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Abstract
This paper investigated three-dimensional breast displacement under different breast support 
conditions and gait speeds for women with small breasts. The breast coordinates of fifteen 
female participants with small breasts (sizes ranging from A to C) were recorded during 
treadmill walking and running tests under two different sports bra conditions and a no bra 
condition. The results showed that although vertical breast displacement was always the 
greatest in each condition, mediolateral breast displacement was significantly greater than 
anteroposterior breast displacement. Mediolateral breast displacement was not effectively 
reduced in the two sports bra conditions compared to the no bra condition. It is recommended 
that sports bra designed for women with small breasts should aim to limit mediolateral breast 
displacement instead of anteroposterior breast displacement, on the premise of controlling 
vertical breast displacement. The findings also suggest that the effectiveness of sports bras 
at reducing side-to-side breast movement requires further optimisation.

Key words: women with small breasts, multiplanar breast displacement, breast support 
condition, gait speed, side-to-side breast movement.

Xiaona Chen1,2* 

Guangwu Sun1 

Jianping Wang2,3

Yanmei Li1
Hong Xie1 

1 Shanghai University of Engineering Science, 
School of Textiles and Fashion, 

Shanghai 201620, P.R. China, 
Phone: +86 (0)21 67791297, 

* e-mail: chenxn@sues.edu.cn
2 Key Laboratory of Clothing Design & Technology, 

Donghua University, 
Ministry of Education,

 Shanghai 200051, P.R. China
3 Donghua University,  

Fashion and Art Design Institute, 
Shanghai 200051, P.R. China 

Brown and Scurr [13] found that smaller 
breasted woman runners had a faster mar-
athon time than larger breasted runners 
in long-distance running. Bowles et al. 
[14] concluded that bra size significantly 
affected some temporal measures of res-
piration at both rest and during maximal 
exercise ability. It seems to be common 
sense that a larger breast produces more 
breast movement during exercise than 
a smaller one. However, some questions, 
such as whether a larger breast produces 
more breast displacement than a smaller 
breast in all directions at each gait speed, 
cannot be answered without rigorous sci-
entific data.

Although it is generally acknowledged 
that breast support requirements in the 
three directions are different, inconsistent 
conclusions have been reached in the last 
two decades. Most studies concluded that 
vertical breast displacement was larger 
than anteroposterior breast displacement 
and mediolateral breast displacement. 
However, a study found that vertical 
breast displacement was not significant-
ly greater than anteroposterior breast 
displacement or mediolateral breast dis-
placement during walking [6]. Mason et 
al. [15] suggested that vertical and me-
diolateral breast displacement should be 
limited by an adequate support bra. Simi-
larly, a study found that mediolateral dis-
placement (-1.1 cm to 4.2 cm) was greater 
than anteroposterior breast displacement 
(up to 2.2 cm) for women with D cup 
in the unsupported breast condition at 
10 km/h [8]. Nevertheless, two studies re-

	 Introduction
Prior breast motion research has mainly 
been aimed at women with large breasts, 
such as C and C+ cup size [1-8]. Never-
theless, women with smaller breasts also 
require adequate breast support [9, 10]. 
One survey targeted at Chinese women 
found that the percentage (63%) of re-
spondents suffering from breast pain or 
discomfort at times or frequently was 
comparable with the percentage (64%) 
reported by Australian women [11], al-
though the most common reported breast 
size (75B, Chinese bra sizing standard) 
of Chinese women was smaller than that 
of Australian women (12B in the Aus-
tralian bra sizing standard, equivalent to 
75C in the Chinese bra sizing standard). 
Brown et al. [12] found that the average 
distance from the suprasternal notch to 
the nipple of women with smaller breasts 
was less than the average distance ob-
served in women with larger breasts. 

ported that the mediolateral (4.0 ± 2.0 cm 
at 10.8 km/h and 4.8 ± 3.4 cm at 15 km/h)  
and anteroposterior breast displace-
ment (4.0 ± 1.0 cm at 10.8 km/h and 
5.1 ± 3.4 cm at 15 km/h) for women with 
D cup in the no bra condition were at 
a similar level [6, 7]. Furthermore, a dif-
ferent study reported a complicated result 
in the form of a figure, where anteropos-
terior breast displacement was greater 
than mediolateral breast displacement 
for women with a cup size ranging from 
A to C during a two-step star jump, and 
was less than mediolateral breast dis-
placement for women with the cup size 
ranging from D cup to G cup [16]. Since 
no consistent conclusion has been drawn 
on breast displacement in the anteropos-
terior and mediolateral directions, further 
research should be conducted to confirm 
the direction in which breast displace-
ment (anteroposterior versus mediolater-
al) is greater. Besides, most of the previ-
ous studies on three-dimensional breast 
displacement focused on women with 
large breasts, and only limited studies on 
women with small breasts.

Many studies have confirmed that ver-
tical breast displacement decreases as 
the breast support increases. However, 
limited literature has been found on the 
effect of breast support on mediolateral 
and anteroposterior breast displacement. 
Besides this, inconsistent conclusions 
exist on the effectiveness of sports bras. 
Scurr et al. [8] reported that the ampli-
tude of breast displacement can be re-
duced by breast support during walking 
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and running but did not indicate which 
direction of breast displacement was af-
fected. White et al. [7] reported signifi-
cant greater vertical, mediolateral and 
anteroposterior breast displacement for 
participants with D cup breasts during 
10.8 km/h treadmill running in the no bra 
condition than in sports bra conditions, 
but no significant differences in vertical, 
mediolateral and anteroposterior breast 
displacement between an encapsulation 
sports bra and compression sports bra. 
Scurr et al. [8] found that vertical, me-
diolateral and anteroposterior breast dis-
placement for women with D cup breasts 
during 10 km/h treadmill running were 
significantly reduced as the breast sup-
port increased from no bra to everyday 
bra to sports bra (p < 0.02). The existence 

of inconsistent results for mediolateral 
and anteroposterior breast displacement 
warrants further investigation. Further-
more, little literature was found on the 
effect of breast support on mediolateral 
and anteroposterior breast displacement 
for women with small breasts. 

Gait speed has been reported to be relat-
ed to breast displacement. For instance, 
test results showed that each 1 km/h in-
crement in treadmill speed resulted in 
a significant increase in breast displace-
ment from 5 km/h up to 10 km/h with no 
bra, up to 9 km/h in an everyday bra, and 
a less uniform pattern with both sports 
bras [6]. Another study reported that 
none of the bras tested consistently pro-
vided a significant reduction in resultant 
breast movement at all speeds (4 km/h, 
6 km/h, 8 km/h, and 10 km/h) during 
treadmill tests [10]. However, attention 
was focused on resultant breast displace-
ment instead of that in each direction at 
different gait speeds. The effect of gait 
speed on breast displacement in three 
dimensions should be more useful for 
bra design because this information can 
offer more detailed data for each direc-
tion. Furthermore, the increased breast 
displacement per km/h in each direction 
was not quantified, which should be use-
ful when designing a speed-specific bra.

The aim of this study was to quanti-
fy multiplanar breast displacement for 
women with small breasts and confirm 
in which direction (anteroposterior ver-
sus mediolateral) breast displacement 
was greater. The study also investigated 
how the selection of the breast support 
condition and gait speed may affect mul-

tiplanar breast displacement. It was first 
hypothesised that vertical breast dis-
placement would be significantly greater 
than mediolateral breast displacement 
and anteroposterior breast displacement, 
but no difference would exist between 
mediolateral and anteroposterior breast 
displacement. Second, it was hypothe-
sised that vertical, mediolateral and an-
teroposterior breast displacement would 
be significantly reduced as breast support 
increased from the no bra condition to 
sports bra condition. Finally, it was hy-
pothesised that vertical, mediolateral 
and anteroposterior breast displacement 
would significantly increase as the gait 
speed increases.

	 Materials and  methods
Participants
Fifteen female participants (mean ± SD: 
age 24.0 ± 2.9 years, height 162.1 ± 5.9 cm,  
body mass 58.3 ± 10.9 kg) were select-
ed for this study. The participants had 
no history of pregnancy, breast cancer 
or surgery, because these factors can af-
fect breast tissue and displacement [17]. 
The study was approved by the Insti-
tutional Ethics Committee. Written in-
formed consent was obtained from each 
participant.

Participants’ breast sizes were measured 
by a trained bra fitter. The breast sizes 
of the participants were determined by 
calculating the difference between the 
breast circumference and under breast 
circumference. The detailed breast meas-
urements of all participants are shown in 
Table 1.

Laboratory coordinate system  
and human body coordinate system
To accurately collect and compute breast 
displacement in three dimensions, a lab-
oratory coordinate system and human 
body coordinate system were developed.

Definition of laboratory coordinate 
system and human body coordinate 
system
The laboratory coordinate system was 
defined as follows:
n	 Origin O: the left posterior corner of 

the treadmill;
n	 +X axis: from the origin to the right 

posterior corner of the treadmill;
n	 +Y axis: from the origin to the left an-

terior corner of the treadmill;
n	 +Z axis: vertically upwards from the 

origin.

Figure 1. Definition of laboratory coordinate 
system and human body coordinate system.

Table 1. Breast measurements of all participants.

Participant 
number Bra size

Breast measurement, cm
Upper breast 

circumference
Breast 

circumference
Under breast 

circumference
1 85B 92.0 96.9 84.1
2 80C 90.1 92.3 78.4
3 60A 71.8 72.3 62.1
4 75C 88.2 89.5 75.4
5 80C 88.3 92.3 78.2
6 70B 84.5 82.2 69.1
7 85C 93.8 97.8 82.7
8 75A 86.1 84.4 74.5
9 65A 76.3 74.8 66.0

10 70A 82.0 80.7 70.2 
11 75A 80.5 82.7 75.2 
12 65B 78.3 79.2 66.4 
13 75B 85.7 85.9 72.8 
14 75A 86.1 86.3 77.0 
15 75B 85.1 88.7 76.6 
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Figure 1 Definition of laboratory coordinate system and human body coordinate system 

The human body coordinate system was defined as follows: 
Origin O’: P1; 
+X’ axis: direction from P4 to P3; 
+Y’ axis: perpendicular to the plane X’O’Z’ and directed toward the anterior of the human body;
+Z’ axis: direction from P2 to P1. 

Transformation from laboratory coordinate system to human body coordinate system 
The coordinates of an arbitrary point P were assumed to be (X, Y, Z) in the laboratory coordinate 
system and (X’, Y’, Z’) in the human body coordinate system. The translation parameters and 
rotation parameters from the laboratory coordinate system to the human body coordinate system 
were assumed to be (∆X, ∆Y, ∆Z) and (ωX, ωY, ωZ), as shown in Figure 2. The transformation 
matrix from the laboratory coordinate system to the human body coordinate system can be 
expressed as 
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If it is defined that R (ω) = R (ωX) R (ωY) R (ωZ), then the transformation model from the 
laboratory coordinate system to the human body coordinate system is 
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Before the human body coordinate sys-
tem was defined, four points were chosen 
to decide the directions of the three axes 
of the human body coordinate system. 
The four points can be easily found in the 
human body, and their positions relative 
to the torso rarely differed during exer-
cise. The four points were set as point P1 
(front neck point), P2 (4 cm below the 
front neck point), P3 (1 cm horizontally 
right of point P2) and P4 (1 cm horizontal-
ly left of point P2), as shown in Figure 1.

The human body coordinate system was 
defined as follows:
n	 Origin O’: P1;
n	 +X’ axis: direction from P4 to P3;
n	 +Y’ axis: perpendicular to the plane 

X’O’Z’ and directed toward the ante-
rior of the human body;

n	 +Z’ axis: direction from P2 to P1.

Transformation from laboratory 
coordinate system to human body 
coordinate system
The coordinates of an arbitrary point P 
were assumed to be (X, Y, Z) in the labo-
ratory coordinate system and (X’, Y’, Z’) 
in the human body coordinate system. 
The translation parameters and rotation 
parameters from the laboratory coordi-
nate system to the human body coordi-
nate system were assumed to be (∆X, ∆Y, 
∆Z) and (ωX, ωY, ωZ), as shown in Fig-
ure 2. The transformation matrix from 
the laboratory coordinate system to the 
human body coordinate system can be 
expressed as

5 
 

 
Figure 1 Definition of laboratory coordinate system and human body coordinate system 

 
The human body coordinate system was defined as follows: 
Origin O’: P1; 
+X’ axis: direction from P4 to P3; 
+Y’ axis: perpendicular to the plane X’O’Z’ and directed toward the anterior of the human body; 
+Z’ axis: direction from P2 to P1. 

Transformation from laboratory coordinate system to human body coordinate system 
The coordinates of an arbitrary point P were assumed to be (X, Y, Z) in the laboratory coordinate 
system and (X’, Y’, Z’) in the human body coordinate system. The translation parameters and 
rotation parameters from the laboratory coordinate system to the human body coordinate system 
were assumed to be (∆X, ∆Y, ∆Z) and (ωX, ωY, ωZ), as shown in Figure 2. The transformation 
matrix from the laboratory coordinate system to the human body coordinate system can be 
expressed as 

       
   
           
            

                  (1) 

       
            

   
           

                  (2) 

       
           
            

   
                  (3) 

If it is defined that R (ω) = R (ωX) R (ωY) R (ωZ), then the transformation model from the 
laboratory coordinate system to the human body coordinate system is 

 (1)

FTEE 5391)

      [
            

   
           

]                 (2) 

      [
           

            
   

]                 (3) 

 (2)

FTEE 5391)

      [
            

   
           

]                 (2) 

      [
           

            
   

]                 (3)  (3)

If it is defined that R (ω) = R (ωX) R (ωY) 
R (ωZ), then the transformation model 
from the laboratory coordinate system to 
the human body coordinate system is

6 
 

 
  
  
  
 = 
  
  
  
 +R ( )  

 
 
 
 (4) 

After substituting formulas (1), (2) and (3) into R (ω) = R (ωX) R (ωY) R (ωZ),

R(ω)= 
                          

                                                               
                                                               

 

…(5)
Normally               is the micro angle; therefore, it can be assumed that 
      =        =        = 1 and      =   ,      =   ,      =   , and 
          =           =            = 0
Thus, formula (5) can be simplified to 

R ( ) =  
      

      
      

                 (6) 

After substituting formula (6) into formula (4), the transformation model can be written as 

 
  
  
  
 =  

  
  
  
 +  

      
      
      

  
 
 
 
            (7) 

The coordinates of at least three common points in the laboratory coordinate system and human 
body coordinate system were needed to obtain the six transformation parameters (∆X, ∆X, ∆Z, ωX, 
ωY and ωZ). The coordinates of four points (P1, P2, P3 and P4)  used to establish the laboratory 
coordinate system and human body coordinate system were already known. The four points can be 
used as common points in the two coordinate systems. 
After introducing the coordinates of the common points into formula (7), six transformation 
parameters can be obtained. By substituting these six parameters into R (ω), R (ω) changed into a 
transformation matrix with only constants. The human body coordinates can be obtained if the 
laboratory coordinates are multiplied by R (ω).
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Breast support conditions 
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After substituting Equations (1), (2) and 
(3) into R (ω) = R (ωX) R (ωY) R (ωZ)
Equation (5).

Normally ωX, ωY and ωZ is the micro 
angle; therefore, it can be assumed that 
cos ωX = cos ωY = cos ωZ = 1 and sin 
ωX = ωX, sin ωY = ωY, sin ωZ = ωZ, and 
sin ωX sin ωY = sin ωX sin ωZ = sin ωY 
sin ωZ = 0.

Thus, Equation (5) can be simplified to

6 
 

 
  
  
  
 = 
  
  
  
 +R ( )  

 
 
 
 (4) 

After substituting formulas (1), (2) and (3) into R (ω) = R (ωX) R (ωY) R (ωZ),

R(ω)= 
                          

                                                               
                                                               

 

…(5)
Normally               is the micro angle; therefore, it can be assumed that 
      =        =        = 1 and      =   ,      =   ,      =   , and 
          =           =            = 0
Thus, formula (5) can be simplified to 

R ( ) =  
      

      
      

                 (6) 

After substituting formula (6) into formula (4), the transformation model can be written as 

 
  
  
  
 =  

  
  
  
 +  

      
      
      

  
 
 
 
            (7) 

The coordinates of at least three common points in the laboratory coordinate system and human 
body coordinate system were needed to obtain the six transformation parameters (∆X, ∆X, ∆Z, ωX, 
ωY and ωZ). The coordinates of four points (P1, P2, P3 and P4)  used to establish the laboratory 
coordinate system and human body coordinate system were already known. The four points can be 
used as common points in the two coordinate systems. 
After introducing the coordinates of the common points into formula (7), six transformation 
parameters can be obtained. By substituting these six parameters into R (ω), R (ω) changed into a 
transformation matrix with only constants. The human body coordinates can be obtained if the 
laboratory coordinates are multiplied by R (ω).

Figure 2. Transformation from the laboratory coordinate system to the human body coordinate 
system 
Breast support conditions 

 (6)

After substituting Equation (6) into 
Equation (4), the transformation model 
can be written as Equation (7).

Figure 2. Transformation from the labora-
tory coordinate system to the human body 
coordinate system.

The coordinates of at least three common 
points in the laboratory coordinate system 
and human body coordinate system were 
needed to obtain the six transformation 
parameters (∆X, ∆Y, ∆Z, ωX, ωY and 
ωZ). The coordinates of four points (P1, 
P2, P3 and P4) used to establish the labo-
ratory coordinate system and human body 
coordinate system were already known. 
The four points can be used as common 
points in the two coordinate systems.

After introducing the coordinates of 
the common points into Equation (7), 
six transformation parameters can be 
obtained. By substituting these six pa-
rameters into R (ω), R (ω) changed into 
a transformation matrix with only con-
stants. The human body coordinates can 
be obtained if the laboratory coordinates 
are multiplied by R (ω).
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A no bra condition and two different breast support conditions were chosen in this research: (i) no 
bra, (ii) a compression sports bra (Figure 3), and (iii) an encapsulation sports bra (Figure 4). The 
compression sports bra selected (Nike Pro, Nike, Shanghai, China; shell fabric was made from 88% 
regenerated polyester and 12% polyurethane, and the mesh cloth was made from 80% polyester and 
20% polyurethane) was the most common compression sports bra in China. The encapsulation 
sports bra selected (Sloggi Sporty HP, Triumph, Shanghai, China; shell fabric was made from 90% 
cellulose fibre and 10% polyurethane, and the lining fabric of the cup was made from 90% 
polyester and 10% polyurethane) was readily commercially available in China. 

(a) Front view   (b) Back view        (a) Front view    (b) Back view 
Figure 3 Compression sports bra        Figure 4 Encapsulation sports bra 

Experimental protocol 
Infrared light-emitting markers (2-mm diameter) were placed at points P1, P2, P3, and P4 and on the 
left and right nipples using double-sided surgical tape. The marker coordinates were collected when 
participants were exercising at speeds of 5 km/h, 7.5 km/h and 10 km/h under two different breast 
support conditions and a no bra condition. The three gait speeds selected in this study represented 
three modes of motion: walking (5 km/h), jogging (7.5 km/h) and running (10 km/h). Moreover, 
these three gait speeds were also selected because they were comparable to those used in previous 
breast motion research [3, 4, 8, 18]. A random number table was used to determine the breast 
support condition order. Before the test, bra fit was checked according to the standard referenced in 
previous research [17, 19]. 
Participants completed a standardised warm-up on the treadmill (SportsArt T650ME, Tainan City, 
Taiwan) at the three gait speeds before the formal test. In each bra condition, the treadmill speed 
was gradually increased from a static condition to a walking speed of 5 km/h, and the marker 
coordinates were recorded for 60 s after a 30 s familiarisation period at a speed of 5 km/h. Then the 
treadmill speed was decreased to a stop. There was a 5-min rest period between two bra condition 
running trials. Data were collected in the same procedure in a 5 km/h trial when the participants had 
exercised at the other two speeds. The three-dimensional displacement of the markers was tracked 
using two Optotrak 3020 position sensors (100 Hz; Northern Digital, Ontario, Canada). 
Statistical analysis 
A previous study noted that there was a significant difference between dominant and nondominant 
breast displacement; thus, the study concluded that displacement data on both breasts should be 
collected in breast motion research [3]. In this paper, displacement data of both the left and right 
breast were collected, and the average breast displacement was used as the breast kinematic data in 
the following analysis. Means and standard deviations were calculated for breast displacement in 
three dimensions. After the K-S test was applied to confirm the normality of the three-dimensional 
breast displacement data in each breast support condition at each speed, a paired-samples t-test was 
employed to analyse if there was a significant difference in breast displacement between any two 
directions. One-way analysis of variance (ANOVA) was performed to reveal the effects of the 
breast support condition and gait speed on three-dimensional breast displacement. The least 
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Breast support conditions
A no bra condition and two different 
breast support conditions were chosen 
in this research: (i) no bra, (ii) a com-
pression sports bra (Figure 3), and (iii) 
an encapsulation sports bra (Figure 4). 
The compression sports bra selected 
(Nike Pro, Nike, Shanghai, China; shell 
fabric was made from 88% regenerated 
polyester and 12% polyurethane, and the 
mesh cloth was made from 80% polyes-
ter and 20% polyurethane) was the most 
common compression sports bra in Chi-
na. The encapsulation sports bra selected 
(Sloggi Sporty HP, Triumph, Shanghai, 
China; shell fabric was made from 90% 
cellulose fibre and 10% polyurethane, 
and the lining fabric of the cup was made 
from 90% polyester and 10% polyure-
thane) was readily commercially availa-
ble in China.

Experimental protocol
Infrared light-emitting markers (2-mm 
diameter) were placed at points P1, P2, 
P3, and P4 and on the left and right nip-
ples using double-sided surgical tape. 
The marker coordinates were collected 
when participants were exercising at 
speeds of 5 km/h, 7.5 km/h and 10 km/h 
under two different breast support con-

ditions and a no bra condition. The three 
gait speeds selected in this study repre-
sented three modes of motion: walking 
(5 km/h), jogging (7.5 km/h) and running 
(10 km/h). Moreover, these three gait 
speeds were also selected because they 
were comparable to those used in previ-
ous breast motion research [3, 4, 8, 18]. 
A random number table was used to de-
termine the breast support condition or-
der. Before the test, bra fit was checked 
according to the standard referenced in 
previous research [17, 19].

Participants completed a standardised 
warm-up on the treadmill (SportsArt 
T650ME, Tainan City, Taiwan) at the 
three gait speeds before the formal test. 
In each bra condition, the treadmill speed 
was gradually increased from a static 
condition to a walking speed of 5 km/h, 
and the marker coordinates were record-
ed for 60 s after a 30 s familiarisation pe-
riod at a speed of 5 km/h. Then the tread-
mill speed was decreased to a stop. There 
was a 5-min rest period between two bra 
condition running trials. Data were col-
lected in the same procedure in a 5 km/h 
trial when the participants had exercised 
at the other two speeds. The three-dimen-
sional displacement of the markers was 

tracked using two Optotrak 3020 position 
sensors (100 Hz; Northern Digital, On-
tario, Canada).

Statistical analysis
A previous study noted that there was 
a significant difference between domi-
nant and nondominant breast displace-
ment; thus, the study concluded that dis-
placement data on both breasts should 
be collected in breast motion research 
[3]. In this paper, displacement data of 
both the left and right breast were col-
lected, and the average breast displace-
ment was used as the breast kinematic 
data in the following analysis. Means 
and standard deviations were calculated 
for breast displacement in three dimen-
sions. After the K-S test was applied to 
confirm the normality of the three-di-
mensional breast displacement data in 
each breast support condition at each 
speed, a paired-samples t-test was em-
ployed to analyse if there was a signif-
icant difference in breast displacement 
between any two directions. One-way 
analysis of variance (ANOVA) was per-
formed to reveal the effects of the breast 
support condition and gait speed on 
three-dimensional breast displacement. 
The least significant difference (LSD) 
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Figure 5. Mean (± standard deviation) anteroposterior, 
mediolateral, and vertical breast displacement in each 
breast support condition at three gait speeds (n = 15).  
* Significant difference in the direction of breast displa-
cement (p < 0.05).
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test was employed to identify where any 
significant between-condition differenc-
es were. The differences in three-dimen-
sional breast displacement between any 
two breast support conditions and any 
two gait speed conditions were detected 
by LSD test. All statistical procedures 
were conducted in the Statistical Pack-
age for the Social Sciences (IBM Inc., 
Armonk, NY, USA, version 17.0). All 
analysis results were deemed significant 
at an alpha level of P ≤ 0.05.

	 Results
Difference in breast displacement 
between directions
Three-dimensional breast displacement 
is shown in Figure 5. The result of the 
paired-sample t test revealed that medi-
olateral breast displacement was signifi-
cantly (p < 0.001) greater than anteropos-
terior breast displacement in each breast 
support condition at each speed, while 
there was no significant difference be-
tween mediolateral and anteroposterior 
breast displacement in the compression 
sports bra condition at 5 km/h (p = 0.162 
> 0.05). Vertical breast displacement was 
always significantly greater than both 
mediolateral and anteroposterior breast 
displacement in all breast support condi-
tions at each speed (p < 0.05).

Effect of breast support condition on 
breast displacement
The result of the ANOVA test showed 
that the breast support conditions did not 
have a significant effect on mediolateral 
breast displacement (p = 0.108 > 0.05); 
however, the breast support conditions 
had significant effects on the anteropos-
terior (p = 0.036 < 0.05) and vertical 
breast displacement (p = 0.022 < 0.05). 

Post-hoc analysis (LSD test) revealed 
that anteroposterior and vertical breast 
displacement were significantly greater 
in the no bra condition than in the two 
sports bra conditions, whereas no signif-
icant difference was found between the 
two sports bra conditions (Table 2).

Effect of gait speed on breast 
displacement
The result of the ANOVA test showed 
that gait speed had a significant effect on 
breast displacement in all directions (all 
p < 0.001). Post-hoc analysis (LSD test) 
confirmed that there were significant dif-
ferences in breast displacement between 
any two gait speeds in each direction (Ta-
ble 3), indicating breast displacement in 
three dimensions significantly increased 
as the gait speed increased.

In order to find in which direction the 
effect of the gait speed on breast dis-
placement occurred most, the increase in 
breast displacement between gait speeds 
in each direction under the two sports bra 
conditions and the no bra condition was 
calculated (Figure 6). 

	 Discussion
This paper quantified the three-dimen-
sional breast displacement of fifteen 
women with small breasts (cup sizes 
ranging from A to C, Chinese bra sizing 
standard) in two different sports bra con-
ditions and no bra condition at three gait 
speeds. Moreover, the study explored the 
effects of the breast support condition on 
breast displacement in the vertical, me-
diolateral and anteroposterior directions. 
The effect of the gait speed on three-di-
mensional breast displacement was also 
tested. It was found that mediolateral 
breast displacement was significantly 
greater than anteroposterior breast dis-
placement in each breast support con-
dition at each speed except in the com-
pression sports bra condition at 5 km/h. 
Anteroposterior and vertical breast dis-
placement significantly differed among 
the breast support conditions and gait 
speeds. Mediolateral breast displacement 
significantly increased along with the gait 
speed, whereas no significant difference 
was found between breast support condi-
tions. The implications of these findings 
are discussed further on in this article.

Table 2. P values illustrating significant (* p < 0.05) differences in anteroposterior and 
vertical breast displacement (cm) data between various breast support conditions.

Breast support condition Anteroposterior displacement Vertical displacement
Encapsulation bra-no bra 0.040* 0.013*
Compression bra-no bra 0.022* 0.005*
Compression bra-encapsulation bra 0.817 0.714

Table 3. P values illustrating significant (*p < 0.05) differences in mediolateral, anteropo-
sterior and vertical breast displacement (cm) data between various gait speeds.

Speed,  
km/h

Anteroposterior  
displacement

Mediolateral  
displacement

Vertical  
displacement

5-7.5 0.000* 0.000* 0.000*
5-10 0.000* 0.000* 0.000*

7.5-10 0.004* 0.003* 0.000*
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Figure 6 Increased breast displacement between gait speeds in each direction under the two sports 

bra conditions and the no bra condition (n=15).  
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Figure 6. Increases in breast displacement between gait speeds in each direction under the two sports bra conditions and no bra condition 
(n=15). 
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Difference in breast displacement 
between directions
In this study the vertical, mediolateral and 
anteroposterior breast displacement for 
women with small breasts in the no bra 
condition at 10 km/h were 5.8 ± 1.0 cm, 
4.5 ± 1.0 cm and 3.2 ± 0.5 cm, respec-
tively. The vertical value in this study 
was less than 8.0 ± 3.0 cm, as report-
ed by White et al. [7] for women with 
D-cup breasts at 10.8 km/h. However, 
the vertical value was similar to those 
(4.9 ± 1.1 cm) reported in a previous 
study for B and C cup participants at the 
same exercise level [20]. This is con-
sistent with previous literature that pro-
posed that vertical breast displacement 
increased with cup size [21]. In this study 
anteroposterior breast displacement in the 
no bra condition at 10 km/h was less than 
4.0 ± 2.0 cm, as reported by White et al. 
[7] for D cup participants, which is also 
consistent with a previous study [21]; 
however, mediolateral breast displace-
ment in the no bra condition was greater 
than 4.0 ± 1.0 cm, as reported by White 
et al. [7] for D cup participants, which 
is contrary to that reported by Wood et 
al. [21], who found mediolateral breast 
displacement significantly increased with 
breast cup size. The first hypothesis is 
partially rejected as mediolateral breast 
displacement was significantly greater 
than anteroposterior breast displacement, 
which is different from the results ob-
served in previous research, wherein the 
mediolateral and anteroposterior breast 
displacement were at a similar level [6].  
It was reported that the average vertical 
distance from the suprasternal notch to 
the nipple of women with small breasts 
was 16.5 cm, which was 3.1 cm less 
than the average distance observed in 
women with large breasts [12]. In this 
study the average vertical suprasternal 
notch-to-nipple distance of women was 
16.0 ± 1.4 cm, which is similar to that 
reported for small breasts in a previous 
study. This may explain why mediolater-
al breast displacement was greater than 
anteroposterior breast displacement in 
women with small breasts. The change 
in the comparison of mediolateral and 
anteroposterior breast displacement in 
women with small breasts illustrates that 
different breast support requirements ex-
ist between women with large breasts and 
women with small breasts. A sports bra 
designed for women with small breasts 
should aim to reduce mediolateral breast 
displacement as opposed to anteroposte-
rior breast displacement, though vertical 
breast displacement should be the first 

focus. This finding supports the idea that 
consideration should be given to reduc-
ing mediolateral breast displacement. 
The findings of the current study also 
support previous claims that an adequate 
support bra should limit motion both ver-
tically and laterally relative to the body 
[15].

Effect of the breast support condition 
on three-dimensional breast 
displacement
Anteroposterior and vertical breast dis-
placement significantly differed depend-
ing upon the breast support condition, 
which is consistent with previous research 
[6-8, 15]; however, no significant differ-
ence was found in mediolateral breast 
displacement among the breast support 
conditions, which was inconsistent with 
previous research [6-8]. Hypothesis two 
was partially accepted, as there was sig-
nificantly less anteroposterior and verti-
cal breast displacement in the two sports 
bra conditions than in the no bra condi-
tion, confirming previous conclusions 
on vertical and anteroposterior breast 
displacement [6-8]. Page and Steele [9] 
proposed that a compression sports bra 
was more effective for women with small 
breasts. Zhou et al. [22] also concluded 
that one of the features of the most ef-
fective bras was compression after they 
assessed seven commercial sports bras 
for participants with breast sizes B and C. 
However, no significant difference in an-
teroposterior and vertical breast displace-
ment was found between the two sports 
bra conditions in this study. Despite 
supporting the findings of White et al. 
[7], this result was also contrary to that 
reported by Scurr et al. [6], who found 
significantly less anteroposterior and 
vertical breast displacement in the encap-
sulation sports bra condition than in the 
compression sports bra condition. Aside 
from the smaller average breast size (B 
cup) of the participants in this study com-
pared to that of their corresponding par-
ticipants (D cup) in a previous study [6], 
different materials and tiny differences in 
bra styles may explain the inconsistent 
results. This explanation suggests that 
experimental bras with a similar style but 
of different materials may reduce breast 
motion to different extents. This finding 
also warrants further research to explore 
how bra materials affect breast motion 
reduction and whether tiny changes in 
bra style can influence breast motion lim-
itation. Further research should consider 
different bra styles with the same materi-
al or the same bra style with different ma-

terials to ensure one factor change in the 
experimental bras. As the effect of bras 
on breast displacement may be attributed 
to the pressure and frictional force they 
exert on the breast, future studies should 
also examine pressure and frictional 
force data of different bras when assess-
ing their effects on breast displacement.

Previous research established that there 
was a significant effect of the breast 
support on mediolateral breast displace-
ment, whereby mediolateral breast dis-
placement was significantly reduced as 
the breast support increased from no bra 
to sports bra [6, 8]. Nevertheless, in the 
present study no significant difference 
was found in mediolateral breast dis-
placement between breast support con-
ditions, which means the two sports bra 
did not significantly reduce mediolateral 
breast displacement compared to the no 
bra condition. This result was similar to 
those reported by White et al. [7] that no 
significant difference was found in medi-
olateral breast displacement between an 
encapsulation bra and everyday bra, sug-
gesting that the effectiveness of the two 
sports bras at reducing side-to-side breast 
movement requires optimisation. In the 
current study, the mediolateral breast dis-
placement was 1.0-3.7 cm for compres-
sion bras, 1.1-3.9 cm for encapsulation 
bras, and 1.6-4.5 cm for no bra, indicating 
a large and overlapping range between 
any two breast support conditions, which 
may explain the insignificant difference in 
mediolateral breast displacement between 
the breast support conditions. Mediolater-
al breast displacement ranging from -1.1 
to 4.2 cm for D cup participants running 
at 10 km/h was reported by Scurr et al. 
[8], which was comparable to that in this 
study (from 1.6 to 4.5 cm) despite the dif-
ferent breast size of participants (average 
B cup versus D cup).

Effect of gait speed on breast 
displacement
Gait speed had significant effects on ver-
tical, mediolateral and anteroposterior 
breast displacement (P < 0.01); thus, hy-
pothesis three was accepted. This finding 
was consistent with the results reported 
in a previous study [6]. Breast movement 
occurred because the position of breast 
tissue relative to the torso changed dur-
ing exercise. Increased breast movement 
was induced by two causes. First, breast 
deformation increased to cater for the 
greater amplitude of torso movement. 
Second, the lag between torso movement 
and breast movement increased as the 
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gait speed increased, which created more 
relative displacement between the torso 
and breast. However, the amplitude of 
breast deformation and torso movement 
cannot increase without limitation, which 
is why the breast displacement amplitude 
does not change when the running speed 
increases above 10 km/h [6]. This result 
indicates that sports bras intended for 
high-speed exercise should be designed 
to be more supportive.

The greatest increase in breast displace-
ment among the gait speeds occurred in 
the vertical direction, followed by the 
mediolateral and anteroposterior direc-
tions, which implied that the effect of 
speed on breast displacement was great-
est in the vertical direction and least in 
the anteroposterior direction. However, 
the increase in breast displacement in the 
mediolateral direction was similar to that 
in the vertical direction in the compres-
sion sports bra condition between gait 
speeds of 5 km/h and 7.5 km/h, as well 
as in the no bra condition between gait 
speeds of 7.5 km/h and 10 km/h. 

The increase in breast displacement 
between gait speeds of 5 km/h and 
7.5 km/h was obviously greater than 
that between gait speeds of 7.5 km/h 
and 10 km/h. A speed of 5 km/h repre-
sents walking, while those of 7.5 km/h 
and 10 km/h represent jogging and run-
ning, respectively. The exercise mode 
changed from walking to jogging when 
the speed was increased from 5 km/h 
to 7.5 km/h, but it did not change when 
the speed was increased from 7.5 km/h 
to 10 km/h. The exercise mode change 
may be the cause of the greater increase 
in breast displacement between gait 
speeds of 5 km/h and 7.5 km/h.

Strengths and limitations
It is acknowledged that a limitation of 
this study was the small sample size, and 
hence the results must be confirmed in 
larger sample groups. The current study 
was also limited by the lack of the every-
day bra condition. Multiplanar breast dis-
placement for women with small breasts 
was assessed only in the two sports bra 
conditions and no bra condition. Conse-
quently, the results of this research are 
only applicable for the sports bra condi-
tion and no bra condition. However, indi-
viduals usually walk 4961 steps per day in 
daily life [23], which may produce consid-
erable accumulated multiplanar breast dis-
placement. Thus, multiplanar breast dis-
placement for women with small breasts 

in the everyday bra condition also war-
rants further research. Finally, the present 
study was limited by the lack of pressure 
and frictional force data. As the effect of 
bras on breast displacement fundamental-
ly works through the force they exert on 
the breast, the difference or similarity of 
pressure and frictional force data between 
the two sports bra conditions may help 
explain why breast support conditions 
significantly affected anteroposterior and 
vertical breast displacement, but did not 
significantly affect mediolateral breast 
displacement. Despite the aforementioned 
limitations, this research first systematical-
ly evaluated three-dimensional breast dis-
placement for women with small breasts. 
In this study the greater breast displace-
ment in the mediolateral direction than in 
the anteroposterior direction for women 
with small breasts confirmed the notion 
that the breast support requirements for 
women with small breasts are different 
from those for women with large breasts, 
especially in the mediolateral direction. 
Furthermore, the values of multiplanar 
breast displacement for women with small 
breasts assessed in this research are useful 
for sports bra design and optimisation for 
this population cohort.

	 Conclusions
Mediolateral breast displacement was 
significantly greater than anteroposteri-
or breast displacement in women with 
small breasts; however, vertical breast 
displacement was always greatest. It is 
recommended that sports bra design for 
women with small breasts should aim 
to limit mediolateral breast displace-
ment instead of anteroposterior breast 
displacement, on the premise of con-
trolling vertical breast displacement. 
As the breast support condition did not 
significantly affect mediolateral breast 
displacement, the two sports bra condi-
tions were not effective in reducing me-
diolateral breast displacement compared 
to the no bra condition. It is therefore 
recommended that sports bras designed 
for small breasts should be optimised 
to improve their function in controlling 
side-to-side breast movement. Although 
the mediolateral breast displacement ob-
served in this study highlights that dif-
ferent breast support requirements, espe-
cially in the mediolateral direction, exist 
between large breasts and small breasts, 
future research with a larger sample size 
including both a small-breasted group 
and large-breasted group is warranted to 
ensure comparison of multiplanar breast 

displacement and breast support require-
ments between the two groups. Such re-
search can exclude the effect of the dif-
ference in bra style and bra materials in 
different research.
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