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ABSTRACT

This paper presents the methods of developing a finite-element (FE) mechanical  contact  model to simulate the
interaction between human breasts and a well-fitting bra. In the FE model, the human breasts are modelled as hyper-
elastic material, and the bra is meshed as elastic beam and shell. The FE contact model between the breasts and the
bra is defined as a contact pair. The mathematical formulation describes the strain–stress contact mechanics of the
3D human body and the bra under pre-tension. The simulation results provide a fundamental  guideline for  the
calculation of the force mechanics of any body–garment interaction.
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INTRODUCTION

Clothing physiologists have found that excessive bra pressure not only cause discomfort but also various types of
health problems (Lee et al., 2000；Miyatsuji et al., 2002). Bra pressure is affected by the bra size, the style of bra,
the elastic modulus of fabrics, the 3D geometric shape and the synthesized elastic modulus of the human body (You
et al., 2002). In the past, many research works have conducted wear experiments with sensing elements (inserted
between the human body and clothes) to measure garment pressure and the relevant subjective sensations (Kawabata
et al., 1988; Makabe et al., 1993; Nakahashi, et al., 2000). However, there are still limitations in practical pressure
measurements due to restrictive pressure sensing range and discrete measuring points on a human body. Therefore, a
more efficient technique to obtain information about the interaction between a bra and human body is necessary. 

Finite elements (FE) methods have been proposed to simulate the biomechanical interactions between human body
and garment.  Finite  elements  analysis  has  been applied to  yarn  mechanics  and fibrous assemblies  for  decades
(Wang, et al., 2011), but the FE research of the contact mechanics between a garment and a human body is still in its
infancy. Previous studies (Balaniuk et al.,2007; Perez et al., 2008; Rajagopal et al., 2010; Rajagopal et al., 2008;
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Samani,2001; Sinkus et al.,2005) tended to use 3D body surface scanned images, magnetic resonance images (MRI),
or Computed Tomography (CT) in prone configurations for constructing geometric model of breast. However, it is
so hard to derive the mechanical properties of breast tissues (fat, grand, skin) from in vivo breast indentation tests
that most research used ex vivo data (Lu et al., 2009). The breast tissues were overall assumed to be incompressible
Krouskop et al., 1998） , homogenous (Sarvazyan et al., 1995; Skovoroda et al., 1995) and isotropic (Fung et al.,
1993; Krouskop et al., 1998), with uniform density (Jonathan et al., 2007; Wang et al., 2011). Imaoka and Atkinson
(1996) built a mathematical model to simulate the interaction between a body and garment, based on an assumption
that the body is rigid. Yu et al. (2008) developed a FE model of the female foot for high-heeled shoe design to
investigate the plantar contact pressure and internal loading responses of the bony and soft tissue. For the body-bra
relationship, Li et al. (2003) developed a computer-generated body model to theoretically calculate the skin pressure
distributions,  breast  deformation  and  inner  stress  in  the  skin  based  on  arbitrary  skin,  breast  tissue  and  bone.
However, the tissue properties were based on the ex-vivo data, the breast boundary was not clearly determined, only
single-layer skin was considered, and the single-material bra model was over-simplified.

Knowledge about the interaction between the viscoelastic breasts and multi-layer multi-component bra structure is
hitherto unavailable. In this study, a finite-element mechanical contact model for a 3D human body and bra is used
to treat the bra as a flexible shell based on elasticity theory. In this model, the human body and garment are meshed
as basic cells, the contact cells between body and garment are defined to describe the contact relationship, and the
material coefficients are initially assigned based on ex vivo data at specified parts that potentially will contact with
the bra, and then by iterative procedure of mixed formulation, the material coefficients are optimized when the
predicting  results  matched  with  the  experimental  data.  This  paper  shows  the  methods  and  results  of  the  FE
simulation of contact mechanics of human body and bra wearing.

FINITE-ELEMENT CONTACT MODEL DEVELOPMENT 

An overview of the development procedures of the finite-element mechanical contact model between a 3D human
body and a well-fitted bra is shown in Figure1, based on the theories of hyper-elastic contact mechanics.

3D Geometry Model Generation

Geometry models of the breast and bra were generated from the acquired 3D surface scans of a female subject in
standing position after she found the best-fit bra in the fitting trials. The images were saved in ASCII format and
loaded into the Rapidform XOR software. As the breast is a visco-elastic deformable body composed of skin, fat and
gland (Gefen and Dilmoney, 2007) and the thorax is elastic rigid body, Boolean operations were used to define the
breast boundary and intersection surfaces between the breast and thoracic regions. 

Breast Sub FE Model Generation

The FE models of the breast were generated from the IGS file acquired in Rapidform software. The thorax wall was
modelled  as  a  continuous  volume  and  was  assumed  to  completely  restrain  displacements  as  the  posterior
demarcation of the deformable model. Fat and glandular tissues were summarized as one component, and the skin
was attached over the breasts as shell elements. The thorax and muscles are considered as one component with
uniform mechanical properties. Eder (2013) summarized the mechanical properties of fibro glandular and fat tissues
used in previous FE simulations of breasts with cancer cells, but the data for the normal breasts are very limited.
Data reported in the literature was not validated because the mechanical properties of individual tissue types were
derived from ex-vivo experiments on small specimens, which cannot be measured in-vivo. To solve this problem,
the authors in a previous work (Chen et al., 2013) have validated the material parameters of breast tissue and skin by
using a bared-breast running experiment. A less than 1% root-mean-square error RMS (Equation 1) of the predicted
breast  displacement  was  considered  acceptable.  Then  the  optimal  values  of  body  material  parameters  are
determined.
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where  Nt is the number of sample data points,  Nd is the number of markers, DE, DF are the displacement obtained
from Experiment and FE simulation.

For  simulating  the  breast  soft  tissues,  different  material  models  such  as  linear  elastic,  piecewise-linear  elastic,
exponential elastic, and different hyper-elastic constitutive models were tried out. Eder (2013) concluded that hyper-
elastic model is most suitable for modelling the breasts.
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Figure 1. Development of finite-element mechanical contact model

Bra Sub FE Model Generation

FE model of the bra was also generated from the IGS file acquired in Rapidform software. The bra cups, straps and
bands are modelled as shells, while the gore is modelled as a beam. Table 1 shows the mechanical parameters and
geometric parameters of the bra components. 

Table 1. The mechanical parameters and geometric parameters of bra components (From experiment)

Components Width(mm) Thickness(mm) Modulus E (kPa) Poisson’s ratio ν

Strap 15 0.75 1318 0.34

Band 15 0.75 1318 0.34

L cup 72.5 1.05 3500 0.32
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R cup 72.5 1.05 3500 0.32

Wire null 3.0 200000000 0.3

Gore up 6 null 200000000 0.3

Gore lower 16 null 200000000 0.3

FE Contact Model Generation

The relationship between breast and bra during wear is complex. In this study, the model is based on the following
assumptions: 

(a) The human body is an elastic rigid volume and the breast is a flexible body with hyper-elastic properties.  

(b) The bra is an elastic and continuous shell with material linearity and geometric nonlinearity.

(c) The contact between the breast and the bra is in a standing position, considering pre-tension of bra.  

In finite-element modelling, the contact forces must be applied to each nodal point of each finite-element mesh.
Based on the assumptions above, different contact elements are applied including surface-to-surface contact, node-
to-surface contact, line-to-surface contact, and line-to-line contact, for tracking the contact position, transferring the
contact  stress and preventing the contact  surface from mutual penetration.  With the software  Abaqus 6.12 (3D
Experience Company, France), a combined algorithm of the Lagrange Multiplier, the Penalty Method and Solver
Constraints is used to treat the frictional sliding contact problems. 

Figure 3. Illustration of contact algorithm

At initial, there is pre-tension (20% tension) and gravity in the FE contact model. The boundary displacement is
regarded as the displacement of rigid thorax. As the breasts are attached to the Pectoralis  major muscle on the
ribcage, the displacement boundary conditions were applied at the posterior surface of the breast. 

Based on the Virtual Work Theory (Tan, 2007), the equation for this contact model is

        (Equation 1)
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where

=body force vector of element

= face force vector of element

= force vector of contact interface

= virtual displacement vector in element

= virtual displacement vector of node

= virtual stress vector in element. 

= virtual strain vector in element

= region of element

= load boundary on element

= contact boundary on element

while

                (Equation 1-a)

              (Equation 1-b)

             (Equation 1-c)

           (Equation 1-d)

where

= Element shape function matrix

= Element strain matrix

= Elastic-plastic matrix

So Equation 1 becomes

         (Equation 2)
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where:

The whole contact model as an integration of all elements in Equation 2, is presented in Equation 3 

            (Equation 3)

RESULTS

The material parameters of breast tissue and skin were first obtained from the literature for the initial FE modeling
of the thorax, two breasts and a skin layer. Then the parameters were iteratively changed until the predicted results
are  similar  to  the  experimental  results  of  the  nipple  displacement  in  orthogonal  directions  during  bared-breast
running as shown in Figures 4a to 4c. It is found that the predicted results matched well with the experimental
results in both superior-inferior (z) and anterior-posterior (y) directions, with RMS <1%. In the medial-lateral (x)
direction, the RMS is 3.83%, probably due to the large arm swung during the running experiment. 
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Figure 4a. Predicted result and experimental result of nipple displacement in z-direction
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Figure 4b. Predicted result and experimental result of nipple displacement in y-direction 
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Figure 4c. Predicted result and experimental result of nipple displacement in x-direction

Table 3 Root mean square error percentages of the predicted breast displacements during running

Direction x y z

RMS % 3.83 0.59 0.65

 

The correspondent values of Young’s moduli of the breasts and skin are shown as Table 4. 

Table 4 Material parameters of different body parts

Components Material
model

Material Constants

Yong’s
Modulus
(E/kPa) Possion

ratio (v)
C10 C01 C20 C11 C02 D1 D2

Thorax Elastic 489 0.3 null

Breast Hyper
elastic

0.495 0.09 -0.06 0.04 -0.02 0.01 3.65 0

Skin Hypodermis Elastic 0.45 0.495 null

Dermis Elastic 650 0.495 null

Epidermis Elastic 0.52 0.495 null

Using the validated material parameters, an FE contact model was developed to simulate
the contact pressure between a well-fitting bra and a female subject's  breast region. As
Figure  6  shows,  in  this  good-fitting  condition,  the  maximum contact  pressure  is  0.1kPa
distributed along the neckline of cup, wire, and the left straps. The cups have not much
pressure because it is a natural fit bra. The pressure generated from the center gore to the
wire and the straps is due to the tension pulling from the centre back hooks and the back
neck. As the left strap has one layer of elastic band while the right strap has two layers for
the sliding adjustments, the contact pressure on the left is higher than that on the right.  

The contact pressure (Figure 5a) and deformation (Figure 5b) are small  in the cups, but
bigger in the gore and the wire because they are under the highest tension during natural fit
bra-wearing. 
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Figure 5a. Contact Pressure between bra and breast

 

Figure 5b. Deformation between bra and breast 

CONCLUSIONS

This paper presents a finite-element mechanical contact model of a simulated well-fitting bra being
worn by a female torso. The body is in a standing condition and the pre-tension of bra is considered.
This contact model is composed of a hyper-elastic breast sub-model with elastic skin and rigid thorax.
The mechanical properties of breast sub-model are validated with experimental data of bare-breasted
running. The bra cups are meshed as shell and the gore is regarded as a beam. The simulation results
are: (1) The maximum contact pressure is distributed along the bra neckline, the wire, and the left
straps in the well-fitting bra. (2) The contact pressure of single strap is higher than the double layers of

Applied Digital Human Modeling & Simulation (2020)

https://openaccess.cms-conferences.org/#/publications/book/978-1-4951-2094-7



Applied Human Factors and Ergonomics International

straps. (3) The contact pressure and deformation in the gore and wire is the highest in a well-fitting
bra. This FE contact model shows a promising approach for the calculation of force mechanics of body–
garment interaction.
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