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ABSTRACT 

The benefits gained from the application of composite materials are well 

exploited in the hose and pressure vessel industry. In particular the design of 

pressurised structures has reached the state of maturity and may be regarded as a 

full covered topic. Novel developments, like improved performance vessels and 

asymmetric structures have led to an increased demand for automation, especially 

when costs become an issue. In cooperation with the Delft University of 

Technology and the Taniq BV, a novel structure that relies on an arrangement of 

optimal isotensoid cells has currently been introduced. This structure enables a new 

range of high-performance applications where the combination of improved 

structural efficiency and flexibility is a key achievement. In this paper we outline 

the design methodology and verification procedure of such structures. The theory 

covering the mechanics of composite materials serves as a basis for the presented 

mathematical derivations. By applying this theory, we show that there is still some 

space to further improve the structural performance of simple geometries like 

reinforced hoses, especially when regarding the trade off between maximised 

strength and minimal matrix (e.g. rubber) loading. The equations supporting this 

trade-off are easily assessable and do immediately provide key conclusions. In 

addition, since we present the analysis procedure of reinforced hoses as a particular 

case of the theory for anisotropic shells, an extension to more complicated shapes is 

rather easy to perform. The created articulated pressurisable structures relying on 

the presented theory have been tested and found to perform according to the 

predictions.
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1. INTRODUCTION 

Composite materials (combination of a polymer with fibres) offer significant 

benefits when compared to isotropic (e.g. metallic) structures [2]. The main 

advantage lies in their ability for structural tailoring. Since the stiffness and strength 

of a composite structure depend on the fibre orientation and the stacking sequence 

(a number of layers with different orientations are attached on top of each other, this 

is referred to as laminate) one can maximise the structural performance by a proper 

lay up [4]. In this paper we will focus on pressurised composite structures, which 

are characterised by rotational symmetry.  

Perhaps the earliest example of creating rotationally symmetric composites can 

be found in the design and manufacturing of rocket engine cases, in the early 50’s 

[17, 18]. These cases where made by filament winding. In the following decades, 

some novel production techniques have been added, like braiding and spiralling. 

The technology has rapidly entered the world of more common applications like 

pressure vessels, reinforced hoses, drive shafts and even aircraft fuselages (Boeing 

787). Particularly in the 80’s, the introduction of affordable computers and machine 

controllers has led to a high degree of automation [17]. With these developments, 

structural optimisation in combination with low production costs has become the 

driving force behind further research. 

Latest developments of rotationally symmetric, pressurised composite structures 

are lightweight vessels where the matrix (polymer) does not carry any load (netting 

approach), non-symmetric objects like elbows and T-shaped junctions for pipelines, 

and high performance pressure vessels for the storage of LNG and H2 [16]. In the 

row of novel developments, the Taniq BV (in cooperation with the Delft University 

of Technology) has introduced a flexible, high performance articulated 

pressurisable structure (APS) consisting of isotensoid cells (the fibres are equally 

loaded in tension, everywhere), stacked on top of each other [11, 14]. The cells are 

integrally overwound and suitable for production by various techniques. Due to the 

combination of high structural performance and flexibility, a wide range of 

applications has been opened. These applications are: foldable pressure vessels, 

flexible hoses, air springs and pneumatic actuators without any internal moving 

parts. 

The goal of this paper is to outline the design philosophy and prototyping & 

testing procedure for the APS (articulated pressurisable structures).  To clarify the 

design procedure, a short introduction in composite mechanics is unavoidable. 

However, when simplified into direct applicable rules for design, the mechanics of 

composite materials lead to some remarkable conclusions regarding the optimality 

of reinforced hoses, as produced today. I this sense, the paper is believed to be 

useful for hose manufacturers as well. 

After a short outline of laminate analysis (both stiffness and strength) in section 

2, we apply this theory to the design procedure of reinforced hoses (section 3) 

where we formulate the ultimate material satisfying simultaneously the condition 

for zero shear loading in the matrix (rubber) and maximum strength. This enhances 

the best possible structural performance. In section 4 we extend the theory for 

pressurised cylinders to the case where the diameter is variable. Without proceeding 

into detailed analysis we provide the key differences and show how the material 



properties interact with the resulting geometry. The methodology for variable radius 

pressure vessels is then used as the basis for the design of the APS, section 5. Here, 

we outline the geometric and structural properties and describe the manufacturing 

and testing procedure. As we proceed from simple geometries (hoses) to pressure 

vessels and the APS, an attempt has been made to demonstrate that these items are 

in fact particular solutions of the generalised theory for pressurised shells. The 

paper ends with some conclusions and recommendations. 

2. MECHANICS OF ANGLEPLY COMPOSITES 

2.1. Geometry 

Reinforced shells of revolution, regardless the radius development along the 

axis of symmetry, are usually manufactured by techniques like filament winding, 

spiralling or braiding (or variants on these methods as dictated by series 

production). For the structural analysis of such items it is important to realise that 

they are in fact angleply laminates. Such laminates consist of 2n layers where the 

fibres (embedded in a polymer) in n layers are oriented at a +  angle (with respect 

to the axis of symmetry, e.g. length direction of a reinforced hose) and n layers with 

a -  orientation. The actual build-up is strongly dependent on the employed 

manufacturing technique (for instance with filament winding we obtain {+ , - ,

+ , - ,…}. By assuming a sufficient number of (thin) participating layers it is 

justified to regard the resulting laminate as a symmetric one (with respect tot its 

midline). In addition, due to the membrane stress assumption, there are no coupling 

effects between extension / bending and bending / torsion; therefore we will 

consider here only in-plane stresses [9, 10]. 

2.2. Mechanics of a single layer 

As the fibres in a layer are placed in a parallel fashion in a particular direction 

(for example along the 1-axis), the mechanical properties will be direction-

dependent. In figure 1, we schematically depict such a layer. To capture its 

mechanical behaviour, the following engineering constants are needed: 

Fig. 1. Composite layer (polymer reinforced with fibres) 
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E1, Young modulus in the fibre direction 

E2. Young modulus perpendicular to the fibre direction 

v12: Poisson ratio expressing the contraction in the 2-direction when 

tensioned  in the 1-direction 

G12: in-plane shear modulus 

The v21 ratio, (strain in the 1-direction as a result of a load in the 2-direction) can be 

determined by the law of symmetry (Maxwell) [4, 9]: 
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The relation between stresses and strains is then given by [4]: 
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By inverting the previous expression, we obtain the stiffness matrix for a single 

reinforced layer: 
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When the coordinate system is not aligned with the fibres in (in our example the 

fibres are aligned with the 1-axis) but rotated over an angle ,  the stiffness can be 

calculated as follows [4]: 
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2.3. Laminate properties 

Fig. 2. Angleply laminate configuration 

As motivated above, the wall of e.g. a reinforced hose can be viewed as an angleply 

laminate, figure 2.  To describe the behaviour of the resulting laminate it is 

convenient to employ a new coordinate system where the x-axis is aligned with one 

of the elastic symmetry axes. 50% of the layers is oriented at -  and 50% according 

to + . The x-axis coincides with the length direction of e.g. a reinforced tube. 

Assuming uniform strain distribution, the resulting stiffness is given by [4]: 
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Note that the quantities that refer to the entire laminate are underlined. For a 

cylindrical shell (hose) the loads are given by [1, 6, 9, 10, 12] : 
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where P is the internal pressure, R the shell radius and t the wall thickness. The 

resulting strains are given by: 
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2.4. Strength analysis 

For the strength analysis of laminates, the common practice is to perform a layer by 

layer analysis to detect at which load which layer will fail. Failure is usually 

detected by applying a quadratic criterion. In our case we have chosen for the Tsai-

Hill criterion. For a particular layer, this criterion is [4]: 
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where: 

1 = layer stress in fibre direction 

2 = layer stress perpendicular to the  fibre direction 

12 = in-plane shear stress at the layer 

S1 = maximum allowable stress in the 1-direction 

S2 = maximum allowable stress in the 2-direction 

T = maximum allowable in-plane shear stress 

We should denote here that the allowable stress limits (S1, S2) are different for 

tension and compression. However, in our analysis we obtain only positive stresses 

for 1 and 2 and therefore will only use the allowables for tension.  

The main idea now is to determine the maximum value for the load parameter, 

PR/2t. When this parameter is sufficiently high, at least one layer participating in 

the laminate will fail. Since the strength criterion is based on the layer stresses, 

some intermediate steps are here needed. With the strain of the entire laminate 

given (equation (9)), the strain in an individual layer can be determined as follows 

[4, 12]: 
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The corresponding layer stresses are: 
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The stress vectors corresponding to individual layers can now be substituted into 

equation (9) for determining the maximally allowable load PR/2t (present in 

equation (7) and therefore also in (11)). Obviously, the weakest layer (+  or -

orientation, figure 2) will determine the laminate strength. 



3. OPTIMAL DESIGN OF REINFORCED HOSES 

3.1. Performance parameter 

As previously mentioned, the wall of a pressurised structure can be modelled as an 

angleply laminate where individual layers are stacked with alternating {+ , - }

orientations. For a given basic layer (fibres + matrix) with known mechanical 

properties (engineering constants and strength values) the question now is how to 

determine the optimal -value ensuring maximum performance. The latter is 

defined as follows [9, 10, 19, 20]: 
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where P and V are the internal pressure and volume respectively, and W the weight 

of the structure. The dimension of w is [m]. For a hose we obtain: 
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where  is the utilised material density and g the gravitational constant. The load 

parameter PR/2t plays here an important role. Assuming that the design is strength 

dominated, we obtain from equation (9): 
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To compare various designs we plug this result into equation (13) and omit the 

gravitational constant: 
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As expectable, the best performance is achieved with a material of small density 

and a combination of strength values {S1, S2, T} that maximises H. We should 

mention here that such an analysis reflects only on static loading. 

3.2. Matrix loading / durability 

Most matrix materials, in particular elastomers show profound sensitivity to 

shear loading.  The same applies on brittle polymeric materials like Epoxy and 

Polyester resins. In applications where gas tightness is critical over a significant 

period of time, or in applications where the structure is subjected to cyclic loading, 

some designers prefer to orient the angleply laminate in such a way that the 

resulting shear stress in the matrix is zero. Consequently, the performance is slightly 

sacrificed as compared to a design based on equation (9). The decision whether to 



follow maximum strength or zero shear stress relies on the idiosyncrasies of the 

involved materials, safety considerations and economics. When the properties of the 

matrix are not negligible as compared to those of the fibres, designers do usually 

aim at zero matrix shear stress [9, 19, 20]. For cases where the fibres are much 

stiffer than the matrix (netting approach) the direction of maximum strength 

practically coincides with the zero-shear stress direction. 

From the above we can conclude that there is a direction enabling zero shear 

stress, which is usually different than the direction of maximum strength. A first 

step to determine the zero-shear direction is to examine the third component of  

equation (9); this component represents the shear stress 12. Setting the obtained 

expression equal to zero and solving for the angle  leads to [12]: 

e

e
0

1

2

3

1
arcsin

k

k
    (16) 

Where [9, 19, 20]: 
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We recall here that the indices 1 and 2 refer to the properties of a single layer (axis 

1 is aligned with the fibre direction, figure 1). The result of equation (16) is 

depicted in figure 3 for 0 ke  ½.  For ½ < ke  2 there is no orientation possible 

for nullifying the shear stress (at least, for an angleply). Typically, the value of ke

for reinforced elastomers is very close to zero. For composites containing a rather 

stiff matrix, the ke value is approximately equal to 0.2 - 0.3. By assuming that the 

matrix is not contributing at all, the value for ke becomes equal to zero (netting 

approach). 

Fig. 3. Angle ply orientation providing zero shear stress as a function of k
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3.3. Best case scenario 

In general, one can conclude that the structural performance of a composite tube 

does depend on two parameter sets: ke and {S1, S2, T}. Ideally, one would tend to a 

composite wall where the conditions of zero matrix shear loading and maximum 

strength coincide.  

Assuming that the shear stress in the matrix is zero (  satisfies equation (16)), 

the Tsai-Hill strength criterion can be rewritten as follows: 
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where s = S2/S1 (ratio of transverse tensile strength and tensile strength in the fibre 

direction). After substitution of ke and s followed by some simplifications we 

obtain: 
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As the layer orientation are fixed {+ , - }, the goal is here to determine the s-value 

that maximises the strength. Setting the derivative (with respect to s) of equation 

(10) equal to zero and solving for s leads to: 
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Plugging this result into equation (18) gives: 
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Setting this expression equal to 1 and substituting the result into equation (15) leads 

to:
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Note that this result is only valid for s = 2ke. For every other s-value (while 

condition (16) is satisfied) we can deduce that: 
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For ke = 0 (netting approach) and s = 2ke, the performance of a “zero shear” 

laminate becomes: 
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which can directly be derived from equation (22). Regarding equation (22) we can 

conclude that the ultimate (theoretical) angleply material must show the following 

properties:

Maximised specific strength (S1/ )

The stiffness perpendicular to the fibre direction (numerator of equation 

(17)) is 50% of the stiffness in the fibre direction (denominator of equation 

(17))

Strength ratio (S2/S1 , equation (9)) is equal to 1 

In fact we are looking for a material with isotropic strength while the stiffness in the 

circumferential direction is twice the axial one. The strains in axial and 

circumferential direction are equal (zero shear strain) and the maximal performance 

are in this case given by: 
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However, a material satisfying relation (20) is rather hard to find. Therefore, if zero 

shear stress is indeed required, the best practice is to select a material that 

maximises equation (23).  

For 0, we can maximise the performance of the hose by (numerically) 

detecting the angleply orientation value  that minimises equation (9). This is an 

easy to perform single variable minimisation problem. A graph demonstrating a 

typical case (glass fibre / epoxy) is given in figure 4 where the allowable load 

(PR/2t) is given as a function of . As rule of thumb we can state here that a 

deviation of 5  from the optimal angle will result in a strength reduction of typically 

20%. The more isotropic a laminate is (“big” k) the more forgiving it is for such 

deviations. A deviation of 5  from 0 will typically result in a shear component in 

the order of 15 to 20% of the maximally achievable shear value (which typically 

lies in the range [30 , 35 ]). The exact magnitude of the maximum shear will 

strongly depend on the mechanical properties of the examined laminate. Please note 

that the provided percentages do only serve the role of a very global indication. 



Fig. 4. Strength of an angleply laminate as a function of .

(maximum load capacity at  = 53.91 , zero shear stress at  = 60.08 )

4. OPTIMAL PRESSURE VESSELS 

4.1. Stress ratio 
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Up to now we have considered rotationally symmetric structures with constant 

radius. Since the radius is now varying along the axis of rotational symmetry (figure 

5, ), the angleply angle  is not constant anymore. It can be shown that the best 

performance is achieved when the fibres are placed in a geodesic fashion (minimum 

length trajectories) [3, 5, 7, 9, 10, 16, 21, 22]. Such a placement strategy ensures 

fibre stability, even if there is no matrix to keep it in place.  

The analysis of such structures is obviously more complicated as compared to 

hoses so we will only present some key results. In fact, there are two major 

differences. First of all, the stress ratio “circumferential / axial or  / ” is not 

equal to 2 but depends on the curvatures (or radii of curvatures) [1, 4]; these are 

given in figure 5 where m denotes the meridional curvature (north  south 

direction) and p the parallel curvature (east  west direction): 
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c is the minimum vessel radius (polar opening), R is the maximum radius (equator), 

Fa the axial load on the pole (added as an option for a more extended analysis), and 

P the internal pressure. For a cylinder without additional axial load, the “north 

south” radius of curvature (m) is infinite (straight line) and r is equal to zero; the 

result of equation (26) is the well-known stress ratio 2. 

4.2. Meridian profile 

The second important difference is the development of  as a function of ; for a 

geodesic trajectory, this is given by [3, 5, 7, 9, 10, 19, 20-22]: 
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Substitution of this relation into equation (11) leads finally to: 
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In this relation, the quantity k (0 k  1) plays the role of design parameter. For 

k = ke we obtain zero shear in the matrix material. The case k = 0 corresponds to the 

netting assumption (no load bearing contribution of the matrix) and k = 1 reflects on 

the isotropic case (the stress ratio becomes equal to 1, everywhere). By setting 

equation (29) equal to (26) we obtain, after substitution of the curvature expressions 

(not presented here, see [8]) [12]: 
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where Z(Y) is the (dimensionless) function representing the meridional profile. 

Some results for various k-values are given in figure 6. Note that for k = 1 (isotropic 

case) the result is a circular arc. 

At the maximum dimensionless radius (equator, Yeq) and minimally achievable 

(dimensionless) pole opening radius (Ymin) the denominator of (30) becomes equal 

to zero, hence the slope of the profile at these points is vertical, figure 7. Usually, 

the vertical profile part at the pole is very small, hence barely visible when 

presenting it in a graph.  

Fig. 6. Optimal meridian profiles for various k-parameters 

1

0.8 

0.6 

0.4 

0.2 

0

2 3 4 5

1

2

3

4

5

Z

[-] 

Y [-] 

k



Z

[-] 

Y [-] 

Vertical 

Connection 

points 

0.5 1 1.5 2 2.5 3

0.5

1

1.5

2

Fig. 7. At the polar opening and equator, the slope of the meridian profiles is vertical 

In general, expression (30) is able to cover the entire range of available 

materials (from netting to isotropic) and pressure vessels-related shapes like 

cylinders, hyperboloids (no pressure, only axial loading) and donut-shaped vessels 

(the axial force is here sufficiently high to entirely close the meridional profile, 

figure 9) [13]. 

5. ARTICULATED PRESSURISABLE STRUCTURES 

5.1. Design principles 
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Fig. 8. Axially stacked isotensoid cells with various degrees of concavity 
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Returning to equation (30), we assume for implicitly that k = 0 (netting case). 

For a given axial load r and ratio q (= equator radius]
2
/ [polar opening radius]

2
[3, 9, 

10]) the result is a vessel where the fibres are the only load carrying element, 

equally tensioned, everywhere. The specially designed meridian profile enabling 

this property is called isotensoid and represents the optimal pressure vessel. 

Isotensoid profiles do always have vertical endpoints (at the minimum and 

maximum radius) so they can easily be connected to each other in an integral 

fashion. Moreover, the fibre is overwound over an arrangement of axially connected 

isotensoid cells without any interruption; this technology is referred to as Corpo™ 

reinforcement. 

Depending on the q and r-value the designer selects, various degrees of 

convexity and concavity are possible (figure 8). We recall here that r is in  fact the 

applied axial load on the pole divided by the load generated by internal pressure 

over the cross section surface at the equator (equation (27c)). For r = -1/q, the 

maximum height over the entire length of the meridian profile is equal to the height 

it achieves at the polar opening [14, 16], figure 9. Hence, the resulting cells can in 

this case not be stacked on each other. With a further r-reduction, the height at the 

pole will further decrease. Moreover, when approaching a sufficiently small value 

(r = rd) the cell takes the shape of a closed donut (figure 9). 

The second parameter, q, is significantly influencing the resulting structure, 

especially in terms of the degree of concavity at the areas near to the smallest radius 

(figure 8). Therefore the combination of the q and r–parameters will strongly affect the 

winding ability of the resulting structure.  



5.2. Structural properties 

When the combination of a flexible matrix with stiff / strong fibres is utilised for the 

articulated pressurisable structure (APS), the result is a flexible closed shape, able to 

withstand significant axial loads and internal pressure levels while preserving the 

optimality of a classical isotensoid pressure vessel. The main properties are: 

APS as rigid or inflatable. 

Allowance for significant displacements in the direction of the axis of rotational 

symmetry. 

Possibility for tailoring the pressure-displacement characteristics by varying the q

and r-values, the coefficient of friction, and the number of in series linked vessels 

or entire APS configurations. 

Stability, since every lateral deflection creates an opposing moment. 

Increased deformation tolerance, convenient for inflation and / or deflation. 

Higher pressure levels when compared to existing inflatable structures / actuators. 

High axial load bearing capacity that is mainly directed along the axis of rotational 

symmetry. 

5.3. Materials 

The reinforcement methods discussed here can be used with any type of elastomer 

or fibre. The choice really depends on the environment in which the product will be 

used. In a moderate temperature environment EPDM or NBR can be used. However 

if temperatures are higher (>140 degrees Celsius) acrylic rubbers or silicones can be 

used. Polyester or Polyamide fibres can be used as well as Aramid fibres which are 

often used if the forces and / or temperatures are high. In addition, one can use 

Carbon or Glass fibres. Although their difference in strength is not impressive, a 

significant advantage of Carbon is the high modulus, resulting in small 

deformations under pressure loading. For cases where strength in combination low 

costs is critical, Glass fibres seem a better choice. An important limitation for the 

fibres selection however, is their compatibility with the utilised matrix materials; 

some combinations show poor adhesion. 

5.4. Manufacturing  

Different methods exist for the manufacture of fibre reinforced elastomer products. 

These methods vary in production time and product quality. In products where 

dynamic performance is critical (e.g. vibrations or pressure pulses) the number of 

cross points is an important parameter. A cross point is a point where the fibres are 

weaved through each other. In general more cross points result in more internal 

friction during dynamic loading and this leads to premature failure of the 

construction.  



Fig. 10. Typical manufacturing methods for (articulated) hoses 

Filament winding is a production method commonly used in the composites 

industry. It involves towing one or more fibres up and down the rotating product. 

By accurately controlling the displacements of the fibre feed eye and the rotations 

of the product the fibres are placed on the desired paths. The production is rather 

time consuming, but can be reduced by increasing the number of fibres passing 

through the pay-out eye or by increasing the number of products which can be 

wound simultaneously. This can for instance be achieved by placing them vertically 

above each other. This method however results in cross points. Nevertheless, by 

modifying the fibre patterns, these cross points can be located outside the critical 

areas. If more fibres are wound simultaneously the number of cross points can 

additionally be reduced.  

Spiralling is a method which is well-known in the manufacture of hoses. The 

machine consists of two wheels with fibre bobbins. The hose moves through these 

wheels during production. Simultaneously one wheel is rotating clock-wise and the 

other wheel rotates counter clock-wise. Again by controlling the rotation velocities 

and the throughput of the hose the fibres are placed on the desired paths. This 

production method is very fast and can exceed throughputs of 1 meter per second. 

Because the opposite directions are laid in separate layers, there are no cross points. 

In certain applications this can be very favourable for the product lifetime (see also 

shear stress analysis as presented in subsection 3.2). 

The last production method mentioned here, is braiding. Braiding is a 

manufacturing method used in the composites industry as well as in the hose 

manufacturing industry. This method relies on a wheel in which fibre bobbins are 

moving in opposite directions while the production is moving through the centre of 

that wheel. The result is that the fibres are intensively weaved through each other. 

Placing the fibres on the desired paths is not a simple calculation of the rotation and 

Filament winding (Taniq) Spiraling  

Braiding



throughput displacements. The reason for this is that the weaving of the fibres 

causes considerable friction. Because of this, the path from the fibre bobbin to the 

product is not a straight line as with the other manufacturing methods. Furthermore, 

this method is significantly slower than spiralling because of the occurring friction. 

The number of cross points is very high. A result of this is that the fatigue 

properties are not very favourable. 

5.5. Verification 

A five cell APS has been designed, based on q = 3 and r = 0, reinforced with 

geodetically placed Aramid fibres (figure 11), produced by filament winding, based on 

geodesic trajectories. However, at the polar areas, the trajectories had to be modified in 

non-geodesic ones by utilising some friction. The reason for this adjustment is the fact 

that when employing low q-values the minimally achievable polar opening radius Ymin

becomes slightly bigger that 1. According to equation (28) it is not possible to reach a 

winding angle of 90  so the fibre bundle will not be exactly tangent to the periphery of 

that opening. Consequently, the transition to the next wound circuit will become 

impossible. To achieve tangent placement, the winding angle has been modified by 

following a different, non-geodesic trajectory. Since the design relies entirely on 

geodesics, some performance reduction at this area is expectable. This is easily 

predictable but the outline of the employed calculation method does not fit in the scope 

of this paper (for more information see[15]). The original and modified winding angle 

development, in combination with the predicted structural performance reduction, is 

depicted in figure 12. 

Fig. 11. The designed prototype of the APS during manufacturing 



Fig. 12. Influence of friction on the on winding angle development and structural performance 

(black line,  performance of geodesic = 1).  = coefficient of friction) 

Before winding, the solvable mandrel is covered with elastomer tapes. A second 

rubber layer is applied after the winding process. The vessel is then placed in an 

autoclave and cured. After removing the solvable core material and mounting the 

(specially designed) steel flanges, the prototype is ready for burst testing. The 

manufactured vessel has successfully been tested. The recorded maximum pressure 

was 90.7 [bar]. For an entirely geodetically overwound vessel the burst pressure has 

been predicted at 140 [bar]. Due to application of non-geodesic winding however, the 

performance has been knocked down to 65%. According to figure 12, this value must 

correspond to a location close to the polar opening; this has indeed been observed.  

6. CONCLUSIONS

In this paper we have presented the design and verification procedure for 

articulated pressurisable structures (APS) that are made with Corpo™ 

reinforcement. The patented structure and technology have been created by the 

Taniq BV in cooperation with the Delft University of Technology, Faculty of 

Aerospace Engineering. 

To enhance understanding of the employed technology, a short outline of 

composite mechanics has been provided (section 2). Next, in section 3, the theory 

covering the mechanics of composite materials (usually referred to as classical 

lamination theory) has been applied on the design procedure for reinforce hoses, to 

evaluate structural optimality versus shear loading of the matrix material (e.g. 

rubber). The theory for cylindrical structures has been extended to generic shells of 

revolution (section 4) in which we show that hoses are in essence a special case of a 

more generic approach, able to lead to a greater variety of objects than expected. An 

important condition for this generalisation is the addition of external axial loads in 

the mathematical model. With this modification, the ability has been created to 

additionally analyse air springs, columns and actuators. Next, in section 5, the 

(Y)

(Y)

[rad] 

Y [-] 

Non geodesic 

Geodesic 

1.4 1.6 1.8

0.25

0.5

0.75

1

1.25

1.5
Performance reduction 

as compared to 

geodesic 



design, manufacturing and testing procedure for the APS is given where we have 

focused on the expected structural performance versus the test results. 

A drawback for the application of composite mechanics is the complexity of the 

resulting mathematical expressions. However, with proper simplifications, this 

theory can be converted into very simple engineering formulas, suitable for direct 

application. Particularly when formulated in terms of performance [(pressure 

volume] / [weight]) one can immediately visualise the trade off between maximised 

strength and minimum matrix loading for the design of pressurised structures. The 

reason for minimising the matrix loading is the prolongation of structural life, 

particularly when loaded in a dynamic fashion. In addition, some applications 

require absolute gas tightness; in this case, it is common practice to slightly 

sacrifice the structural performance for guaranteeing zero loading in the matrix. 

Extending the analysis of cylindrical tubes to pressure vessels is not particularly 

complicated when realising that there are only two differences: the loads depend on 

two curvatures (instead of one) and the orientation of the fibres is dictated by the 

vessel radius. When matching these two dependencies to each other, we 

immediately achieve the optimal shape. The result is an isotensoid cell where the 

fibres are equally loaded in tension, everywhere. 

An extension of the design methodology for isotensoids has led to the creation 

of articulated pressurisable structures that provide immense flexibility, fold ability 

and axial load bearing capabilities while preserving the optimality of an isotensoid. 

Therefore, a broad range of applications has been opened. The articulated 

pressurisable structures are is essence arrangements of isotensoid cells, stacked on 

each other, and integrally overwound by a single roving (a number of parallel 

placed fibres). Being suitable for filament winding, braiding and spiralling, the APS 

offers possibilities for profitable production and exploitation, regardless the number 

of delivered products per annum. The application range consists of high 

performance (foldable) pressure vessels, flexible pipelines for high pressure levels, 

air springs, actuators and lifting devices. After successful manufacturing and 

testing, the APS is currently under further development in cooperation with several 

potential customers. 

As the static analysis of pressurised structures may be considered as a well-

covered topic, future research directions reflect on dynamic analysis and the 

influence of the resulting winding patterns (in particular the number of crossings) 

on the structural performance. In addition, when compared to other industries, the 

automation degree of production processes for pressurised composite structures is 

not yet fully exploited. In particular the application of robotic cells, providing the 

combination of full automation and manufacturing flexibility, is certainly a topic for 

further assessment. 

REFERENCES 

1. Baker EH, Kovalevsky L, Rish FL. Structural analysis of shells. New York: McGraw Hill Book 

Company, 1972. 

2. Beukers A, Hinte E van. Lightness: The inevitable renaissance of minimum energy structures. 

Rotterdam: 010 Publishers, 1999. 



3. Cho-Chung Liang, Heng-Wen Chen, Cheng-Huan Wang. Optimum design of dome contour for 

filament winding composite pressure vessels based on a shape factor. Composite Structures 

2002; 58: 469-482. 

4. Daniel IM, Ishai O. Engineering Mechanics of Composite Materials. New York, Oxford: Oxford 

University Press, 2006. 

5. Design of Filament Wound Pressure Vessels. European Space Agency, February 1994. 

Structural Materials Handbook: Vol. 1: Polymer Composites: Section VI: Design of Structures, 

chapter 29. 

6. Flügge W. Stresses in Shells. Berlin / Heidelberg / New York: Springer Verlag, 1966. 

7. Fukunaga H, Uemura M. Optimum Design of Helically Wound Composite Pressure Vessels. 

Composite Structures 1 (1983) 31-49. 

8. Gray A. Modern Differential Geometry of Curves and Surfaces. CRC press, 1993. 

9. Jong de Th (in Dutch). “Het wikkelen van drukvaten volgens de netting theorie”. Report VTH-

166. Structures and materials laboratory, Faculty of Aerospace Engineering, Delft University of 

Technology. Delft, April, 1971. 

10. Jong de Th. A theory of filament wound pressure vessels. Report LR-379. Structures and 

materials. 

11. Koussios S, Bergsma OK, Beukers A. Pressurisable Structures Comprising Different Surface 

Sections. Patent Application PCT/NL02/00534. International Filling Date: August 8, 2002. 

Publication Date: February 19, 2004. 

12. Koussios S, Bergsma OK, Beukers A. The Role of Material Anisotropy in the Optimal Design 

of Cylindrical Composite Pressure Vessels. 22nd Annual Conference of the American Society for 

Composites. Seattle, WA, September 2007. 

13. Koussios S, Beukers A, Bergsma OK, Bersee HEN. Isotensoid Related Composite Structures. 

21th Annual Conference of the American Society for Composites. Dearborn, MI, September 

2006. 

14. Koussios S, Beukers A, Bergsma OK, Dijkstra S. A Novel Class of Flexible Pressurisable 

Composite Structures. 21th Annual Conference of the American Society for Composites. 

Dearborn, MI, September 2006. 

15. Koussios S, Beukers A. Manufacturability of Composite Pressure Vessels: Application of Non-

Geodesic Winding. 16th International Conference on Composite Materials. Kyoto, Japan, July 

2007. 

16. Koussios S. Filament Winding: a Unified Approach. PhD. thesis. Faculty of Aerospace 

Engineering, Delft University of Technology. Delft University Press, 2004. 

17. Peters ST, Humphrey WD, Foral RF. Filament Winding Composite Structure Fabrication. 

Covina CA: SAMPE International Business Office, 1999. 

18. Rosato DV, Grove CS. Filament winding: its development, manufacture, applications, and 

design. Polymer engineering and technology. New York: Interscience, 1964. 

19. Vasiliev VV, Krikanov AA, Razin AF New generation of filament-wound composite pressure 

vessels for commercial applications. In: Proceedings of the fourth international conference on 

composite science and technology, ICCST 4, Durban, South Africa, January, 2003:10-29. 

20. Vasiliev VV, Krikanov AA, Razin AF. New generation of filament-wound composite pressure 

vessels for commercial applications. Composite Structures 2003: 62: 449-459. 

21. Zickel J. Filament Wound Pressure Vessel. Patent Specification Nr. 1,064,590. Application Nr. 

4912/64; Publication date: April, 1967. 

22. Zickel J. Isotensoid Pressure Vessels, ARS Journal 32 (1962) 950-1. 


