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Abstract  26 
27 

Female participants present a unique challenge as the design of the bra used to support the 28 

breasts occludes the correct positioning of many recommended trunk marker sets. This study 29 

aimed to compare the effect of two existing and one new trunk marker set on the calculation 30 

of trunk and breast kinematics. Twelve females had markers placed on their trunk and right 31 

nipple; these markers were tracked using infrared cameras during five running gait cycles and 32 

used to define three trunk calculation methods. Trunk 1: suprasternal notch, right and left 33 

ribs; Trunk 2: supersternal notch, processus xiphoideus, 7th cervical and 8th thoracic spinous 34 

process; Trunk 3: Trunk 2 plus a marker 33% from the suprasternal notch to the processus 35 

xiphoideus, and another 50% between the 7th cervical and 8th thoracic spinous process. 36 

Trunk segment capture success, segment origin instability, segmental residual, trunk 37 

kinematics and breast range of motion (relative to the trunk segment), were calculated for 38 

each trunk segment. Segment capture success varied from 88% (Trunk 1) to 100% (Trunk 2 39 

and 3). Segment origin instability ranged from 0.2 cm (Trunk 2 and 3) to 1.5 cm (Trunk 1). 40 

Maximum trunk extension differed by 7° and breast range of motion varied by 41% 41 

(anterioposterior), 54% (mediolateral), and 21% (superioinferior) between trunk calculation 42 

methods. The selection of marker set used to construct the trunk segment is critical before 43 

recommending improvements to bra design to improve breast support. The Trunk 3 marker 44 

set is recommended for subsequent breast research. 45 

46 
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52 

Introduction 53 

Human motion is often analysed using markers to represent joint positon and segment length 54 

and camera systems that track skin based markers.1 When creating a segment reference frame 55 

it is recommended that the marker locations used should be based on easily identified body 56 

landmarks.2 The use of female participants presents a unique challenge as the design of the 57 

bra worn to support the breasts during locomotion compromises the positioning of the 58 

International Society of Biomechanics (ISB) recommended thorax marker set and alternative 59 

marker locations used on males to create the trunk segment.3-5 Although bare-breasted 60 

protocols are often used as a base line to understand breast motion in a range of activities,661 

breast biomechanics research often uses participants wearing bras to inform bra design.762 

Recently two different trunk markers sets have been used on the female population, to 63 

quantify breast motion relative to the trunk with and without breast support garments being 64 

worn. Scurr et al.7 utilised markers placed on the suprasternal notch (STN) and left and right 65 

anterioinferior aspects of the 10th ribs to define the trunk segment. Zhou, Yu, and Ng8 used 66 

four markers based on the ISB recommendations:9 STN; Processus Xiphoideus (PX); 7th 67 

cervical spinous process (C7) and the 8th thoracic spinous process (T8).  68 

69 

The marker set used by Scurr et al.7 has been recommended for use within breast motion 70 

research as all three markers belong to the same trunk segment and their locations are 71 

typically unobstructed by breast support garments.10 However, the distal rib markers are 72 

located in a region with high levels of subcutaneous fat that has been suggested to reduce the 73 

stability of the trunk segment calculation.11 In addition, the use of only three markers on the 74 

trunk may compromise the segment capture success as obstruction of a single marker 75 

prevents the construction of the trunk segment with six degrees of freedom.   76 
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77 

The marker set used by Zhou et al.8 utilises the recommended ISB marker placements.  78 

Inclusion of markers on the posterior of the trunk means that the orientation of the trunk 79 

segment, created with this marker set, does not match that of Scurr et al.7, making it difficult 80 

to compare results between studies. Similarly, the ISB marker set can be problematic within 81 

breast research as the PX and T8 markers can be obscured by the breast support garment 82 

worn by the female participants,11,12 which can also lead to insufficient visible markers for 83 

segment reconstruction. Whilst it could be argued that markers positioned on the bra itself, 84 

could address this limitation, bras that do not lie flat to the skin between the breasts, 7,12 may 85 

inhibit accurate placement or tracking of a marker placed on the PX due to gaping between 86 

the bra fabric and the skin.  87 

88 

The need for the development and evaluation of trunk markers set for female participants has 89 

been highlighted in a number of studies. 10,11,13,14 Any improvements on the existing trunk 90 

marker sets would need to ensure segment capture success (minimisation of marker drop out), 91 

without compromising stability during bare-breasted trials, whilst also considering the 92 

location and design of bra straps and other bra design features such as the height of the 93 

neckline,12 that may potentially obstruct marker placement during data collection with 94 

females wearing a bra. Marker locations should also be restricted to the trunk segment, rather 95 

than adjacent segments such as the pelvis or clavicles as relative motion of these bony 96 

structures would distort the trunk segment.10 This study aimed to compare two existing and a 97 

modified trunk marker set used to calculate trunk and breast motion during treadmill running. 98 

The first hypothesis stated that there will be significant differences in marker capture success, 99 

trunk segment instability and segment residual between the three trunk segment calculation 100 

methods. The second hypothesis stated that there will be a significant difference in trunk 101 
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kinematics between the three trunk segment calculation methods. The third hypothesis stated 102 

that there will be a significant difference in breast kinematics between the three trunk 103 

segment calculation methods. 104 

105 

Methods 106 

Participant information 107 

Following institutional ethical approval and written informed consent, twelve female 108 

participants [age: 23.8, SD=3.5 years, height: 1.68, SD=0.06 m, mass: 61.0, SD=5.8 kg, bra 109 

size: 32 to 34 underband with a B to D cup size (3 x 32B, 1 x 32D, 5 x 34B, 3 x 34C), 110 

determined by the researchers, using the bra fitting criteria set out by White and Scurr],17111 

were selected to participate in this study. 112 

113 

Marker placement and trunk segment construction 114 

Eight trunk markers were used to define the three trunk calculation methods (Figure 1). All 115 

trunk calculation methods were constructed in Visual 3D (C-Motion Inc, USA) using the 116 

software segment definitions and optimisation algorithm with the segment origin defined as 117 

the proximal end.11 Two trunk calculation methods were based upon existing marker sets.7,8  118 

119 



 6

120 

Figure 1. Illustration of marker locations on the female upper body. (a) Trunk 1: STN, left 121 

(LRIB) and right (RRIB) anterio-inferior aspect of the 10th ribs;7 (b) Trunk 2: STN, PX, C7, 122 

T8;9 (c) Trunk 3: trunk 2 plus an additional marker (STN33) positioned 33% of the distance 123 

from the STN to the PX, and a second marker (C750) placed 50% between the C7 and T8 124 

markers. 125 

126 

127 
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Trunk 1 was defined using the STN as the proximal end of the segment with the right and left 128 

ribs as the lateral and medial distal end points (Figure 1a). The superioinferior (S-I) axis of 129 

Trunk 1 was defined by the vector extending from the distal (mid-rib point) to proximal end 130 

of the trunk segment. The anterioposterior (A-P) axis was determined by the vector that is 131 

perpendicular to both the plane (defined by the three segment markers) and the S-I axis.  The 132 

mediolateral (M-L) axis was determined using the right hand rule (Figure 2). 133 

134 

135 

Figure 2. Axis of the global coordinate system (GCS) and local coordinate system (LCS), 136 

with associated trunk rotation angles defined (Trunk 1). 137 

138 

Trunk 2 was defined using the mid-point between the STN and C7 marker as the proximal 139 

end of the segment and the mid-point between the PX and T8 markers as the distal segment 140 

end (Figure 1b). The superioinferior axis of Trunk 2 was defined as the vector extending from 141 
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the distal to proximal end of the trunk segment and the anterioposterior axis was determined 142 

by the vector that is perpendicular to both the plane (defined by the four segment markers) 143 

and the S-I axis. The mediolateral axis was determined using the right hand rule. 144 

145 

The third trunk segment was developed via pilot work, which involved participants wearing a 146 

sample of six different bras (Figure 3) in a random order, selected from published papers,7,8,15147 

to determine possible marker locations, unobstructed by the majority of bra designs. 148 

Although the ISB marker set represents the latest recommendations for the positioning of 149 

trunk markers,9 two of these recommended marker locations (PX, T8) were often obscured 150 

(Figure 3). The third marker set utilised the ISB recommendations (Figure 1b), plus an 151 

additional two tracking markers (Figure 1c), one on the anterior of the trunk (above the 152 

neckline of the sample bras) and one on the posterior (above the under bands and 153 

unobstructed by most strap designs) (Figure 3). Pilot testing found these locations were the 154 

simplest to place whilst also ensuring that the additional marker placements ensured the mean 155 

radius of the marker positions were greater than 10 times the assessed standard deviation of 156 

the errors.16 Potential marker locations on the clavicles, scapula, lumbar spine or pelvis were 157 

excluded due to relative motion between these locations and the thoracic spine (over which 158 

the breasts are positioned) having been discussed.10 At this stage it was noted that all Trunk 1 159 

markers and at least three markers in Trunk 3 were visible in all six bra conditions, allowing 160 

subsequent trunk segment construction.  However, insufficient Trunk 2 markers were visible 161 

in three of the six bras, therefore preventing trunk 2 segment construction. 162 

163 
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164 

Figure 3. Example bra designs and the marker locations used to define the three trunk 165 

calculation methods. (a) Marks and Spencer T shirt bra;7 (b) Shock Absorber Active Multi 166 

Sports Support S4490;7 (c) Shock Absorber Active Classic Support SN102;8 (d) Under 167 

Armour – Armour Bra; (e) Under Armour – Armour Bra Protegee; (f) Under Armour – 168 

Eclipse Bra. Bras (d) to (f) based upon different strap designs described in Bowles and 169 

Steele.15170 

171 

Trunk 3 was defined as per the Trunk 2 segment, but with the addition of two tracking 172 

markers (STN33 and C750) (Figure 1c), creating redundancy for segment tracking during bra 173 

conditions, eliminating the need for XP and T8 if obscured by a bra (Figure 3). The S-I axis 174 

was used as the primary axis for all three of the trunk calculation methods.13 For the purpose 175 

of assessing origin instability, two virtual landmarks (Trunk 2 virtual origin, Trunk 3 virtual 176 

origin) were created for Trunk 2 and Trunk 3 segments to represent the static origin of each 177 

trunk segment as defined in their construction.       178 

179 

Experimental protocol 180 
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Participants completed a self-directed treadmill warm up (H/P/Cosmos Mercury, Germany) 181 

and then removed their bra. Retro-reflective passive markers (.006 m radius) were positioned 182 

on the participant’s trunk for the 3 models and on the right nipple (Figure 1). The 183 

anterioposterior coordinates of an additional heel marker was used to derive its velocity and 184 

the change from positive to negative indicated heel strike, defining each gait cycle.7 Three 185 

dimensional motion of the markers was tracked using 15 calibrated optoelectronic cameras 186 

(200 Hz, Oqus, Qualisys, Sweden), positioned around the treadmill. For the segment 187 

estimation algorithm, participants stood statically in the anatomical position for 2 seconds 188 

bare-breasted.11 To determine whether the trunk marker set affects trunk and breast 189 

kinematics when sufficient markers to construct the trunk segment are visible, participants 190 

then ran bare-breasted at 2.8 m.s-1 on the treadmill.18 Marker coordinates were recorded for 191 

five gait cycles.19192 

193 

Data Analysis 194 

Markers were identified and reconstructed in QTM (Qualisys Track Manager; v2.9, Qualisys, 195 

Sweden) and subsequently filtered, in Visual 3D (C-Motion Inc, USA), using a second order, 196 

recursive, low pass Butterworth filter with a cut off of 13Hz.11 No data interpolation was used 197 

as marker obstruction was one of the parameters investigated within this study. The marker 198 

positional data from both the bare-breasted static and dynamic trials were used to construct 199 

the three trunks in Visual 3D.  200 

201 

Segment capture success (%) was defined (in QTM) as the percentage of time (over the 5 gait 202 

cycles) where three or more markers (from each trunk marker set) were visible and could be 203 

used to construct the trunk segment (Figure 4). Origin instability (m) was defined as the 204 

maximum resultant displacement between the marker / landmark used to define the segment 205 
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origin in the static trial (STN or mid-point between STN and C7) and the position and 206 

orientation of the segments (POSE) calculated segment origin (proximal end of the segment) 207 

during the dynamic trial. Maximum segment residual (m) was defined in Visual 3D using a 208 

least squares fit of the marker locations in the static trial to the marker locations at each frame 209 

of the dynamic trial. Maximum trunk rotation was defined as the difference between the 210 

alignment of the axes of the local coordinate system of each trunk segment and axes of the 211 

global coordinate system. Trunk tilt, flexion and axial rotation represented rotation in the 212 

frontal, sagittal and transverse planes respectively (Figure 3). Multiplanar breast range of 213 

motion (ROM) was calculated by subtracting the minima from the maxima positional 214 

coordinates of the nipple marker along each axis, relative to each trunk segment during each 215 

gait cycle.7 For each participant, parameters were assessed using each trunk segment for the 216 

same separate five gait cycles, averaged over the five gait cycles and the participant group 217 

mean and standard deviation were calculated.  218 

219 

Statistical Analysis 220 

All data were checked for normality using Shapiro-Wilk tests (P > 0.05). Multiple one way 221 

repeated measures Analysis of Variance (ANOVAs) were used to determine differences in 222 

trunk segment capture success, trunk segment instability, trunk segment residual, trunk and 223 

breast kinematics (dependent parameters) associated with the three trunk calculation methods 224 

(independent parameters). ANOVAs were followed by post-hoc analysis in the form of 225 

multiple paired samples T-tests with a Bonferroni adjustment (P < 0.017). Effect sizes 226 

(partial eta squared η2 for overall effect (P < 0.05) associated with the ANOVAs and Cohen’s 227 

d for the post-hoc analysis) are reported, to provide an indication of the magnitude of the 228 

statistical result. A large effect size was defined as η2 > 0.5 or d > 0.8, moderate between η2 < 229 
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0.5 and > 0.3, or d < 0.8 and > 0.5, and a small effect size defined as η2 < 0.3 and > 0.1, or d 230 

< 0.5 and > 0.2.20231 

232 

Results 233 

Mean trunk segment capture success using Trunk 1 was 88% (SD = 10.2%) with only one 234 

participant’s markers being captured at 100%, during the bare-breasted running trial. This 235 

significantly improved with the remaining trunk calculation methods, where all participant’s 236 

markers were captured at 100% (F(2, 12) = 16.541, P = 0.002, η2=0.601). It was interesting to 237 

note that despite a high capture success using Trunk 1, the missing data occurred at the times 238 

when the breast was near its maximum and minimum position (Figure 4).  239 

240 

241 

Figure 4. An example of a time history of the right breast over 5 gait cycles relative to the 242 

segment origin of Trunk 1 (n=1). 243 

244 
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The greatest origin instability (0.015, SD = 0.008 m) was associated with Trunk 1, which was 245 

significantly less stable than Trunk 2 (0.002, SD = 0.001 m; t = 5.092, P<0.001, d = 2.16) and 246 

Trunk 3 (0.002, SD = 0.001 m; t = 5.341, P<0.001, d = 2.18). This suggests that the trunk 247 

segment origin displaces further away from its defined position when using Trunk 1. The 248 

marker set with the greatest segment residual was Trunk 1 (0.005, SD = 0.002 m), followed 249 

by both Trunk 2 and Trunk 3 marker sets (0.004, SD = 0.001 m), although these were not 250 

significantly different (F(2, 12) = 2.432, P = 0.111, η2=0.533).  251 

252 

Significant differences were found in maximum trunk tilt (F(2,12) = 8.291, P = 0.002, 253 

η2=0.438) and anti-clockwise and clockwise axial rotation (F(2,12) = 142.077, P<0.001, 254 

η2=0.938; F(2,12) = 72.765, P<0.001, η2=0.893), these differences were up to 7° between trunk 255 

calculation methods (Figure 5). Trunk maximum flexion and extension angles also varied 256 

significantly (F(2,12) = 39.972, P<0.001, η2=0.784; F(2,12) = 40.329, P<0.001, η2=0.786 ) by 7° 257 

depending upon the trunk segment. Trunk 1 maximum extension was greater than and 258 

maximum flexion less than, Trunk 2 and Trunk 3, whilst there were no significant differences 259 

between Trunk 2 and Trunk 3 (Figure 5).  260 

261 
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262 

Figure 5. Maximum (SD) trunk tilt, trunk flexion / extension, trunk axial rotation  for three 263 

trunk segment constructions during bare-breasted treadmill running (n=12). Zero represents 264 

alignment of the local and global coordinate systems. (* = p<0.001; d = effect size). 265 
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266 

Breast ROM was significantly different in the anterioposterior (F(2, 12) = 153.762, P<0.001, 267 

η2=0.933) and mediolateral (F(2, 12) = 110.870, P<0.001, η2=0.910) directions when using 268 

Trunk 1 (Trunk1A-P = 0.039 m; Trunk1M-L = 0.035 m), compared to Trunk 2 and Trunk 3 269 

(Trunk2A-P = 0.026 m, Trunk3A-P = 0.023 m; Trunk2M-L = 0.018 m, Trunk3M-L = 0.016 m).  270 

Finally, a significant difference was also found between trunk calculation methods (F(2, 12) = 271 

27.584, P<0.001, η2=0.715) in the superioinferior direction with greater ROM when using 272 

Trunk 2 and 3 (Trunk2S-I = 0.052 m; Trunk3S-I = 0.050 m) compared Trunk 1 (Trunk1S-I = 273 

0.043 m). It was also found that Trunk 2 had significantly greater anterioposterior and 274 

superioinferior breast ROM when compared to Trunk 3 (Figure 6). 275 

276 
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277 

Figure 6. Breast range of motion calculated during bare-breasted treadmill running using 278 

three trunk calculation methods (n=12). (* = p<0.001; d = effect size). 279 
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280 

281 

The relative percentage distribution of breast ROM also differed depending upon the trunk 282 

segment used. Trunk 1 suggests an equal multiplanar distribution of breast ROM. In contrast 283 

the remaining trunk calculation methods suggest that the majority of breast motion occurred 284 

in the superioinferior direction (Figure 6). 285 

286 
287 

Discussion 288 

This study aimed to compare two existing and a modified trunk marker set used to calculate 289 

trunk and breast motion during treadmill running. Key findings showed that the markers used 290 

to construct the Trunk 1 segment was the only one to yield less than 100% capture success 291 

and also caused the greatest segment origin instability. Furthermore, the multiplanar 292 

distribution of relative breast ROM was up to 20% different when using Trunk 1 compared to 293 

Trunk 2 and Trunk 3 during bare-breasted running.  294 

295 

Marker capture success was significantly different between trunk calculation methods 296 

(partially accepting the first hypothesis) and is critical for subsequent construction of the 297 

trunk segment. Trunk 1 achieved 88 % segment capture, qualitative inspection of the 298 

optoelectronic data revealed that the arm swing used by the participants during running 299 

tended to alternately obscure the rib markers. Marker occlusion at time points where the 300 

breast was near its maximum or minimum displacement relative to the trunk may have 301 

reduced the magnitude of breast ROM measured using Trunk 1 which raises concerns over 302 

the suitability of this trunk marker set for the use with female participants during running, 303 

using the retro-reflective markers and cameras within this study. 304 

305 
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It was shown from the pilot study that bras tend to obscure the PX and T8 markers (Figure 3), 306 

leaving insufficient markers to reconstruct the Trunk 2 segment. However, the additional 307 

tracking markers in the Trunk 3 marker set, particularly STN33, meant that this segment 308 

could still achieve 100% segment capture success due to the additional redundancy in the 309 

trunk segment. The Trunk 3 marker set was deemed more suitable for breast motion research 310 

based upon the potential for segment capture success during bra trials. 311 

312 

Segment origin instability results suggest significant differences in the three trunk segment 313 

calculation methods (partially accepting the second hypothesis) and that the proximal end of 314 

the Trunk 1 displaced the furthest (0.015 m) from the defined origin (STN) when compared 315 

to the other marker sets used in this study. It was found that the majority of this origin 316 

instability occurred in the superioinferior direction which may have been due to motion of the 317 

subcutaneous fat in this direction at the distal marker locations used for this trunk segment.11318 

It was proposed that the reduction in superioinferior breast ROM relative to Trunk 1 was 319 

caused by in phase motion of the rib markers and nipple, which may have resulted in the 320 

segment origin displacing with the nipple over the gait, decreasing the breast ROM. This 321 

concept was supported by the observation that the sum of the origin displacement (0.015 m) 322 

and breast superioinferior ROM (0.043 m) measured using Trunk 1 was similar to the breast 323 

ROM measured using Trunk 2 and Trunk 3 (~0.051 m), which both had more stable segment 324 

origins (Figure 6). Reduced levels of soft tissue beneath the markers used in Trunk 2 and 325 

Trunk 3 may have led to improved segment origin stability and better overall segment 326 

stability assessed using the segment residual, however no significant differences were found 327 

between trunk segment calculation methods, partially rejecting the first hypothesis. 328 

Considering that the segment residual is a resultant value, for which one component will 329 

always be zero for a reference plane containing three markers (Trunk 1), it may be expected 330 
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that segments created from four or more markers would produce higher residual values even 331 

if the individual locations of markers are more stable. It was concluded that the marker set 332 

used to construct Trunk 2 or Trunk 3 is more suitable for female participants when 333 

considering segment instability. 334 

335 

The effect of marker locations on the trunk segment construction is also an important 336 

consideration when assessing trunk rotation with female participants. Results showed 337 

significant differences in trunk kinematics between the trunk segment calculation methods 338 

(accepting the second hypothesis).  The greatest difference (7°) occurred between Trunk 1 339 

and Trunk 2 and 3 with Trunk 1 consistently producing lower ROMs in all directions. It is 340 

also interesting to note that Trunk 1 maximum extension was greater than and maximum 341 

flexion less than, Trunk 2 and Trunk 3. This may have implications as markers positioned 342 

only on the anterior aspect of the trunk (Trunk 1) tend to cause a backward tilt of the trunk 343 

segment relative to the global vertical axis. Postural or motor control assessment associated 344 

with neck or lower back pain must aim for neutral spine alignment as excessive sagittal 345 

flexion has been associated with higher risk groups. 21,22 Any misalignment of the trunk 346 

segment vertical axis to the global coordinate system may impact upon this postural 347 

assessment. 348 

349 

Additionally, differences in trunk segment rotation significantly altered the directional 350 

magnitudes of breast ROM, accepting the third hypothesis. Conclusions from breast motion 351 

studies often focus on implications for bra design to minimise breast motion and subsequent 352 

pain ,18,23 however these recommendations may differ depending upon the marker set used to 353 

define the trunk segment. For example, based upon Trunk 1, bra design recommendations 354 

may include an equal focus on breast ROM reduction in all three directions; however, based 355 
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upon Trunk 2 or Trunk 3, design recommendations may be revised to focus on breast ROM 356 

reduction in the superioinferior direction. 357 

358 

This study demonstrated that differences in trunk and breast kinematics are present, for the 359 

participants in this study, depending upon the trunk marker sets used. Trunk 2 or 3 could be 360 

used to construct the trunk segment during bare-breasted conditions, however, trunk 3 is 361 

recommended when participants are wearing a bra due to its marker redundancy from the 362 

additional tracking markers, eliminating the reliance on XP and T8 which may be covered by 363 

the bra. 364 

365 



 21

366 

Acknowledgements 367 

This research received no specific grant from any funding agency in the public, commercial, 368 

or not-for-profit sectors. 369 

370 

Conflict of interest statement 371 

The authors have declared no conflicts of interest associated with this research. 372 

373 

374 

375 

376 



 22

References 377 

1. Leardini A, Biagi F, Belvedere C, and Benedetti M. Quantitative comparison of current 378 

models for trunk motion in human movement analysis. Clin Biomech 2009; 24: 42-550.  379 

380 

2. Conti G, Cristofolini L, Juszczyk M, Leardini A, and Viceconti M. Comparison of three 381 

standard anatomical reference frames for the tibia-fibula complex. J Biomech 2008; 41: 3384-382 

3389. 383 

384 

3. Anderson A, Meador K, McClure L, Makrozahopoulos D, Brooks D, and Mirka G. A 385 

biomechanical analysis of anterior load carriage. Ergon 2007; 50: 2104-2117.  386 

387 

4. Atwells R, Birrell S, Hooper R, and Manfield N. Influence of carrying heavy loads on 388 

soldiers’ posture, movements and gait. Ergon 2006; 49: 1527-1537.  389 

390 

5. Majumdar D, Pal M, and Majumdar D. Effects of military load carriage on kinematics of 391 

gait. Ergon, 2010; 53: 782-791.  392 

393 

6. Risius D, Milligan A, Mills C, and Scurr J. Multiplanar breast kinematics during different 394 

exercise modalities. Euro J Sport Sci 2015; 15: 111-117.  395 

396 

7. Scurr J, White J, and Hedger W. The effect of breast support on the kinematics of the 397 

breast during the running gait cycle. J Sports Sci 2010; 28: 1103-1109.  398 

399 

8. Zhou J, Yu W, and Ng S. Studies of three-dimensional trajectories of breast movement for 400 

better bra design. Text Res J 2012; 82: 242-254. 401 



 23

402 

9. Wu G, van der Helm F, Veeger H, Makhsous M, van Roy P, Anglin C, Nagels J, … 403 

Werner F. ISB recommendation on definitions of joint coordinate system of various joints for 404 

the reporting of human joint motion – Part II: shoulder, elbow, wrist and hand. J Biomech405 

2005; 38: 981-992.  406 

407 

10. Zhou J, Yu W, and Ng S. Methods of studying breast motion in sports bras: a review. 408 

Text Res J, 2011; 81: 1234-1248.  409 

410 

11. Mills C, Loveridge A, Milligan A, Risius D, and Scurr J. Is soft tissue motion really an 411 

artefact within breast biomechanics research? J Biomech 2014; 47: 2606-2610. 412 

413 

12. Zhou J, Yu W, and Ng S. Identifying effective design features of commercial sports bras. 414 

Text Res J, 2013; 83: 1500-1513. 415 

416 

13. Mills C, Loveridge A, Milligan A, Risius D, and Scurr J. Can axes conventions of the 417 

trunk reference frame influence breast displacement calculation during running? J Biomech418 

2014; 47: 575-578.  419 

420 

14. Mills C, Risius D, and Scurr J. Breast motion asymmetry during running. J Sports Sci421 

2014; 33: 746-753.  422 

423 

15. Bowles K. and Steele J. Effects of strap cushions and strap orientation on comfort and 424 

sports bra performance. Med Sci Sports Exer 2013; 45: 1113-1119. 425 

426 



 24

16. Cappozzo A, Cappello A, Della Croce U, and Pensalfini F. Surface-marker cluster design 427 

criteria for 3-D bone movement reconstruction. IEEE Transactions on Biomed Eng 1997; 44: 428 

1165-1174.  429 

430 

17. White J, and Scurr J. Evaluation of professional bra fitting criteria for bra selection and 431 

fitting in the UK. Ergon 2012; 55: 704-711.  432 

433 

18. Scurr J, White J, and Hedger W. Breast displacement in three dimensions during the 434 

walking and running gait cycles. J App Biomech 2009; 25: 322–329.  435 

436 

19. Scurr J, White J, and Hedger W. Supported and unsupported breast displacement in three 437 

dimensions across treadmill activity levels. J Sports Sci 2011; 29: 55-61.  438 

439 

20. Cohen J. A power primer. Psychol Bulletin 1992; 112: 155-159.  440 

441 

21. Fathallah F, Marras W, and Parnianpour M. The role of complex, simultaneous trunk 442 

motions in the risk of occupation-related low back disorders. Spine 1998; 23: 1035-1042.  443 

444 

22. Keyserling W, Punnett L, and Fine L. Trunk posture and back pain: identification and 445 

control of occupational risk factors. App Ind Hygiene 1998; 3: 87-92. 446 

447 

23. Bridgman, C., Scurr, J., White, J., Hedger, W., & Galbraith, H. Three-dimensional 448 

kinematics of the breast during a two-step star jump. J App Biomech 2010; 26: 465-472.  449 

450 


