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mannequin penetrations of the clothing are detected and corrected, as are clothing penetrations of the 
mannequin.  In the present framework, clothing self-penetrations are neither detected nor corrected.   

4.  Results  
Previous finite element models of mechanical interactions between the human body and clothing were presented 
by Man and Swan [6] in which the human body was modeled as an assemblage of ellipsoids.  Here the body 
surface is modeled with polygonal meshes obtained from body scans, and the clothing model consists of pants 
and a shirt made of plain-weave cotton fabric.  To get the clothing model onto the mannequin, the two are first 
co-located without regard to penetrations.  Once co-located, gravity loading is turned on as is the contact 
algorithm yielding the clothing model donned on the mannequin (Fig. 5a).  From this stage, the mannequin can 
then begin to move and the clothing response computed using explicit dynamics and contact (Fig. 5b). 

 

Fig. 5.  (a) clothing model donned on the virtual mannequin in 
fixed initial posture; (b) clothing model moving with and 
responding to the mannequin 

(b) (a) 
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Figure2: Analytical solution Figure3: Elasto-plasticbehaviour for mode 1(top member
initiating folding pattern)

and equilibrium equations are derived by stationary condition as,

F1 =
∂U

∂v1
= 0 :

β1

2
{q1,` (q1,` − γ1) (q1,` − 2γ1) + q1,r (q1,r − γ1) (q1,r − 2γ1)} − f = 0

F2,` =
∂U

∂v2,`
= 0 : −β1q1,` (q1,` − γ1) (q1,` − 2γ1) + β2v̄2,` (v̄2,` − γ2) (v̄2,` − 2γ2) = 0

F2,r =
∂U

∂v2,r
= 0 : −β1q1,r (q1,r − γ1) (q1,r − 2γ1) + β2v̄2,r (v̄2,r − γ2) (v̄2,r − 2γ2) = 0

∴ f =
β1

2
{q1,` (q1,` − γ1) (q1,` − 2γ1)}

If we consider the simple model ofβi = β andγi = γ, the load-deflection curve is expressed by

F2,r = 0 : − (v̄1 − v̄2,r) (v̄1 − v̄2,r − γ) (v̄1 − v̄2,r − 2γ) + v̄2,r (v̄2,r − γ) (v̄2,r − 2γ) = 0

∴ v̄2,r =
v̄1

2
, v̄2,r =

1
2

{
v̄1 ±

√
v̄2
1 − 4 (v̄1 − γ) (v̄1 − 2γ)

}

F2,` = 0 : − (v̄1 − v̄2,`) (v̄1 − v̄2,` − γ) (v̄1 − v̄2,` − 2γ) + v̄2,` (v̄2,` − γ) (v̄2,` − 2γ) = 0

∴ v̄2,` =
v̄1

2
, v̄2,` =

1
2

{
v̄1 ±

√
v̄2
1 − 4 (v̄1 − γ) (v̄1 − 2γ)

}

F1 = 0 : f =
β

2
{(v̄1 − v̄2,`) (v̄1 − v̄2,` − γ) (v̄1 − v̄2,` − 2γ) + (v̄1 − v̄2,r) (v̄1 − v̄2,r − γ) (v̄1 − v̄2,r − 2γ)}

As a summary, two symmetric solutions are obtained as follows:

f =
β

8
v̄1 (v̄1 − 2γ) (v̄1 − 4γ) , for v̄2,` = v̄2,r =

v̄1

2
,

f = −β (v̄1 − γ) (v̄1 − 2γ) (v̄1 − 3γ) , for v̄2,` = v̄2,r =
1
2

{
v̄1 ±

√
v̄2
1 − 4 (v̄1 − γ) (v̄1 − 2γ)

}

and moreover, unsymmetric solution is obtained as follows:

f = −β (v̄1 − γ) (v̄1 − 2γ) (v̄1 − 3γ) ,

for v̄2,` =
1
2

{
v̄1 ±

√
v̄2
1 − 4 (v̄1 − γ) (v̄1 − 2γ)

}
and v̄2,r =

1
2

{
v̄1 ∓

√
v̄2
1 − 4 (v̄1 − γ) (v̄1 − 2γ)

}
,

The extreme value of fundamental path is easily calculated asf= 2
3
√

3
βγ3 for v̄1=2

3

(
3−√3

)
γ, andthesecurves go

through this point, namely this point is bifurcation point of primary path. It is also interesting that the symmetric and
unsymmetric solution have the same load-deflection relationships.
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3 Folding characteristics of MFM allowing for elasto-plastic behaviour

Elasto-plastic material property of bilinear type is given for the dynamic problems of 3 bar truss structures as shown in
Fig. 1(c), and the results of load-displacement characteristics are summarized. The formulation of elastic behaviour is
presented in Ref.[3], and bifurcation paths are presented in Fig. 2. Typical folding patterns of mode 1 for top member
initiating folding are simulated, and the results are shown in Fig. 3. Three different yield stress level are given: i.e.
(B) for fully elastic material, 0.95σY and 0.47σY for elasto-plastic material, whereσY is the yield stress at which
this material yields at bifurcation point simultaneously. The dynamic analysis for fully elastic material surely trace the
load-displacement curve obtained by using the analytical solution and shows the snap-through from bifurcation point.
For elasto-plastic material, the yielding of material precedes the bifurcation of the elastic materials, and also shows the
snap-through behaviour at the yield point. Fig. 3 shows that only deviate from the elastic path at stress level exceeds the
yield stress. Once the yielding occurs, the loading level becomes almost zero because of nearly zero stiffness. Hence,
the overall load-displacement characteristics can be traced by the elastic analysis, although the influence of material
yielding is recognized in early occurrence of snap-through. As a result, we can predict the general load-displacement
behaviour of MFM structures by the elastic analysis.

4 Unsymmetric postbuckling behaviour and elasto-plastic characteristics of
diamond-shape truss

The bifurcation paths obtained by analytical solution is presented in Fig. 4, and the corresponding numerical results by
the dynamic and plastic analysis are also shown in Fig. 5. The critical truss member shows the yielding when the stress
reaches to the yield stress, but post-yielding behaviour is stable. Once the yielding occurs, the loading level becomes
almost zero because of smaller stiffness. Hence, the overall load-displacement characteristics also can be traced by the
elastic analysis.
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Abstract 
Thin shell surface in the form of Möbius strip is investigated with the objective of gaining basic understanding 
about its structural behaviour.  Computational models of the surface are first generated and next analysed using 
finite element method under self-weight loading condition.   Strength and stiffness of the surface are studied 
under the influence of different support conditions.   Numerical results show that choice of support condition 
has a significant influence on the structural performance of the Möbius strip shell surface investigated. 

1.  Introduction 
The Möbius strip is a one-sided non-orientable surface as shown in Figure 1.  The form of Möbius strip has been 

 

 

 

 

(a)                                        (b) 

Figure 1: (a) Simple steps to produce a Möbius strip; (b) A model of Möbius strip 

adopted in the creation of sculpture(Friedman, [1]), exploration of idea for bridges and for buildings(Séquin, 
[3])(Figure 2). 

 
Figure 2: Möbius strip in: (a) granite sculpture, (b) idea for a bridge and (c) idea for a building 

However, none of the examples mentioned present any results on the form of Möbius strip as load carrying 
members.   One example closest to the idea of using the form of Möbius strip as load carrying members is the 
children playground as mentioned in Peterson[2] (see Figure 3).   However such climber structure in children 
playground lacks the feature of being a continuous strip (see Figure 1) which is one of the principal reason why 
Möbius strip has generated so much interest.   
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