
International Journal of Engineering and Advanced Technology (IJEAT) 

ISSN: 2249 – 8958, Volume-8, Issue-6S3, September 2019 

 

194 

 

Published By: 

Blue Eyes Intelligence Engineering 

& Sciences Publication  

Retrieval Number: F10310986S319/2019©BEIESP 

DOI: 10.35940/ijeat.F1031.0986S319 

 

Abstract: Form-finding of fabric surface bordered by 

Richmond’s has been investigated.  In this study, the possibility 

of adopting the form of Richmond’s as surface shape in 

tensioned fabric structure under different prestress values has 

been studied. The combination of shape and internal forces for 

the purpose of stiffness and strength is an important feature of 

fabric surface. For this purpose, form-finding needs to be 

carried out. Nonlinear analysis method has been used for 

form-finding analysis of the fabric in the form of Richmond’s 

minimal surface.  Richmond’s minimal surface models are 

analyzed with two different values of prestress which are 

3000N/m and 5000N/m. The average warp and fill stresses 

deviation for all models presented are less than 0.01 which 

indicates the model can serve as reference to the engineers or 

architects in the selection of proper surface parameter to achieve 

a structurally viable surface. As a result, this study is expected to 

lead the improvement of rural basic infrastructure, economic 

gains, sustainability of built environment and green technology 

initiative. 

 

Index Terms: Form-finding, fabric, prestress, Richmond’s. 

I. INTRODUCTION 

The basic component to provide a roofing stricture of 

tensioned fabric structure (TFS) is composed of fabric 

structure as structural member, seam, supporting system and 

cable. [1] stated that TFS are the composition of tensioned 

fabrics that joined together at seams and tensioned through 

cable to rigid supporting system to provide roofing structure.  

The materials used for membranes generally consist of a 

woven fabric coated with a polymeric resin. The two most 

commonly used membrane types are poly tetra fluoro 

ethylene (PTFE) coated plain weave glass-fibre fabrics and 

PVC coated plain weave nylon or polyester fabrics. A fabric 

is coated when a weather tight structure required. In that 

case, the fabric consists of three layers - one layer of woven 

yarns and two layers of coating materials. The coating 

protects the fabric from UV radiation degradation, rainwater 

and atmospheric moisture. Fabric is made of woven yarns. 

Warp and fill yarns that are twisted together. The yarns are 

weaved in such a way that threads are perpendicular to one 

another and they are alternately passing over and under each 

other. Long straight yarns are called warp yarns and the 

direction parallel to the warp yarns are called warp direction; 

whereas perpendicular yarns are called fill yarns and they are 

weaved alternately over and under the warp yarns. The 
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direction that is parallel to the fill yarns are called fill 

direction. 

Form-finding using nonlinear analysis method or soap 

film models in the form of two saddle-shaped tensioned 

fabric structure model, cable reinforced double Chinese hat 

tensioned fabric structure model, cable reinforced tent 

Hüfingen tensioned fabric structure model, Catenoid, 

Helicoid, Scherk, Enneper, Moebius Strip, Costa, half-Costa 

in XZ and YZ plane, Oval, Egg, Monkey Saddle, 

Chen-Gackstatter, Handkerchief, cable reinforced Bour’s, 

Richmond’s (only considered 2000N/m prestress), Bour’s,  

and Thomsen TFS models have been carried out by [1-22]. 

The objectives of this study are to determine initial 

equilibrium shape of TFS in the form of Richmond’s 

minimal surface and propose tensioned fabric structures in 

the form of Richmond’s minimal surface in different 

prestressed value of 3000N/m, and 5000N/m using nonlinear 

analysis method proposed by [1]. 

II. GENERATION OF RICHMOND’S 

MINIMALSURFACE IN TENSIONED FABRIC 

STRUCTURE 

Richmond’s surface as shown in Fig. 1 is a minimal 

surface with one planar end. It can be expressed as a family of 

surfaces in polar coordinates as (1) from [23]. The creation of 

new model for tensioned fabric structure however cannot be 

described by simple mathematical method but to be form 

using form-finding analysis. 

 
Fig. 1: Richmond’s surface 
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                                               (1) 

 

 

where n is the degree of the surface, t is a parameter that 

creates a family of surfaces, r ϵ [0.35, 1.2], and θ ϵ [0, 2π]. 

The changing value of r parameter will affect the shape of the 

generated shape.   

In this study, form-finding using nonlinear analysis 

method in the shape of Richmond’s with parameters r =0.44, 

t=1.11; r=0.54, t=1.01, and r =0.64, t=0.91 have been carried 

out with prestress value of 3000N/m, and 5000N/m. From 

this study, the software ADINA [24] has been used for the 

purpose of model generation. The number of nodes 

coordinates and number triangular elements involved are 

175, and 288, respectively. The shear stress is kept zero.  

Tensile modulus in warp direction, EWt is 429200N/m, while 

the tensile modulus in fill direction, EFt is 337910N/m, shear 

modulus, Gt is 64700N/m, and Poisson’s ratio corresponds to 

warp direction, vW is 0.84, and Poisson’s ratio corresponds to 

fill direction, vF is 0.57.   

III. COMPUTATIONAL FORM-FINDING USING 

NONLINEAR ANALYSIS METHOD 

Authors of the [1] stated the principle of nonlinear analysis 

method is based on the large displacement finite element 

formulation used for analysis of structural behavior under 

external loads. Since the method can be used for both the 

initial equilibrium problem and load analysis, the approach 

using nonlinear analysis is quite common. The basic 

equation used is expressed as (2):  

 

0 0 0( )t t t t t

L G

  K K u F f
                              (2) 

 

where 0

t

LK  is linear strain incremental stiffness matrix, 

0

t

GK  is nonlinear strain incremental stiffness matrix, 0

t
f is 

vector internal forces, 
t t

F  is load vector, and u is vector 

of increment in displacement. 

   A nonlinear finite element analysis program by [1] for the 

analysis of tensioned fabric structures has been used in this 

study. The procedure adopted is based on the work by [1]. 

3-node plane stress element has been used as element to 

model the surface of TFS. All x, y, and z translation of nodes 

lying along the boundary edge of the Richmond’s minimal 

surface have been restrained. The member pretension in 

warp and fill direction, is 3000N/m or 5000N/m, respectively. 

The shear stress is zero. Two stages of analysis were involved 

in the procedures of form-finding in one cycle proposed by 

[1]. First stage (denoted as SF1) is analysis which starts with 

an initial assumed shape in order to obtain an updated shape 

for initial equilibrium surface. The initial assumed shape can 

be obtained from any pre-processing software, and reference 

[1] is chosen for this study. This is then followed by the 

second stage of analysis (SS1) aiming at checking the 

convergence of updated shape obtained at the end of stage 

(SF1). During stage (SF1), artificial tensioned fabric 

properties, E with very small values are used. Both warp, and 

fill tensioned fabric stresses are kept constant. In the second 

stage of (SS1), the actual values of tensioned fabric properties 

are used. Resulting warp, and fill tensioned fabric stresses are 

checked at the end of the analysis against prescribed 

tensioned fabric stresses. Then, iterative calculation has to be 

carried out in order to achieve convergence where the criteria 

adopted is that the average of warp, and fill stress deviation 

should be < 0.01. The resultant shape at the end of iterative 

step n (SSn) is considered to be in the state of initial 

equilibrium under the prescribed warp, and fill stresses and 

boundary condition if difference between the obtained, and 

the prescribed membrane stresses relative to the prescribed 

stress is negligibly small. Such checking of difference in the 

obtained, and prescribed stresses has been presented in the 

form of total stress deviation in warp, and fill direction versus 

analysis step. As a first shape for the start of form-finding 

procedure adopted in this study, initial assumed shape is 

needed. For the generation of such initial assumed shape, 

knowledge of the requirement of anti-clastic nature of TFS is 

used. The incorporation of anti-clastic feature into the model 

will help to produce a better initial assumed shape. 

Form-finding on TFS models in the form of Richmond’s 

minimal surface have been carried out. The r=0.44, t=1.11; 

r=0.54, t=1.01, and r =0.64, t=0.91 have been studied.  

 

IV. RESULTS AND DISCUSSION 

For computational form-finding analysis, initial 

equilibrium shape is determined. Fig. 2 shows the initial 

assumed shape (before analysis) and initial equilibrium 

shape (after analysis) of Richmond’s minimal surface 

(prestress 3000N/m) with r=0.44, t =1.11, respectively. 

Variation of total stress deviation in warp, and fill direction 

versus stress analysis stage of Richmond’s minimal surface 

with r=0.44, t =1.11as shown in FiG. 3. The Richmond’s 

minimal surface with r=0.44, t =1.11has been found to 

converge with least square error of total warp, and fill stress 

deviation less than 0.01. Richmond’s minimal surface with 

r=0.44, t =1.11 with prestress of 5000N/m as it forms similar 

shape with prestress values of 3000N/m. 

 

 
 

Fig.2: Initial assumed shape, and initial equilibrium shape 

of Richmond’s minimal surface (prestress 3000N/m) with 

r=0.44, t =1.11 
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Fig.3: Variation of total stress deviation in warp and fill 

direction versus stress analysis stage of Richmond’s minimal 

surface (prestress 3000N/m) with r=0.44, t =1.11 

 

Fig.4 shows the initial assumed shape (before analysis), 

and initial equilibrium shape (after analysis) of Richmond’s 

minimal surface (prestress 3000N/m) with r=0.54, t =1.01, 

respectively. Variation of total stress deviation in warp, and 

fill direction versus stress analysis stage of Richmond’s 

minimal surface with r=0.54, t =1.01 as shown in Fig. 5. The 

Richmond’s minimal surface with r=0.54, t =1.01 has been 

found to converge with least square error of total warp, and 

fill stress deviation less than 0.01. Richmond’s minimal 

surface with r=0.54, t =1.01 with prestress of 5000N/m as it 

forms similar shape with prestress values of 3000N/m. 

 

 

 
Fig. 4: Initial assumed shape, and initial equilibrium shape 

of Richmond’s minimal surface (prestress 3000N/m) with 

r=0.54, t =1.01 

 

 
Fig.5: Variation of total stress deviation in warp and fill 

direction versus stress analysis stage of Richmond’s minimal 

surface (prestress 3000N/m) with r=0.54, t =1.01 

 

Fig.6 shows the initial assumed shape (before analysis) 

and initial equilibrium shape (after analysis) of Richmond’s 

minimal surface (prestress 3000N/m) with r =0.64, t=0.91, 

respectively. Variation of total stress deviation in warp, and 

fill direction versus stress analysis stage of Richmond’s 

minimal surface with r =0.64, t=0.91 as shown in Fig. 7. The 

Richmond’s minimal surface with r =0.64, t=0.91 has been 

found to converge with least square error of total warp, and 

fill stress deviation less than 0.01. Richmond’s minimal 

surface with r=0.64, t =0.91 with prestress of 5000N/m as it 

forms similar shape with prestress values of 3000N/m. 

 

 
Fig. 6: Initial assumed shape, and initial equilibrium shape 

of Richmond’s minimal surface (prestress 3000N/m) with 

 r =0.64, t=0.91 

 

 
Fig.7: Initial assumed shape, and initial equilibrium shape of 

Richmond’s minimal surface (prestress 3000N/m) with  

r =0.64, t=0.91 

V. CONCLUSIONS 

Form-finding of TFS in the form of Richmond’s minimal 

surface with prestress of 3000N/m, and 5000N/m has been 

carried out successfully using the procedure adopted which is 

based on nonlinear analysis method. The results from this 

computational study show that TFS in the form Richmond’s 

minimal surface with prestress of 3000N/m, and 5000N/m of 

are structurally viable surface form to be considered. 
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