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the responses obtained with the finer mesh are generally stiffer.  This can be explained by 

the fact that more potential penetrations are identified with a finer mesh, which leads to a 

larger contribution from contact tractions.  One problem with the current collision 

detection algorithm is that the edge-to-edge penetration is not checked.  As shown in 

Fig.31, the edge-to-edge penetration occurs especially when a coarse mesh is employed 

and a fine mesh does help in identifying the penetration. 

 

Figure 30: The unit cell models with different mesh densities 

 

Figure 31: Edge-to-edge penetration in a coarse surface mesh 

(a) The coarse mesh (b) The fine mesh 
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Figure 32: Comparing 11S  vs. 11E  for unit cell models of different  
mesh densities in biaxial and uniaxial extensions 
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Figure 33: Comparing 12S  vs. 12E  for unit cell models of different 
mesh densities in in-plane shear 
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4.3.6 Discussion 

The examples presented above demonstrate the effectiveness of the computational 

homogenization and unit cell analysis approach in studying the material properties of 

woven fabrics.  Given yarn properties and the configuration of a yarn structure, the unit 

cell can predict the overall fabric properties.  This capability can be exploited when novel 

fabrics are to be designed, where various combinations of the design parameters can be 

tested and identified.  Compared to the early yarn structure models, the unit cell model 

described here captures the three-dimensional geometry of yarns and does not require any 

extra yarn interaction assumption, which usually introduces extra parameters and most 

likely more uncertainties as well.   

A major uncertainty of the unit cell model is the yarn properties.  In this study, 

yarns are modeled as a transversely isotropic material and the parameters are simply 

estimated from those of a single fiber.  However, as a complex structure with microscopic 

constituent fibers, a yarn exhibits properties different from those of a single fiber.  To 

realistically describe the material properties of a yarn, the same computational 

homogenization approach can be adopted.  On this level, a yarn is considered as a 

structure composed of interacting fibers on microscale and the yarn properties are 

determined by homogenizing the microscopic response of the fiber bundles. 

As presented in the examples, unit cell analysis yields homogenized stress and 

strain relations.  However, these relations may not be directly applicable to the 

macroscopic problems due to the limitations of available mechanism to incorporate such 

relations.  For example, in the clothing simulation the macroscopic problems are 

essentially the time integration of a dynamic shell model, which currently admits 

hyperelastic constitutive laws.  As a result, the homogenized constitutive relations based 

on the unit cell analysis can not be applied to the clothing simulation unless they are cast 

as a strain energy function definition.  For complex materials, such as woven fabrics, it 

can be challenging to find a single yet comprehensive mathematical form for the energy 
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function definition, which includes all complex mesoscale yarn interactions and their 

couplings with various load conditions.  Such an effort has been made by Kim [62], who 

constructed a transversely isotropic hyperelastic model to describe homogenized yarn 

properties based on unit cell analysis of fibers.  As observed in the paper, as the strain 

increases the hyperelastic model and the homogenization results deviate.   

An alternative approach is multiscale modeling.  Rather than constructing a 

material model and fitting homogenization results to the model, the unit cell analysis is 

conducted when the constitutive relation is needed on macroscale.  The idea is to skip the 

closed form of the stress-strain relation but to consult the unit cell whenever the 

constitutive relation is needed.  An outline of such an approach is described in [56].  One 

challenge is to obtain the sensitivity of the unit cell problem, which may be needed when 

constructing the tangent operator on macroscale, a procedure similar to derive consistent 

tangent operators for return mapping algorithms in computational plasticity as discussed 

by Simo and Hughes in [63]. 
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CHAPTER 5 

CLOTHING-WEARER INTERACTION STUDY 

In this chapter, unilateral interactions between clothing and a wearer are studied.  

The clothing is modeled by the macroscale shell fabric model developed in Chapter 2 and 

the contact constraints between the clothing and the human body are enforced using the 

explicit contact algorithm introduced in Chapter 3.  Human motions are prescribed and 

the contact forces that clothing exerts on the body are calculated so that the effects of 

these contact forces can be related to human performance measures. 

The moment of all contact forces about joint centers are spatially integrated to 

obtained instantaneous joint torques.  Although the joint torque can be readily determined 

by spatial integral of the torques exerted by individual contact forces, care must be taken 

to determine the correct contributing area for a given joint.  For example, whether 

clothing contact forces on a forearm contribute to a meaningful torque about the shoulder 

joint is an issue to be studied.  This problem is beyond the scope of this study, however, it 

is not investigated here.  A simple assumption utilized in the following study is that 

clothing contact forces on a given body segment only contribute resisting torque to the 

joints directly connected to the segment. 

Two problems are studied in this chapter.  One is the sleeve-arm interaction 

problem, where the elbow flexing motion at an arm clothed in a sleeve is considered.  

Various parameters of the sleeve are investigated and the changes in the computed 

resistance torques about the elbow are compared.  The other problem involves a fairly 

complicated human motion, in which the lower body clothed in a pants model walks and 

then steps over a two-foot tall obstacle.  The computed time histories of the resistance 

torques exerted by the clothing about the right knee for two types of pants are compared.   
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5.1 Human body representation and motion description 

As discussed in Chapter 3, general mesh-to-mesh collision detection can be 

expensive for large scale problems.  In clothing-wearer interaction studies, a fine clothing 

mesh is usually employed to capture the flexible characteristics of fabrics.  If the human 

body surface were to be modeled with a fine polygonal mesh, the cost of crude mesh-to-

mesh collision detection would be very high.  For this reason, the human body surface is 

grossly approximated herein by an assembly of ellipsoids, with which collision detection 

can be readily performed.  An example is shown in Fig.34, where the lower body is 

represented by eight ellipsoids.  For further simplification, the ellipsoids (the human body 

surface) are assumed to be rigid such that surface deformation, including that incurred by 

clothing interaction, is neglected.  This assumption allows the contact problem to be 

solved as Signorini’s problem as discussed in Chapter 3. 

 

Figure 34: A lower-body walking model using ellipsoids 

In the current study, the wearer’s motion is fully prescribed and does not change 

in response to clothing resistance forces.  Depending on its complexity, the motion is 

specified using different kinematics descriptions.  A simple motion, such as flexing the 

elbow of an arm, can be specified as a time-history function of the rotation angle.  
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Complex motions, such as the walking shown in Fig.34, however, are described by 

leveraging the motion capture techniques.  An optical motion capture system is utilized 

here and a human subject, wearing a special motion capture suit with reflective markers 

attached, is asked to perform given motions.  The time history of each marker’s position 

is recorded and the captured motion is re-constructed by the system on the subject’s 

digital counterpart, a predefined skeleton model, where the position history of each joint 

is calculated. 

For the clothing-wearer study, the motion based on the skeleton model needs to be 

further mapped to the ellipsoidal human model.  Suppose for each segment, the position 

histories of two joints 1J  and 2J , and an auxiliary marker M are known, the centroid and 

the orientation basis of the ellipsoid at any instant in time are then constructed as follows: 
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A schematic of the motion reconstruction is shown in Fig.35.  

 

Figure 35: Re-constructing the motion of each ellipsoid using motion capture data that 
records for each ellipsoid the position histories of points J1, J2, and M 
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5.2 Garment modeling 

Clothing or garment is generally constructed by sewing pieces of fabric patches 

together.  The properties of a garment depend not only on the fabric properties but also 

on the structural factors, such as seams, stitches and multiple fabric plies etc.  In this 

study, these structural factors are neglected.  No stitches or seams are modeled and a 

garment is assumed to be a uniform system of given fabrics.  Multiple fabric meshes are 

simply combined to create a single mesh for a garment model.  The sleeve studied in 

Section 5.3 is modeled as a mesh of a cylindrical tube.  While the pants in Section 5.4 are 

constructed by combining four rectangular meshes along appropriate seam lines.   

5.3 Arm-sleeve interaction study 

In this problem, the interaction between an arm represented by two rigid 

ellipsoids and a cotton sleeve is studied.  The motion considered is to flex the forearm 

about the elbow joint while keeping the upper arm fixed.  The torque exerted by the 

sleeve about the elbow joint is calculated.  The sleeve is modeled as a cylindrical tube 

with length 0.5L m= , radius 0.06R m= , and thickness 1t mm= .  Boundary conditions 

are specified to restrain the motion of fabric nodes around the shoulder.  The upper- and 

fore-arms are modeled as two ellipsoids, one fixed in space and the other rotating about 

the joint with a constant angular velocity.  The total rotation angle is 57�  before severe 

clothing self-contact occurs.  The friction between the sleeve and the body surface is 

considered and a Coulomb friction coefficient 0.1µ =  is assumed.  The material 

properties used in the computation are as follows:  Young’s modulus in warp and weft 

directions 1.2E MPa= , shear modulus 0.1G MPa= , and mass density 3436 /Kg mρ = . 

5.3.1 Convergence study 

The convergence behavior of the model in terms of mesh refinement is 

investigated.  Four models with varying mesh densities (Fig.36) are constructed and then 

resistance torque vs. rotation angle curves are obtained (Fig.37).  It is found that the 
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curves deviate slightly but follow the similar trend of reduced resistance with increasing 

refinement.  A comparison of the computed deformations (Fig.38) shows that finer 

meshes capture local fabric buckling, which may not occur on the coarser meshes.  The 

finding of increasing localized fabric buckling with increasing mesh refinement indicates 

the instability of the system.  The same convergence study was conducted with a higher 

friction coefficient 0.5µ = , and better convergence behavior is observed (Fig.39).  As 

shown in the deformed configurations (Fig.40), higher friction between the arm and the 

sleeve prevents the sleeve from falling down onto the elbow joint and thus reduces the 

amount of wrinkling that occurs at the elbow. A comparison of Fig.37 and Fig.39 

indicates that clothing resistance torques increase very significantly with higher friction 

between the arm and sleeve. 

 

Figure 36: Sleeve models of increasing mesh refinement for convergence study 

Mesh I: 10x13 elements Mesh II: 15x20 elements 

Mesh III: 20x26 elements Mesh IV: 30x39 elements 
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Figure 37: Computed clothing resistance torques about the elbow joint for a crimped 
cotton sleeve with varying mesh refinement; the Coulomb friction coefficient 
between arm and sleeve was 0.1µ =  

 

Figure 38: Illustration of localized clothing buckling in the elbow joint with increasing 
mesh refinement (low friction 0.1µ = ); Meshes are shown at elbow flexion 

angle 37α = �  
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Figure 39: Computed clothing resistance torques about the elbow joint for a crimped 
cotton sleeve with varying mesh refinement; Coulomb friction coefficient 
between arm and sleeve was 0.5µ =  

 

Figure 40: Local buckling is less sensitive to mesh refinement for higher arm-sleeve 
friction coefficient 0.5µ = . Meshes are shown at elbow flexion angle37α = � . 
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5.3.2 Friction 

The friction between clothing and human body surface is an important factor 

affecting the interaction of the two.  For a sleeve model with a well-refined mesh, the low 

friction case ( 0.1µ = ) is compared with a high friction case ( 0.5µ = ).  It is found once 

again that in the low friction case the sleeve slips down as the forearm rotates upward.  

Alternatively, in the high friction case, the sleeve does not slide down the forearm.  

Snapshots of the sleeve deformation for both the low and high friction cases are shown in 

Fig.41 at two elbow flexion angles, 37α = � and 57α = � .  It is noted once again that 

higher friction between the arm and sleeve translates to higher clothing resistance torque 

as indicated in Fig.42. 

 

Figure 41: Sleeve deformations for different friction coefficients 

37α = � , 0.1µ =  

57α = � , 0.1µ =  

37α = � , 0.5µ =  

37α = � , 0.5µ =  
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Figure 42: Clothing joint resistance torque exerted for different  
surface friction coefficients 

5.3.3 Effect of fit 

To briefly study the effect of clothing fit on resistance, the radius of the sleeve 

tube is increased to 0.07R m=  from R=0.06m while the dimensions of the ellipsoidal 

arms remain the same.  The resisting torque exerted by the looser-fitting sleeve (Fig.43a) 

is compared with that of the original tighter-fitting sleeve (Fig.43b).  For both fits, a skin 

surface friction coefficient 0.5µ =  is used.  The computed resisting torque exerted by the 

looser-fitting sleeve (Fig.44) is significantly less than that of the tighter-fitting sleeve for 

elbow flexion angles greater than 20� . 
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Figure 43: Deformed configurations of sleeves with different radii 
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Figure 44: Computed resisting torques exerted by sleeves with different radii; the sleeve 
is compliant crimped cotton, and the skin friction coefficient is 0.5µ = . 

(a) Loose fit: R=0.07m (b) Tight fit: R=0.06m 
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5.3.4 Effect of fabric thickness 

Fabric thickness is another factor that can affect clothing-wearer interaction. A 

thicker fabric has greater mass and larger stiffness.  Membrane stiffness increases in 

proportion to the fabric thickness, while the bending stiffness increases in proportion to 

the thickness cubed.  Here, the thickness of the sleeve fabric is doubled to 2t mm=  and 

the joint torque is compared with the original case where 1t mm= .  All other properties 

remain the same, and a surface friction coefficient 0.5µ =  is assumed.  The computed 

torque resistance (Fig.45) of the thicker fabric is roughly double that of the thinner fabric, 

which indicates that membrane rather than bending behavior of the sleeve is dominant.  
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Figure 45: Comparison of sleeve torque resistance with different fabric thickness 

5.3.5 Effect of fabric material properties 

The last variation of the arm-sleeve problem examined here focuses on the effect 

of fabric material properties.  Three sets of material properties are examined, roughly 
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corresponding to (I) a crimped cotton sleeve of thickness 1mm; (II) a taut de-crimped 

cotton fabric of thickness 1mm; and (III) a de-crimped plain-weave Kevlar fabric of 

thickness 1mm. 
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The shear stiffness of fabrics significantly affects their drapeability.  For all of the three 

material assumptions considered here, the shear stiffness of the fabric in each case is 

taken as 1/200th of the Young’s modulus in the yarn directions.  Low surface friction 

0.1µ =  is assumed for all of the computations.  The computed resistance torques for the 

three different sleeve materials are presented in Fig.46.   
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Figure 46: Comparison of sleeve torque resistance for types of fabrics 

A stiff response is observed for both material sets II and III, and then a compliant 

response follows after the rotation angle reaches about 15� .  By tracking the deformation 
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of the sleeve, it is found that before reaching an elbow flexion angle 15α = �  the sleeve 

response is governed by bending; after that, the sleeve literally slides down along the 

forearm.  As would be expected, it is also observed that the resistance torque exerted by 

each sleeve is roughly proportional to the stiffness of the material. 

5.4 Interaction of pants with walking/stepping legs  

In this problem, a human subject walked four strides, with the third involving 

stepping over an obstacle 0.5m in height.  The motion of this human was captured with an 

array of eight infrared VICON cameras, and the motions were then mapped onto the 

assemblage of ellipsoids (Fig.34) to make them walk.  A pair of pants was then placed 

onto the human model (Fig.47) in the following sequence: (a) the feet of the human 

model were removed; (b) the pants of the human model were pulled up over the legs and 

pelvis; (c) the feet of the human model were then restored; and (d) the effect of a belt was 

created by tensioning the fabric at the waistline.  With the garment on the human model, 

a simulation of the interaction between the pants and the lower body walking and 

crossing the obstacle was then undertaken (Fig.48).  Two sets of pants were modeled, 

both made of compliant, crimped cotton.  The first pair had a thickness of 1mm while the 

second had a thickness of 2mm. 

The resistance that the pants models exert on the legs as they undergo their fully 

prescribed motions was calculated by taking the contact forces exerted by the clothing on 

the legs at each instant of the simulations and computing their instantaneous moment 

magnitude about the knees.  Such computations are shown in Fig.49 for two pairs of 

cotton pants which are identical except for the fabric thickness.  Not surprisingly, the 

thicker pants exert greater resistance torques than do the pants with the thinner fabric.  

The computed torques about the right knee are due strictly to the pants at the knee level 

and below.  Contributions of the upper pant legs to the resistance have been neglected 

here. 
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Figure 47: Sequence for the human model to don a pair of pants 

 

 

Figure 48: Simulation of pants interacting with lower body striding and then stepping 
over an obstacle.  Numbers below each figure indicate the frame number of 
the simulation (c.f. Fig.49) 
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Figure 49: Computed resistance torques exerted by two pairs of cotton pants of different 
fabric thicknesses about the right knee 
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CHAPTER 6 

SUMMARY AND DISCUSSION 

6.1 Summary 

6.1.1 Macroscale 

A novel computational framework that allows quantification of the mechanical 

interactions between clothing and wearers is developed.  In the framework, clothing is 

modeled using geometrically nonlinear continuum degenerated shell finite element 

methods and the wearer is represented by a digital human model with simplified 

ellipsoidal surface definition and motion capture kinematics description.  The contact 

tractions exerted by clothing on the human model are calculated as a fundamental 

quantity, based on which objective performance measures can be derived to quantify the 

impact clothing imposes on the wearer.  Sample studies are presented, where the effects 

of various factors (fabric thickness and properties, fit, and skin friction etc.) on the joint 

torques exerted by clothing are investigated, and these studies demonstrate the feasibility 

of the proposed computational framework.  This novel computational facility allows the 

clothing-wearer interactions to be studied based on objective quantities and enables better 

understanding of the impact that clothing may impose on wearers.  With such 

understanding, better designs of protective clothing systems with less performance 

restrictions can be obtained. 

In developing the computational framework, some long-standing issues in solid 

mechanics are addressed.  As thin and flexible media, fabrics exhibit highly unstable 

mechanical behaviors and undergo arbitrarily large deformations, which pose a challenge 

on the robustness of the computational model.  In this work, a geometrically nonlinear 

shell element based on dynamic formulation is adopted to address this issue and it is 

proven to be effective in capturing the large fabric deformations with adequate 

robustness.  Both implicit and explicit solution schemes are implemented and Rayleigh 
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damping is included to simulate the dissipation in the model.  The clothing-wearer 

contact is formulated as a Signorini’s problem by assuming rigid human body surfaces 

with prescribed kinematics and the problem is solved by an explicit Lagrange multiplier 

method.  The expense for collision detection is minimized by using ellipsoidal surface 

definitions. 

6.1.2 Mesoscale 

Woven fabrics exhibit complex material behaviors that vary in response to 

changes in different loading conditions.  It is challenging to develop a comprehensive 

constitutive model that captures all these complexities.  In this work, the relation between 

the macroscopic fabric properties and the mesoscale yarn structures are studied by 

applying computational homogenization techniques.   

A novel unit cell model with detailed three-dimension yarn geometries and 

general multi-body contact algorithm is developed.  In this model, yarns are modeled as 

transversely isotropic media and their interactions are formulated as a multi-body 

frictional contact problem, which is solved by an augmented Lagrange multiplier method.  

Compared to previous efforts, the proposed model makes no simplifications on the yarn 

geometries and the yarn interactions, and it takes into account various combinations of 

loading conditions.  The local response of the yarn structure unit cell model is solved for 

a given macroscopic strain and the macroscopic stress is obtained by homogenizing the 

total stress in the mesoscale model.  It is demonstrated that the proposed unit cell model 

captures typical features of fabric behaviors. 

The proposed unit cell model of mesoscale yarn structures provides a useful 

numerical tool for studying fabric properties.  Compared to traditional experimental 

approaches, which require fabrication of testing samples, the unit cell analysis can be 

applied to test various combinations of factors that can affect the overall fabric properties 

and makes itself a rapid prototyping tool for fabric designs.   
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6.2 Discussion 

The main effort of this research is the construction of the proposed computational 

clothing modeling framework.  The framework includes four major components: a 

macroscale fabric model, a mesoscale fabric/material model, a contact computation 

component, and a digital human model.  Simplification assumptions have been 

introduced when these components are developed and integrated.  In this section, these 

assumptions are revisited and future improvements on them are discussed as well.  

6.2.1 Macroscale fabric modeling 

The macroscale fabric model is based on the continuum degenerated shell theory, 

where the bending behavior is obtained by numerical integration of stresses and strains 

through the shell thickness.  This assumption is valid for a continuum, while for fabrics, 

which possess material discontinuities through the thickness, it may need to be revised.  

A resultant shell formulation may be more appropriate to address this issue.   

Another assumption that deserves further investigation is the constitutive model.  

Currently a linear relation between the second Piola-Kirchhoff stress and the Green 

Lagrange strain, i.e. St. Venant model, is followed.  This over-simplifies the material 

responses in fabrics even in the small strain range where complex yarn interactions on the 

mesoscale lead to highly nonlinear behaviors as demonstrated in Chapter 4.  This topic is 

closely related to the multiscale modeling approaches discussed in the following 

subsection.  

6.2.2 Multiscale modeling approaches 

The proposed unit cell analysis of mesoscale yarn structure model is currently 

independent of the macroscale fabric model and the homogenized stress-strain relation is 

not incorporated into the macroscale model.  Two types of multiscale approaches are 

usually adopted to incorporate the homogenized constitutive relation into the macroscale 

model.  One is the hierarchical multiscale approach, where the homogenized stress-strain 
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relations obtained by unit cell analyses are described by some mathematical constitutive 

functions, which are employed on the macroscale.  However, the challenge with such an 

approach is the complexity of fabric properties, which rarely admits such comprehensive 

constitutive function expressions.  An alternative approach is the concurrent multiscale 

method, which starts a mesoscale unit cell analysis whenever the constitutive relation is 

requested by the macroscale computation.  With this approach, the macroscopic strain is 

applied as prescribed load on the unit cell and the resultant homogenized stress is 

returned to the macroscale problem as the response.  The concurrent approach deserves 

further exploration for incorporation of realistic fabric properties.  It is worth noting that 

concurrent multiscale modeling requires robust and efficient solution of the unit cell 

problem, and much progress has been made on this issue in this work. 

6.2.3 Collision detection 

In the current framework, the collision detection is simplified to reduce the 

computational expense.  On the macroscale, the collision detection is conducted between 

a general clothing mesh and ellipsoidal surfaces that represent segments of the human 

body.  On the mesoscale, mesh-to-mesh collision detection is confined to a local level, 

where only the neighbors in the initial configuration are checked.  For highly distorted 

meshes, global collision detection is required and the efficiency of the algorithm becomes 

a significant issue.  An efficient global mesh-to-mesh collision detection algorithm is 

beyond the scope of this study and was not pursued here.  However, if a general body 

surface mesh as shown in Fig.50 is to be employed or the self-contact between clothing is 

to be considered, an efficient collision detection algorithm is needed.   

6.2.4 The human model 

As the main focus of the study is on clothing modeling, a simple human model is 

employed.  As mention above, the body is approximated by an assembly of ellipsoids 

with its kinematics description obtained from motion capture.  An obvious limitation of 
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the current model is the loss of geometric fidelity by using ellipsoids.  To address this 

issue, realistic human body surface models need to be constructed.  Body scan techniques 

can be employed for this purpose and a sample body scan mesh by courtesy of Professor 

Susan Ashdown and her Cornell Body Scan Research Group is shown in Fig.50.  

 

Figure 50: A human body surface mesh constructed using body scan techniques  
(courtesy of Dr. Ashdown at Cornell University) 

Body scans can only capture the body surface at static postures.  For clothing-

wearer studies, however, the continuous evolution of the surface is needed as the human 

model engages in activity.  To create the information, the body scan and the motion 

capture technique should be combined.  The idea is to decompose the mesh into segments 

and to associate each of them with the corresponding segment in a motion capture model.  

The kinematics description obtained from motion capture system can then be mapped 
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onto the body surface mesh and drive it through the captured motion.  With this method, 

the deformation of the body surface is not included and some mesh discontinuity and 

overlapping will inevitably occur as the motion proceeds.  Mesh merging and patching 

techniques are thus needed to construct a continuous surface mesh in motion.   

 

Currently the motion of the human model is completely prescribed either by time 

functions of joint angles or motion capture data.  This treatment limits the clothing-

wearer interaction to a unilateral situation, where clothing only responds passively to the 

given motion while cannot change the motion even though the restriction it exerts has 

made the motion unachievable.  To enable the adaptation, more intelligent digital human 

model has to be employed.  In addition, the sensitivity of the clothing restriction with 

respect to a given motion has to be investigated.   

Another simplification used in the human model is that the body surface is rigid.  

This assumption simplifies the contact computation while excludes the effect of surface 

deformation in response to the clothing restriction.   

6.2.5 Computational issue 

The proposed clothing modeling framework is computationally intensive.  On the 

macroscale, time integration of a dynamic system with complex contact computation and 

collision detection is performed.  As mentioned in Section 6.2.3, a major bottleneck is an 

efficient global mesh-to-mesh collision detection algorithm.  In addition, fast time 

integrators and parallel computation techniques are worth further exploring as well.  The 

size of mesoscale yarn problem is relatively small.  However, if it were to be applied in 

the multiscale computation framework, where each integration point corresponds to a 

mesoscale unit cell analysis problem, parallelization is definitely necessary. 
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6.2.6 Garment design 

A huge factor that has been neglected in the current work is the garment design.  

In the example presented in Chapter 5, the pants are constructed by merging four 

rectangular mesh patches together.  No design patterns are followed and the seams are 

not modeled.  The neglected factors can be significant in determine the interactions of the 

final garment on the wearer and they need to be considered in the future work.  For 

clothing pattern design, commercial garment computer-aided design (CAD) software, 

such as OptiTex, can be utilized.  The pattern geometries can be created interactively 

with the graphical user interface the CAD software and then imported to the computation 

framework proposed in this work. 
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