

with key 

customers 

Design -Consider product 

platform and 

architecture; 

- Assess new 

technologies 

 

-Investigate 

feasibility of the 

product; 

-Develop 

industrial design 

concepts; 

-Built and test 

prototypes 

-Develop product 

architecture; 

-Define major sub-

systems  and 

interfaces; 

-Refine industrial 

design; 

-Preliminary 

component 

engineering. 

-Define part 

geometry; 

-Choose materials; 

-Assign tolerances; 

-Complete 

industrial design 

control 

documentation 

-Test overall  

performance, 

reliability and 

durability; 

-Assess 

environmental 

impact; 

-implement 

design changes 

-obtain  

regulatory 

approvals 

-Evaluate 

early 

production 

output 

Manufacturing -Identify 

production 

constraints; 

- Set supply chain 

strategy 

-Estimate 

manufacturing 

cost; 

-Assess 

production 

feasibility 

-Identify suppliers 

for key components; 

-Perform make-buy 

analysis; 

-Define final 

assembly scheme 

-Define piece-part 

production 

processes; 

-Design tooling; 

-Define quality 

assurance 

processes; 

-Begin 

procurement of 

long-lead tooling 

-Facilitate  

supplier ramp-up; 

- Refine 

fabrication and 

assembly 

processes; 

-Train workforce; 

- Refine quality 

assurance 

processes 

-Begin full 

operation of 

production 

system 

Other functions -Research: 

demonstrate 

available 

technologies; 

-Finance: provide  

planning goals; 

-General 

management: 

allocate project 

resources 

-Finance: 

Facilitate 

economic 

analysis; 

-Legal: 

Investigate patent 

issues.  

-Finance: Facilitate 

make-buy analysis; 

Service: identify 

service issues 

 -Sales: Develop 

sales plan  

-General 

management: 

conduct post-

project 

review 
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3. Experimental testing in kayaks concept development   
Concept development represents a change of either form, function, features and is 

usually accompanied by a set of specifications, analysis of competitive products and economic 

justification of the project. The concept development in the current study includes a product 

feasibility study and an optimization part together with a further concept testing.  

The product/process feasibility was researched based on three studies: (1) FRP-LV 

3D-moulding study, (2) FRP-LV structure study and (3) product design study using FEA. 

The FRP-LV 3D-moulding study has to ascertain if the adopted method is feasible or 

not for kayak construction application. For this, a prototype should be designed and tested. 

 Since the superiority of the FRP-LV comparing to solid-wood structure properties  

have been reported in earlier studies (Grubii, 2015), the current investigation has to point 

out the optimal FRP-LV structure in terms of FRP thickness, no. of veneer and adhesive 

type. The objective with the FRP-LV structure study is to reduce product weight by having a 

rather strong structure (high specific strength and specific stiffness).  

Because of high production costs and early stage of the product development, the 

product design was tested by simulation techniques using FEA. The main objective of it was 

to ascertain either the designed product will withstand under relevant loading tests. 

3.1 FRP-LV 3D-moulding study 

The 3D-moulding technology is the process by which an element changes its shape in 

three mutually perpendicular planes under the action of external forces (Gaff et al. 2015b). 

The application of 3D-moulding in wood is significantly limited because of its characteristics, 

including its low tensile strength, small ratio of plastic deformations and wood anisotropic 

characteristics. This why the most current method of forming 3D-molded laminated veneers  

is by pre-cutting of small grooves on the inner part of the veneer (Reholz 3D-veneer) 

(Fig.13).    

Since this technique can be rather costly, many studies have concerned the increasing 

of pliability of wood using wood plasticization without pre-cutting of the material 

(Yamashita et al. (2009), Gaff et al. (2015a). 
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The pliability of veneer has been reported to improve with increased moisture 

content (Yamashita et al. 2009) and by adding a 5% Ammonia solution (Gaff et al. (2015a). 

Through-out the most suitable species for bending e.g. ash, beech and birch, the last has 

shown the highest pliability behaviour (Gaff et al., 2015b). Yamashita et al. (2009) reported 

that 3D-moulding is usually due to the dissociation of the fibres at the fibres interference in 

longitudinal direction. Also, fibre orientation has been proven to be the most important 

factor in determination of the moulding quality. The deformation perpendicular to the fibres 

orientation occurs at low pressure with dissociation of the fibres interference while 

deformation in the direction of fibre orientation induced higher pressure and veneer 

severing.  

 In kayak building using moulding of laminated veneers will result in deformations in 

both perpendicular and parallel to the fibre orientation, thus severing of veneers might 

occur. Reducing of this effect is required in order to make the method feasible. This can be 

done by changing material properties i.e. changing moisture content or chemical treatment 

or changing the design/method to meet material properties requirements i.e. reducing the 

curvature in the direction perpendicular to the fibres or dividing the whole design in few 

parts to reduce the effect of changing direction of the deformation.   

The aim of the 3D-pliability testing is to ascertain if a kayak shape would be possible 

to form by pressing and gluing several layers of veneers.   

Method 

The 3D-moulding study was performed in three steps: 

1. A “CAD-study” to develop the moulds for forming of a kayak in 1:5 scale. 

2. Manufacture of moulds and develop the pressing technique. 

3. Moulding a FRP-LV kayak structure in 1:5 scale. 

Figure 13. 3D-moulded laminated veneer and the fibers direction (Reholz veneer) 
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“CAD-study” 

For moulds generation, a computer-aided design (CAD) of a recreational kayak was 

developed (Fig.14). Compared to sea-kayaks, recreational kayaks have a les “curved” design, 

thus, 3D-moulding of it could be easier. The kayak maximum dimensions are (LxBxH: 

4700x650x350mm). The missing material on the top part represents the “cockpit” – the place 

where the paddler sits and is designed for a one person.  

 

During geometry analysis it was observed that positive draft (the amount of taper of 

the part perpendicular to the parting line) is mandatory for a proper mould generation. 

Respectively, design was changed in order to get a positive draft, but also, a relatively 

straighter partying line (PL), the line that defines the boundary between positive draft and 

negative draft (Fig.15). The partying line corresponds to the kayak sheer line (the line that 

separates the hull part from the deck) 

 

Figure 14. Kayak design used for molds generation 

Figure 15. Draft analysis for the conceived design 
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With the body separation along the PL, the two moulds were generated at the 1:5 

scale (Fig.16).   

  

Mould manufacturing and pressing technique 

 For the manufacture of the moulds, 32 mm thick low density fibreboard was used. 

The method was based on gluing of moulds paper-printed cross-sections generated at 32 mm 

offset along the length of the kayak on the low density fibreboard. The gaps in the obtained 

structure was filled with epoxy-wood dust putty and sanded. After preliminary testing, 

lightweight wall filler was used to reduce the surface roughness of the mould and a solid-

wood basis under the mould was added (Fig.17). 

  

 

Figure 16. CAD view of the hull and deck moulds  

Figure 17. A half (left) and a quarter (right) mould used for 3D-forming of veneers 
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 Pressing of veneers using the presented moulds results that the highest deformations 

are in the Y direction (Fig.17). Therefore, fibres direction was parallel to the length of the 

mould (X direction).   

 After first testing in forming with vacuum bagging technique using a whole mould, 

it was suggested that the mould should be split in two parts in order to suppress the double 

curvature in X and Y direction (Fig,17). Ultimately, the decision was made to split again 

longitudinally the halves of the moulds by reducing the curvature in the Z direction (Fig.17).  

 For vacuum pressing, a vacuum bag was created (Fig.18) using polyethylene fabric, 

sealing tape and a breather fabric to help vacuum flow. The vacuum pressure reached was 

0.97 Bar. 

 

 

 For forming, the veneer strips were cut at special dimensions (Fig.20). For gluing, 

three types of adhesives were used: PVA-c wood glue, Epoxy NM 275 and PU D4 type.  

Together with the moulding of the veneers the FRP layer was also applied. For FRP layer it 

was used commonly used in kayak construction E-glass fabric and Epoxy NM 275 as the 

polymer. Forming of the veneer together with the FRP required a release agent on the mould 

and top of the laminae. The top surface release agent (between the vacuum bag and the FRP-

Figure 18. A vacuum bag pressing set-up for forming simultaneously of three molds; the breather 
(white tissue) ensures proper airflow 
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LV structure) is called bleeder (Fig.19). Its small perforations allow evacuation of the excess 

of the polymer and storing in a special container placed between the vacuum pump and the 

bag. 

 

 Material 

 For 3D-forming of the laminated veneers, considering the scale, thus smaller radius 

of bending, a special flexible veneer type was chosen, with the trademark Decoflex. The 

material represents a sheet of veneer that has been pressed into a sheet of paper that confers 

the veneer a higher flexibility (Fig.20). For material testing, two species, birch and beech 

were tested. The veneer thickness was 0.6 mm at MC about 8%. For FRP-LV forming, two 

layers of veneer were used.  

 

Figure 20. Veneer strips used for the 3D-moulding tests 

Figure 19. Vaccum pressing of a FRP-LV structure 
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 Results and Discussion 

The moulding resulted in a 1:5 scale half hull of a FRP-LV kayak (Fig.21). Using the 

vacuum-bag pressing method it was possible to 3D-mould FRP-V without severing.  

 

Result of the vacuum pressing show the advantages of using vacuum pressing for 

forming of FRP-LV i.e. enhanced properties due to the removal of polymer excess and 

reduced forming times. Forming of a part required roughly one hour for preparation and two 

to twenty-four hours for pressing. Hence, 3D-moulding of FRP-LV resulted in several defects 

(Fig.22). The defects observed when 3D-forming veneers can be classified as:  

 A- Ridges, at the edge of the mould due to hindered material stretching over the 

mould; 

B - Wrinkles in the middle of the part due mould poor air evacuation and the air trap 

between veneer and the mould;  

C- Edges chamfer, created due to the fact that the mould edge is flat to the table and 

veneers tend to chamfer around the sharp edge.   

Reduction of the mould shape and improvement of the accuracy resulted in fewer 

errors after forming. With half-reduced moulds (Fig.23) it can be observed that the size of 

the ridges reduced, but wrinkles are still visible.  

Figure 18. Vacuum pressing of a FRP-LV structure 

Figure 21. 1:5 scaled kayak hull part made from 3D-moulded FRP-LV 
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The least defects were detected when forming with quarter-divided mould (Fig.24) 

where a double curvature was suppressed in every direction.  Hence, few defects occured in 

the shape of the part, the occurred errors could be influenced by surface roughness of the 

mould rather than material limitation. 

The limitations of using a scaled model (1:5) in moulding a hull of a kayak were 

clearly shown in this study. The defects observed i.e. wrinkles for the quarter moulded parts 

being uncertain for cause-effect explanation. A full scale prototype could result in different 

moulding behaviour and acknowledgement of the limitations.   

Figure 22. Forming of a hull of LV in a vacuum bag, the arrows indicate the surface errors  

Figure 23. LV forming of a half hull  



25 

 

The main reason for defects occurrence is thought to be the limited plastic 

deformation of wood and a relatively high compressive strength which could not be 

undergone by the vacuum-bag pressing method. To better understand the limitations and 

advantages of the method, additional tests on the 3D-forming by mould pressing (with 

“female” and “male” moulds) should be undergone. Forming in one part of a kayak hull is 

assessed to be impossible with 3D-moulding of FRP-LV by vacuum pressing, but a break-

down in two or four parts could be feasible. Respectively, this method needs further 

investigation, especially, on the trimming and joining of the moulded parts. Also, testing on 

different types of veneer and the effect of plasticization would be noticeable.  

 

 

Concluding remarks 

The results on the forming of FRP-LV lead to the conclusion that 3D-moulding of LV 

is possible but has essential limitations. Relatively good quality surfaces were obtained with 

half-divided and quarter-divided moulds concluding that the building method in FRP-LV 

kayaks would be based on joining of a number of moulded parts.    

 

 

  Figure 24. A quarter-divided mould and the moulded LV part 
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3.2 FRP-LV structure study 

The most important feature of the kayak structure is a low weight in combination 

with high strength and stiffness. Specific strength represents material strength divided by its 

density and is the most important property of a kayak. Usually specific strength is referred to 

the ratio between material tensile strength and its density. In kayak construction main 

stresses are the bending stresses, thus the specific strength would refer to the ratio between 

materials bending strength (MOR) to its density. The SI measure of specific strength is 

Pa*m3/kg but commonly it can be used kN*m3/kg or Kyuri (Specific strength, 2015).  

Another important factor is the specific stiffness – the extent to which material resist 

deformation to the applied force in relation to its weight. Large deflections even within the 

elastic zone can cause design variation which will influence negatively the performance. 

Both wood and FRP are reported to have high modulus of elasticity and specific stiffness 

(Table 3). 

Table 3. MOE and Specific stiffness for FRP-LV materials 

Material  MOE [GPA] Specific stiffness [MPa*m3/kg] 

FRP 31.65±14.45 18±8 

Beech (Fagus grandifolia) 11.57 17.66 

 

Material and Method 

The objective of the present study was to determine the influence of structure 

parameters i.e. number of fiberglass-reinforced plastic layers, number of veneer layers and 

lamination adhesive on specific strength and specific stiffness of the structure in kayak 

construction, and to establish the optimal structure composition. For this, design of 

experiments (DOE) represents a good tool to explore factors in order to discover if they have 

any influence on the responses (screening study) and to identify their appropriate ranges 

(optimization study). 

DOE represents a set of experiments representatives to a particular question. A 

standard approach in DOE is to define a reference experiment (center-point) and perform 

new representative experiments around it. First part of DOE analysis is the problem 

formulation which specifies the experimental objective, define factors and responses, and 

choose a regression model, the design and worksheet.  

A screening study is meant to determine either a factor is important or not on 

responses by analysis of response variation and establishing of regression coefficients. The 

types of the model available for the screening part are linear: 
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 y = β0+ β1x1+ β2x2+…+ε     (1) 

 or interaction: 

                              y = β0+ β1x1+ β12x1x2+…+ε    (2) 

where:  

  y  - the responses 

  β0 – the constant term 

  βi – the model parameters 

  xi – the variables 

  ε – the residual response variation not explained by the model 

The number of experiments will be determined by the design type and number of 

factors used according to: 

X=2n+3      (3) 

 

Where: n – number of factors 

A second part of DOE is the optimization study. The objective of optimization is to 

predict the response values for all possible combinations of factors within the experimental 

region and to identify an optimal experimental point. Optimization part uses composite 

family designs which support quadratic polynomial models by encoding 3 to 5 levels of each 

factor. A quadratic model is flexible so it can easily appreciate a “true” relation between the 

factors and responses.   

The samples for the study were from beech (Fagus sylvatica L.) veneers (rotary-cut) 

laminated with PU, PVA-c and Epoxy adhesive  reinforced with FRP composite consisting of 

fiberglass weave saturated with Epoxy resin. The components properties are presented in 

Table 4 

 Table 4. FRP-LV structure material properties 

 Propriety  

Veneer 

(Beech) 

Density[kg/m3] 520 

Moisture content [%] 6.6 
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Size [mm] 140x30x1.2 

Polyurethane ESS 

Wood PU D4 

 Consumption 

[g/m2] 

Clamping 

time [h] 

150 3 

Polyvinyl-acetate 

(PVAc) 
200 1 

EPOXY 275A         120 24 

Glass fiber 

Weight [ g/m2] 163 

Fibers percentage [%] 35 

Resin consumption [g/m2] 128 

Laminated thickness [mm] 0.179 

Laminated weight [g/m2] 291 

Polymer 

Resin 2x Epoxy NM  275A 

Hardener 1x  NM 275B 

 

Small veneer strips were cut at final dimension (140x30x1.2mm), sanded, spreading of 

adhesive, pressed, applied FRP and trimmed after curing, as in Fig.25. Veneer strips were wet 

sanded before gluing in the case of PU lamination for stronger bonding and dry sanded in the 

case of PVAc and Epoxy use. The adhesive application was done using a brush (prompt to 

variation in the adhesive consumption)  The clamping was done using a manual hydraulic 

press by applying a pressure of 2 MPa in the case of specimens laminated with PU adhesive. 

In the case of PVAc and Epoxy adhesive the pressure required was much lower and pressing 

was done with simple spring clamps. When completed pressing on the specimens were 

applied 1 to 3 layers of fiberglass (weave) in a single process. Fiberglass layers were saturated 

independently with Epoxy in order to have a better control on the resin consumption. The 

samples were left for resin curing for 24 hours and then trimmed the fiberglass edges.  

For the material testing a three-point bending test was applied. Tests were performed 

on a Hounsfield H25K-S lab testing machine with the set-up as in Fig.26. The specimens 

were placed on the two supports and loaded under a constant speed until breakage or 

maximum deflection point (30mm). 
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Figure 26. Three-point bending test  

Figure 25. FRP-LV specimen manufacture process: 1-veneer sanding, 2-veneer strips 
cutting, 3- adhesive application, 4-pressing, 5-application of FRP, 6- FRP trimming, 7-
tested specimen 
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The output of the test was the modulus of elasticity (MOE) and bending strength 

(MOR). These values could be automatically calculated using testing machine software but 

detected noises in the measurements at beginning of the load-deflection plots resulted in 

slightly different results. Using the load-displacement plots, the values of MOE were 

calculated with: 

𝑀𝑂𝐸 =
𝐿3∗𝐹

4∗𝑏∗𝑑∗𝛿
  (4) 

And MOR was calculated with: 

𝑀𝑂𝑅 =
3∗𝐹𝑚𝑎𝑥∗𝐿

2∗𝑏∗𝑑2
 (5) 

Where: 

L – length between support (mm); 

F – load at maximum of the chosen linear interval (N)  

b – width of the specimen (mm); 

d – specimen thickness (mm); 

δ – deflection at the given point in the load-deflection curve (mm) 

Fmax – maximum load applied (N) 

For FRP-LV structure study, DOE was used. The experimental design was separated 

in a screening and optimization part investigating the influence of three main components in 

FRP-LV structure (adhesive type, amount of veneer and FRP layers) on its specific strength 

and specific stiffness. For simulation modelling the MODDE 9.1 software was used. The 

factors and response definition is presented in Table 5 and are the same for the screening and 

optimization part.  

For the screening study, a full factorial design with an interaction model was applied 

requiring 15 experiments, 12 corner experiments and a centre point repeated in 3 

experiments, as in Fig.27. The centre-point represents an optimal thought FRP-LV structure 

with 2 layers of FRP and 4 veneer layers laminated with PU adhesive. The design worksheet 

for the screening part together with the responses values are presented in Appendix 1. 

For the optimization study, a quadratic model with D-Optimal design. The 

investigated points were 18 and 3 centre-points. The centre-point represented 2-FRP, 4-

veneer epoxy laminated FRP-LV. The generated experimental design worksheet and 

responses values can be found in Appendix 2.  
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Table 5. Factors definition for the investigation 

Parameter Abbreviation  Type Use Settings Transfo
rm 

MLR Scale PLS Scale 

Frp layers frp Quantitative Controlled 1 to 3 None Orthogonal Unit 
Variance 

veneer 
layers 

ven Quantitative Controlled 2 to 6 None Orthogonal Unit 
Variance 

adhesive adh Qualitative Controlled PU; PVA; 
EPOXY 

   

        

Name Units Transform MLR 
Scale 

PLS 
Scale 

Type Min Target Max 

specific 
strength 

kPa*m
3
/kg None None Unit 

Variance 
Regular    

 
 
 

specific 
stiffness 

mPa*m
3
/kg None None Unit 

Variance 
Regular    

 
 
 

 

 

 
 

 

Results and Discussion 

Screening 

The results of the screening part model are summarized in the summary plot using 

basic model statistics in four parameters where 1 is 100% explained model (Fig.28). R2 value 

represents the goodness of fit or the explained variation in the variables and responses. Q2 

represents the explained variation in the predicted values and is the most sensitive and 

representative coefficient of the model. In this study, its values show a significant but rather 

poor prediction model. It can also be observed that the model fitting for specific stiffness 

shows slightly better prediction and validity comparing to specific strength response but the 

Figure 27. (left)- the Full-Factorial design used for the screening study; (right) - the D-optimal design 
used for the optimization study 
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model reproducibility is lower for specific stiffness response due to higher variation in the 

MOE within the same experiments.  

In order to understand the objective of the screening part is important to have a look 

at the regression coefficients plot (Fig.29) as the goal of the study is to determine either a 

factor is important or not. It has to be mentioned that since this is an interaction model it 

contains interaction factors i.e. interaction between number of veneers and adhesive type 

e.g. ven*adh(PU). A first step in model analysis was model fit enhancement by pruning of the 

insignificant factors. The only factor removed from the model was interaction factor frp*ven 

which can be interpreted as a random variation of the two combined factors (amount of 

fiberglass and veneer layers) on responses. 

 

 

 

 

The meaningful data represented with the regression coefficients plot is the 

importance of independent factors on responses. It can be observed a fairly good correlation 

between specific strength and specific stiffness in terms of factors importance. The 

number/quantity of fiberglass reinforced plastic, frp, is shown to have negative insignificant 

importance for the specific strength and significantly negative impact on the specific 

stiffness. In a different way the model explains the influence of the amount of veneer layers, 

ven, which are positively but insignificantly influencing the specific strength and in a 

positive significant way the specific stiffness.  
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Figure 28. R2 represents the explained variation in the response values; Q2 represents predicted 
variation in the response (Q2>0.5 – good model); Model validity is a test of diverse model problems 
(a value less than 0.25 indicates statistically significant model problems, such as the presence of 
outliers, an incorrect model, or a transformation problem). Reproducibility is the variation of the 
replicates compared to overall variability (a value greater than 0.5 is warranted). 
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From adhesive type influences, it can be observed that positive influence on specific 

strength and stiffness has the PU adhesive, adhesive(PU), which has the most positive  

influences on specific strength but rather insignificant for the specific stiffness. As important 

appears to be Epoxy adhesive, adhesive(EPOXY), which has the strongest negative impact on 

structure specific strength but unexpectedly shows rather positive impact on specific stiffness 

which denote that Epoxy LV is a rather brittle material. In this regard, the last adhesive used 

for lamination, adhesive(PVA), shows total opposite behaviour. The results shows that PVAc 

adhesive influences slightly in a positive way the specific strength but is significantly 

decreasing the structure specific stiffness proving that PVA-c laminated veneers are rather a 

flexible material.  

Interactions factors influences on the model reveal interesting aspects of structures 

behaviour. One of the biggest perplexity represent the significant positive impact of 

frp*adhesive(PVA) factor on specific stiffness despite negative impact of both independent 

factors frp and adhesive(PVA). Similar tendency is encountered in specific strength response 

but in a less important way. Actually, the PVA-c laminated veneers prove an odd behaviour 

also when comparing the interaction factor of adhesive and veneer number, 

ven*adhesive(PVA), when independent factors are insignificantly positive towards specific 

strength but the interaction factor shows a significant negative influence. This interaction 

Figure 29.Centered and scaled coefficient plot, the coefficient is significant when the confidence 
interval does not cross zero, 95% confidence interval 
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factor appears to be the most important negative influence for specific stiffness. This can 

conclude that PVA-c laminated veneers have strong limitations with increased number of 

veneers.   

Despite meaningful information provided by the regression coefficients plot, it has to 

be remembered that the model has relatively low prediction ability and this can be observed 

with the normal probability plot (Fig.30) and observed/predicted plot (Fig. 31). Both plots 

show similar information on the distribution of the responses registered values and the ones 

expected by the model. Respectively, it can be observed that in the case of the specific 

strength response, experiment no.2 and no.3 and slightly no.13 are outliers. These 

experiments have in common the PU adhesive which is interpreted as lower than expected 

specific strength values. These can be explained by looking at failure diagnostics which 

occurred by delamination in no. 3 and no. 13 –which is not typical for PU laminated veneers 

and denotes possible errors in the lamination process.  

 

 

Figure 30. Residuals N-plot showing the residuals of the responses vs. the normal probability of the 
distribution. An ideal result is when all the points are on a straight line 
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As for specific stiffness, the model shows a slightly better distribution of responses, 

hence, outliers e.g. no.10 and no.15 are present. Observation no.10 is a model noise as it 

represents an Epoxy FRP-LV which has significantly low specific stiffness, not common for 

Epoxy bonded structures which might be again due to faulty lamination process. On other 

path, outlier which corresponds to the observation no.15 represents a PU laminated sample 

with relative high specific stiffness which falls out from the average predicted value of the 

model and can be a cause of material variation (wood) or possible faulty FRP application 

(epoxy overconsumption).  

To summarize the conclusions based on the screening study are: 

1. Variables variation explained better Specific stiffness then the specific 

strength, however, in both cases, the models are considered significant. More-

over there is a good correlation between the two responses, being influenced 

in  a similar way by the variables. 

2. The most important variable for specific strength increase is PU adhesive and 

for specific strength decrease, the Epoxy adhesive. 

3. With increasing of FRP layers, it was observed a negative impact on the 

structure specific stiffness while with the increasing of veneer layers, the 

structure specific stiffness has increased  

4. Interaction factors highlighted important structures features i.e. PVAc 

laminated FRP-LV rendered in decreased specific strength and specific 

stiffness with increasing number of veneer layers. 

Figure 31. Observed vs. Predicted plot. The points close to as straight line indicates a good model 
with the points falling at a 45o line 
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Optimization 

 The summary of fit after model refining is shown Fig.32. The plot can be interpreted 

in the same way as described in the screening study results part. Overall, the values in both 

responses are relatively high which indicates a good fitting model. The quadratic model D-

optimal shows a better explanation in the variation of the data compared to the full-factorial 

interaction model in the screening study. However, a decrease between the two is noticed in 

the D-optimal model in the Reproducibility value because of different chosen centre-point 

(Epoxy laminated structures indicated higher variation in responses comparing to PU, used 

in the screening study).  

 

The quadratic model implies using of linear, interaction and squared terms. The 

significant coefficients are presented in Fig.33. Although, there are still insignificant 

individual coefficients e.g. ven, frp*adh, it was not possible to remove independent terms 

without removing second ranked terms which are significant for the model. Even some 

insignificant second ranked terms e.g squared coefficient frp*frp by removal decreased the 

model fitting, thus they were kept. It can be observed that in the specific strength response 

the insignificant coefficients removed were the interaction terms frp*ven and frp*adhesive, 

meaning the model does not explain the variation in specific strength due to interaction 

between FRP layers and veneers and FRP layers and adhesive type. For the specific stiffness, 

the only insignificant term found was the squared factor between veneer number, ven*ven. 

The results shown in the regression coefficients plot confirm the results discussed in 

the screening part. The positive impact on specific strength and specific stiffness is shown 
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Figure 32. Summary of fit for D-optimal model 
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with PU laminated veneers, adh(PU). Similarly to the screening study, the optimization 

model is strongly influenced by negative impact on the responses of the interaction factor 

between veneer number and PVAc adhesive, ven*adh(PVA-c). Also, similar tendency is 

discovered in the interaction factor between veneer number(ven) and epoxy adhesive, 

adh(EPOXY), where, even though the independent factors influenced negatively the 

response, the interaction factor had a positive impact .   

The difference from the screening model relies in a significant negative impact of FRP 

amount (frp) on both responses proving that the reinforcement matrix actually reduce the 

structure specific strength and specific stiffness.  

 

  

In the observed vs. predicted plot (Fig.34) it can be observed the outlying experiments 

which are far away from the imaginary 45o regression line e.g observation no.21 which 

represent a centre-point of the study. This result not only influenced negatively the model 

prediction ability but also its reproducibility mentioned above. This indicates that the model 

is prone to errors due to variation in material properties or faulty application of lamination 

adhesive.  

 

 

Figure 33. Scaled and centered regression coefficients plot. The coefficient is significant when the 
confidence interval does not cross zero 
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For better decision making, prediction data was computed using Surface Contour Plot 

tool. The most important discovered parameter influencing positively the FRP-LV structure’s 

specific strength, PU adhesive, is shown with the aid of a surface contour plot (Fig.35). The 

plot shows a negative influence on of increasing FRP layers on specific strength. The 

increasing number of veneers had a positive impact on the specific strength. The optimal 

point appear to be the 1FRP,2-veneer as the specific strength shows a “good enough” specific 

strength and it corresponds to the vision aim – to reduce the costs of manufacturing.  

 

 

Figure 34. Observed vs. Predicted plot showing the observed vs. predicted values of the response 

Figure 34. Surface Contour plot representing prediction values of specific strength for PU 

Figure 35. Surface contour plot representing prediction values for specific strength 
for PU laminated FRP-LV 
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Figure 36. Surface contour plot representing prediction values for specific strength 
for PVAc laminated FRP-LV 

Figure 37. Surface contour plot representing prediction values for specific strength 
for Epoxy laminated FRP-LV 
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The influence of the epoxy adhesive on FRP-LV structure specific strength (Fig. 37) 

show similar behaviour as PU structure except about 1.5 times lower values obtained. A 

different behaviour is noticed in PVAc bonded structures (Fig.36) which maximum specific 

strength is predicted in the lowest corner of the study (1 FRP layer, 2 veneer layers). The 

maximum value is much higher than for the other 2 types of adhesives and indicates the 

optimal spot. However, because of rapidly drop of the values with increasing number of FRP 

and veneers it remains to be further investigated the validity of the current findings. 

Results of the specific stiffness predictions based on adhesive type show different 

behaviour among the three types of adhesives studied. The interesting point is situated in the 

lower corner (1 FRP layer, 2 veneer layers) and had similar predicted values for both PU 

(Fig.38) and PVA-c (Fig.39) laminated structures. The difference between the two relies in 

the non-influence of the veneer amount on the PU structures while PVAc bonded laminated 

veneers reduced in both specific strength and specific stiffness with increasing amount of 

veneer layers. Oppositely, Epoxy-bonded structures (Fig.40) have the lowest specific stiffness 

in the point of interest, the value at the point of interest being approx. two times lower than 

for the other adhesives. 

 

 

 

Figure 38. Surface contour plot representing prediction values of specific stiffness for PU 
laminated FRP-LV 
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Figure 39. Surface contour plot representing prediction values of specific stiffness for 
PVA-c laminated FRP-LV 

Figure 40. Surface contour plot representing prediction values of specific stiffness for 
Epoxy FRP-LV 
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The most important conclusions for optimization study can be stated as follows: 

1. Increasing number of FRP layers influenced negatively structure specific 

strength and specific stiffness 

2. PU lamination adhesive influenced positively the structure specific strength 

and specific stiffness 

3. Epoxy laminated FRP-LV influenced negatively the structure properties, 

however, with increasing number of veneer laminated with Epoxy the 

influence is positively, especially for specific stiffness 

4. Higher amount of veneer bonded with PVAc resulted in the strongest negative 

impact on structure specific strength and specific stiffness. 

5. The optimal structure in relation to the properties and costs within the studied 

interval resulted to be 1-FRP, 2-veneer, PVAc laminated FRP-LV but 

considering the varying behaviour of PVAc laminated structures and similar 

good results of PU laminated structures, a recommended structure would be 1-

FRP, 2-veneer using PU lamination adhesive.   

Concluding remarks for FRP-LV study 

With the DOE study, the influence of FRP-LV parameters (no. of FRP layers, no. of 

veneer layers and three different adhesive types) on specific strength and specific stiffness 

was investigated.  

The results of the two parts, screening and optimization, showed similar results, thus, 

confirming the FRP-LV structure findings. The most important finding was the unsuspected 

negative influence of the FRP layer on the structure specific strength and specific stiffness 

inducing that further studies should investigate the influence of using only of LV for kayak 

construction. It was shown that in structures where the high strength and stiffness and low 

weight are required, PU laminated veneers have a big advantage over Epoxy laminated 

veneers.  

The results of the testing together with material costs and proprieties like water 

resistance of PU bonds resulted in a “optimal” structure represented by 1-FRP, 2-veneer PU 

laminated FRP-LV. The mechanical properties of this structure will be used in the simulation 

study (FEA) for the structure strength-stress analysis under relevant loadings    
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3.3 Product design study using Finite Elements Analysis (FEA) 

Background 

Apart from the structure performance, a similar important feature for kayaks is the 

mechanical properties i.e. design of a component for optimal size and shape against failure 

under applied loads. A good design should also minimize the cost of material and cost of 

production. Failures that change the shape or size of a product render it useless thus 

designing involves estimation of stresses and deformations of the components at different 

critical points for the specific loads and boundary conditions (Lakshimi, 2008).  

With analytical analysis which is associated with estimation of stresses and 

displacements in a component it is possible to incorporate restrictions such as homogeneity, 

isotropy, constancy of material properties and mathematical simplifications applicable for 

small magnitudes of strain and rotations. For many problems involving complex material 

properties and boundary conditions, numerical methods provide approximate but acceptable 

solutions for the unknown quantities at finite number of points in the component. 

Approximation is carried out by formulation of mathematical model based on the knowledge 

of physical behavior and generating of numerical solutions for simplified mathematical 

model. 

The methods are generally divided into two broad categories: 

(i) Weighted residual methods e.g. Galerkin method, Collocation method, Least 

squares method, etc. 

(ii) Variation method (Raleigh-Ritz method, FEM).  

FEM is an improvement of Raleigh-Ritz method by choosing the variation over a 

small element instead of the entire component. It involves analysis of the entire structure, 

instead of considering individual elements with simplified or assumed end conditions. FEM 

is best understood from its practical application, finite element analysis (FEA). It includes 

dividing the component geometry into small elements called mesh. Three-dimensional 

meshes created for FEA need to consist of tetrahedral, pyramids, prisms and hexahedra 

(Zienkiewicz et. al. 2013). In FEA, the problem usually is a physical system with underlying 

physics such as Hooks law, Euler-Bernoulli beam equation (simplified theory of elasticity) 

heat equation, or the Navier-Stokes equations. 
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 Material and Method 

For the FEA analysis, a kayak shape was designed and used for simulation 

experiments in Solidworks CAD-software. For FEA, the kayak body was considered as a shell 

element by using its outer face. Based on early results in the DOE study the structure 

thickness investigated was 3 mm corresponding to a 4 plies structure, 2 FRP layers and 2 

veneer layers. Material properties have been retrieved from the three-point bending test in 

the FRP-LV study and are presented in the Table 6.  

The first part of the study investigated the stress distribution under load of the 

paddlers weight. A static loading study for FEA was considered for this case. However, the 

product operational loads are assessed to be the highest under dynamic forces The physical 

loadings of the product are due to transportation, launching and getting in/out of the water. 

Therefore, they can be generally considered for kayaks use as impact tests. The impact can be 

premeditated e.g. when shoring or unexpected when hitting rocks in wavy sea conditions. 

The product requirements are that the product does not break under these loadings and if it 

does, to ensure that it is not dangerous for the user inside.  

Static load study 

The static study was performed using an assembly model composed from the kayak 

body shell element, seat body and a “fixture” body representing the contact body, generally 

considered - water (Fig.41). The kayak body is represented by the composite shell type with 

4 plies, 2 FRP of 0.3 mm and 2 veneer (beech) plies of 1.2 mm. Material properties are 

presented in Table 6. 

 The model was fixed by the lower face of the contact body and loaded on the seat 

face with a normal distributed load of 1000 N. Also, the gravitational force has been 

considered a loading case. The contact sets of the kayak surface and contact body are set as 

“no interference” and as “bonded” with the seat body.  
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FEA involves a breakdown of the model and that was done with mixed meshing 

technique, meshing of solid bodies i.e. seat, contact body and shell elements (kayak body) 

(Fig.42). Considering the free-shape of the product, the mesh considered was curvature based 

mesh which allowed variation in size of the mesh elements based on the curvature, thus, 

resulting in more accurate results.  

 

Figure 41. Static load study representing the fixtures (green arrows) on the lowest surface of the 
contact body; load applied on the seat face (purple arrows) and gravity force (red arrow) 

Figure 42. Mesh plot and mesh details (in table) used for the static and dynamic load study; The 
kayak body is meshed with curvature-based shell meshing, orange color representing the inner 
surface of the shell 
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Material properties assigned in the static load study are presented in the Table 6. The 

most important material property is assessed to be the Yield strength which represent the 

maximal load at which a material is elastically deformed  

Table 6. Material mechanical properties used in the FEA study 

Part Mesh type Materials Elastic 

modulus 

[GPa] 

Poisson 

ratio 

Mass 

density 

[kg/m3] 

Yield 

strength 

[MPa] 

Kayak Shell 

(composite) 

FRP(epoxy) 25 0.18 1900 300 

Beech 16 0.39 720 123 

Shell (thin) FRP-LV 7.75 0.39 775 143.4 

Seat Solid Balsa 3 0.29 160 20 

Contact 

basis 

 

solid 

Water 2.2 0.39 1000 1 

Ductile iron 120 0.31 7100       551.5 

 

Impact test  

This simulation model represents the impact between the kayak and shore 

approximated geometry. In this case the impact forces are unknown, therefore, a non-linear 

dynamic study using Solidworks software was applied. This type of loading is rather common 

in the use of the product and the requirement is that the stresses are in the elastic 

deformation zone.  

In nonlinear dynamic analysis, the equilibrium equations of the dynamic system at 

time step, t+Δt, are:  

          [M] t+Δt{U''}(i) +[C] t+Δt {U'}(i)+t+Δt[K](i) t+Δt[ΔU](i) = t+Δt{R}- t+Δt{F}(i-1) (6) 

where: [M] = Mass matrix of the system 

[C] = Damping matrix of the system 

t+Δt[K](i) = Stiffness matrix of the system 

t+Δt{R} = Vector of externally applied nodal loads 

t+Δt{F}(i-1) = Vector of internally generated nodal forces at iteration (i-1) 

t+Δt[ΔU](i) = Vector of incremental nodal displacements at iteration (i) 

t+Δt{U}(i) = Vector of total displacements at iteration (i) 

t+Δt {U'}(i) = Vector of total velocities at iteration (i) 

[M] t+Δt {U''}(i) = Vector of total accelerations at iteration (i) 
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 Fig.43 shows the impact study. The kayak design used for the static load study was 

used in an assembly design with a contact surface representing an approximate shore shape. 

The contact surface represents a rigid, immovable body with a slope of 1.7o and applied 

material – ductile iron with high density, bending and shear strength. For the simulation 

study stability the model was constrained on the furthermost front and rear vertexes by 

moving in other directions except longitudinal. The initial conditions are that the kayak 

body is moving towards the contact body in the longitudinal direction (green arrows) with a 

speed of 3 m/s which is a relatively high speed in kayak use. Additionally, the kayak is loaded 

with a 1000 N distributed force, normal to the seat face which corresponds approximately to 

a 100 kg paddler, and the gravitational acceleration force (red arrow).   

 

 

 The contact-sets of the model are – no penetration between the contact body top 

surface and kayak face, and bonded between seat and kayak. Similar as in the static study the 

kayak shape was considered as a shell element. Shell elements were used because of the 

irregular kayak shape. It can be also mentioned that shell meshing simplifies the non-linear 

model analysis. The shell property was considered isotropic thin structure. Prior study 

solving, a curvature based mesh was applied with a medium mesh density, as in the static 

study (Fig.42).   

Figure 43. Impact study overview presenting the design, fixtures, initial conditions and 
loadings; the green arrows along the kayak shape represent the direction of initial velocity 
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 The study time was set from 0 to 1 sec. with automatic time stepping of 0.01 sec. For 

the geometry nonlinearity a large displacement formulation was used. The study was solved 

using FFEPlus option.     

Results and Discussion 

Static load study 

The results of the static load study when using a ply-shell meshed structure are 

presented with the von Mises stress plot (Fig.44). It is observed that a kayak subjected to 

static load on the seat face will have its maximum stress value at the seat fastening region on 

the inside part of the kayak. The maximum stress value indicates much lower value than the 

material yield strength and thus, denotes an elastic range deformation.  

Different results can be observed when using a thin-shell meshing for the same model 

(Fig.45). In a thin-shell meshing, the stresses distribution varies much more. In the current 

simulation study the highest stresses are on the inside part of the kayak (11.9 MPa) while on 

the outer surface the stresses are rather low (7.2 MPa). This indicates that a FRP-LV 

(composite) structure will have a more uniform distribution of stresses comparing to a uni-

layered material i.e solid-wood, FRP or epoxy alone.   

 

 
Figure 44. von Mises stresses distribution in (left) – bottom (inner) ply layer and (right) – top (outer) ply 
layer; maximum stresses are calculated in the fastening region of the seat and kayak 
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The results of the deformation plot (Fig.46) represent the deformation under load and 

it can be observed that the kayak structure has the highest deformation in the fastening zone 

between seat and kayak. Hence the maximum value of ~0.7 mm is considered acceptable. 

The fastening method appears to not be very important, since the load applied on the seat 

will be transferred in the vicinity of the contact zone between seat and kayak shape, thus, 

increasing the contact area will improve the stresses dissipation.  

 

 

 

 

 

Figure 45. von Mises stresses distribution in (left) – top (outer) shell face and (right) – bottom (inner) face 
using “thin shell” mesh 

Figure 46. Deformation plot for the static load study, maximum deformation is calculated in the seat 
fastening zone  
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 Impact study 

The results of the impact test are presented with the aid of elastic boundary 

conditions. von Mises stresses distribution plots (Fig.47-48) represent the conditions at which 

a material can be elastically deformed. It must be said that at the given conditions the kayak 

will deform elastically. From the analytical calculations it can be observed that the stresses 

on the impact are differently distributed. The stresses from contact forces are transferred 

from the top surface to the inside surface and merged from the bottom to the top of the 

kayak where the material is missing (the cockpit cut-off).  

   Figure 47.  von Mises stress plot for the inner kayak surface 

Figure 48. von Mises stresses plot on the outer kayak surface 
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Another way in understanding the structure stressing is by looking at strain plot 

(Fig.49) which shows the deformation per unit length or the trend of deformation. It can be 

observed that the most stressed point is on the hull close to the load applied by the paddler. 

This regions and the cockpit area represent critical areas. Many other regions in the 

conceived design resulted to be over-dimensioned but with future technologies i.e. wood-

fibres 3D-printing it would be possible to generate optimal structures based on the 

stress/strain plots. 

 

  

 Concluding remarks on the FEA study 

Using FEA it was possible to understand the behaviour of a kayak under specific 

loadings cases. Based on the results of the FEA the product development process can proceed 

to the real prototyping since the analysed structure passed the loading simulation tests on 

few operational loads. FEA showed to be very useful and affordable tool for product pre-

testing or design optimization since no real prototypes were required. However, the 

limitation of the simulation study is the lack of validation data with real product testing, this 

step being assessed as “over-kill” at this stage in product development.  

Figure 49. Equivalent strain distribution plot showing the deformation per unit length 
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4. Conclusions 
The current study investigated the feasibility of 3D-moulded FRP-LV for 

development of a new building technology in wooden kayaks. The results of the moulding 

rendered the method feasible at a 1:5 scale kayak prototyping.  

FRP-LV structure study revealed unknown facts about the structures components 

properties. In order to increase product proprieties a developed FRP-LV structure would 

have the least amount of FRP and a higher number of veneers laminated with PU adhesive.  

FEA analysis used for design loading simulations rendered the design feasible for 

loading under operational loads. Assessment of critical zones rendered FEA a useful and cost 

efficient tool for product development at the concept development phase 

5. Future work  
One of the most important finding in the study is the FRP-LV components influence 

on structure specific strength and specific stiffness. Based on this, further product 

development should be focused on studying the influence of reducing the reinforcement FRP 

layer by means of introducing water-stable veneers i.e. acetylated wood, and development of 

anti-scratching lacquer.  

As for building techniques itself, the next step in product development should be the 

study on joining method of the moulded parts and tests on the durability of the joints and 

whole structure. A technological process of kayak building should be then developed, 

including processing of cockpit coaming, bulkheads and instructions on accessories 

attachment.  

 In the future, it would be interesting to see also, the validation of the FEA results 

with mechanical testing values, perhaps, on a simpler model. 
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Appendix 1. Screening study experimental design and results

No. 

No. of 
FRP 
layers 

No. of 
Veneer 
layers Adhesive 

Length 
[mm] 

Width 
[mm] 

Thickness 
[mm] 

Density 
[kg/m

3
] 

FMAX 

[N] 
MOR 
[MPa] 

MOE 
[MPa] 

SPECIFIC 
STRENGTH 
[kPa*m

3
/kg] 

SPECIFIC 
STIFFNES 
[MPa*m

3
/kg] 

1 1 2 PU 140 28.8 3.3 713 155 88.1 5312 122.9 8.0 

2 3 2 PU 147 33.5 4.1 861 286 92.9 4923 106.1 5.4 

3 1 6 PU 136 31.3 7.1 786 835 93.5 9368 119.0 12.4 

4 3 6 PU 146 34.9 8.3 797 1482 111.7 7441 140.2 9.7 

5 1 2 PVAC 135 29.5 3.4 738 155 93.9 6553 110.8 7.9 

6 3 2 PVAC 140 32.0 3.7 844 287 139.3 9528 139.6 9.9 

7 1 6 PVAC 142 30.3 8.7 693 853 67 3506 96.4 5.0 

8 3 6 PVAC 140 31.3 9.1 755 1168 81.7 3825 108.2 7.1 

9 1 2 EPOXY 135 32.4 3.2 713 109 58.7 5829 82.8 9.7 

10 3 2 EPOXY 135 32 4 983 146 58.4 3778 52.2 3.7 

11 1 6 EPOXY 136 30.6 7.25 817 922 103.1 10373 126.0 13.1 

12 3 6 EPOXY 140 31.0 8.1 881 761 66.9 8538 76.4 10.4 

13 2 4 PU 140 32.3 5.85 805 722 106.8 5802 146.0 8.9 

14 2 4 PU 142 35.5 5.85 800 779 115.3 8351 144.2 10.4 

15 2 4 PU 137 33.8 5.7 807 659 107.3 7930 133.9 11.0 
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Appendix 2. Optimization study experimental design and results 

No. 

No.of 

FRP 

No.of 

veneer 

layers Adhesive 

Length 

[mm] 

Width 

[mm] 

Thickness 

[mm] 

Density 

[kg/m
3
] 

Fmax 

[N] 

MOR 

[MPa] 

MOE 

[MPa] 

SPECIFIC 

STRENGTH 

[kPa*m
3
/kg] 

SPECIFIC 

STIFFNES 

[MPa*m
3
/kg] 

1 1 2 PU 140 30.5 3 847 176 116.7 8086 136.1 11.5 

2 3 2 PU 140 33.4 4.7 860 278 68 4772 78.9 5.7 

3 1 6 PU 140 31.6 7.9 738 1160 106 8137 143.4 10.6 

4 3 6 PU 136 31.8 8.8 867 1720 125 8105 145.0 9.2 

5 2 4 PU 140 33 6 819 776 118 8442 143.6 10.3 

6 1 2 PVAC 138 30.4 3 874 203 133 9452 152.8 11.4 

7 3 2 PVAC 140 28.3 4.4 935 402 138.5 6674 141.2 6.9 

8 1 6 PVAC 140 31.8 8.2 712 853 89.4 4909 100.8 8.3 

9 3 6 PVAC 135 31.5 9.6 784 1148 73.5 3987 90.8 5.2 

10 1 4 PVAC 139 31.2 5.6 782 520 95.5 5260 122.3 8.2 

11 3 4 PVAC 140 31.6 7.1 796 586 66.7 4094 83.2 5.4 

12 2 2 PVAC 138 31.5 3.6 920 350 146 9118 167.7 10.2 

13 2 6 PVAC 140 31 10 792 1500 87 4320 109.9 5.4 

14 1 2 EPOXY 140 29.1 4.1 658 192 71 3463 107.3 6.9 

15 3 2 EPOXY 140 28.3 5 807 227 57.8 3352 71.5 4.4 

16 1 6 EPOXY 140 31 8 777 1151 104.4 6565 134.3 8.8 

17 3 6 EPOXY 138 32 8.5 799 877 68.3 6681 85.4 9.4 

18 2 4 EPOXY 140 30.1 5.8 867 470 74.6 5709 96.3 8.1 

19 2 4 EPOXY 140 31.7 6 894 475 84.4 7539 83.8 9.2 

20 2 4 EPOXY 140 29.1 6.2 883 483 77.7 6516 88.0 8.1 

21 2 4 EPOXY 138 32.5 6.1 793.2 295 43.94 4662 55.4 6.2 

 

 


