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SHORT ABSTRACT:  52 
Here, we present a novel protocol to measure positional stability at key events during the 53 
sit-to-stand-to-walk using the center-of-pressure to the whole-body-center-of-mass 54 
distance. This was derived from the force platform and three-dimensional motion-capture 55 
technology. The paradigm is reliable and can be utilized for the assessment of neurologically 56 
compromised individuals. 57 
 58 
LONG ABSTRACT: 59 
Individuals with sensorimotor pathology e.g. stroke have difficulty executing the common 60 
task of rising from sitting and initiating gait (sit-to-walk: STW). Thus, in clinical rehabilitation 61 
separation of sit-to-stand and gait initiation – termed sit-to-stand-and-walk (STSW) – is 62 
usual. However, a standardized STSW protocol with a clearly defined analytical approach 63 
suitable for pathological assessment has yet to be defined.  64 
 65 
Hence, a goal-orientated protocol is defined that is suitable for healthy and compromised 66 
individuals by requiring the rising phase to be initiated from 120% knee height with a wide 67 
base of support independent of lead limb. Optical capture of three-dimensional (3D) 68 
segmental movement trajectories, and force platforms to yield two-dimensional (2D) 69 
center-of-pressure (COP) trajectories permit tracking of the horizontal distance between 70 
COP and whole-body-center-of-mass (BCOM), the decrease of which increases positional 71 
stability but is proposed to represent poor dynamic postural control.  72 
 73 
BCOM-COP distance is expressed with and without normalization to subjects’ leg length. 74 
Whilst COP-BCOM distances vary through STSW, normalized data at the key movement 75 
events of seat-off and initial toe-off (TO1) during steps 1 and 2 have low intra and inter 76 
subject variability in 5 repeated trials performed by 10 young healthy individuals. Thus, 77 
comparing COP-BCOM distance at key events during performance of an STSW paradigm 78 
between patients with upper motor neuron injury, or other compromised patient groups, 79 
and normative data in young healthy individuals is a novel methodology for evaluation of 80 
dynamic postural stability. 81 
 82 
INTRODUCTION: 83 
Clinical pathologies affecting the sensorimotor systems, for example upper motor neuron 84 
(UMN) injury following stroke, lead to functional impairments including weakness, loss of 85 
postural stability and spasticity, which can negatively affect locomotion. Recovery can be 86 
variable with a significant number of stroke survivors failing to achieve the functional 87 
milestones of safe standing or walking1,2.  88 
 89 
The discrete practice of walking and sit-to-stand are common rehabilitative tasks after UMN 90 
pathology3,4, however transitional movements are frequently neglected. Sit-to-walk (STW) is 91 
a sequential postural-locomotor task incorporating sit-to-stand (STS), gait initiation (GI), and 92 
walking5.  93 
 94 
Separation of STS and GI, reflective of hesitation during STW has been observed in patients 95 
with Parkinson’s disease6 and chronic stroke7, in addition to older unimpaired adults8, but 96 
not in young healthy individuals9. Therefore sit-to-stand-and-walk (STSW) is commonly 97 
implemented within the clinical environment and is defined by a pause phase of variable 98 



   

length when standing. However, there are no published protocols to date defining STSW 99 
dynamics in a context suitable for patient populations.  100 
 101 
Usually in STW studies the initial chair height is 100% of knee height (KH; floor-to-knee 102 
distance), foot-width and GI lead-limb are self-selected, arms are constrained across the 103 
chest and an ecologically meaningful task context is often absent5-9. However, patients find 104 
rising from 100% KH challenging10 and frequently adopt a wider foot position compared 105 
with healthy individuals11, initiate gait with their affected leg7, and use their arms to 106 
generate momentum7. 107 
 108 
To initiate gait, a state change in whole-body movement in a purposeful direction is 109 
required12. This is achieved by uncoupling the whole-body center-of-mass (BCOM: the 110 
weighted average of all considered body segments in space13) from the center-of-pressure 111 
(COP: the position of the resultant ground reaction force (GRF) vector14). In the anticipatory 112 
phase of GI, rapid stereotypical posterior and lateral movement of the COP toward the limb 113 
to be swung occurs thereby generating BCOM momentum12,15. The COP and BCOM are thus 114 
separated, with the horizontal distance between them having been proposed as a measure 115 
of dynamic postural control16. 116 
 117 
The calculation of COP-BCOM distance requires simultaneous measurement of the COP and 118 
BCOM positions. The standard calculation of COP is shown below in equation (1)17:  119 
 120 
 121 

𝐶𝑂𝑃𝑥 =
((𝑂𝑟𝑖𝑔𝑖𝑛𝑧 ∗  𝐹𝑜𝑟𝑐𝑒𝑥) −  𝑀𝑦)

𝐹𝑜𝑟𝑐𝑒𝑧
 

 122 

𝐶𝑂𝑃𝑦 =
(𝑀𝑥 +  (𝑂𝑟𝑖𝑔𝑖𝑛𝑧 ∗  𝐹𝑜𝑟𝑐𝑒𝑦))

𝐹𝑜𝑟𝑐𝑒𝑧
 

 123 
𝐶𝑂𝑃𝑧 =  𝑂𝑟𝑖𝑔𝑖𝑛𝑧 

(1) 124 
 125 
Where M and Force represent moments about the force platform axes and the directional 126 
GRF respectively. The subscripts represent axes. The origin is the vertical distance between 127 
the contact surface and the origin of the force platform, and is considered to be zero. 128 
 129 
The kinematic method of deriving BCOM position involves tracking the displacement of 130 
segmental markers. A faithful representation of body-segment motion can be achieved by 131 
employing markers clustered on rigid plates placed away from bony landmarks, minimizing 132 
soft-tissue-artifact (CAST technique18). In order to determine BCOM position, individual 133 
body segment masses are estimated, based on cadaveric work19. Three-dimensional (3D) 134 
motion system proprietary software uses the coordinate positions of proximal and distal 135 
segment locations to: 1) determine segmental lengths, 2) arithmetically estimate segmental 136 
masses, and 3) compute segmental COM locations. These models are then able to provide 137 
estimates of 3D BCOM position at a given point in time based on the net summation of 138 
inter-segmental positions (Figure 1). 139 
 140 



   

[Place Figure 1 here] 141 
 142 
Thus, the purpose of this paper is first to present a standardized STSW protocol that is 143 
ecologically valid and includes rising from a high seat-height. It has been shown previously 144 
that STSW from 120% KH is biomechanically indistinct from 100% KH barring generation of 145 
lower BCOM vertical velocities and GRF’s during rising20, meaning rising from 120% KH is 146 
easier (and safer) for compromised individuals. Second, to derive COP-BCOM horizontal 147 
distances to assess dynamic postural control during key milestones and transitions using 3D 148 
motion-capture. This approach, which in healthy individuals during STSW is independent of 149 
limb-lead20, offers the prospect of functional recovery evaluation. Finally, a preliminary 150 
STSW data set representative of young healthy individuals is presented, and intra and inter-151 
subject variability in the group is defined in order to inform comparison with pathological 152 
individuals. 153 
 154 
PROTOCOL:  155 
 156 
The protocol follows the local guidelines for the testing of human participants, defined by 157 
London South Bank University research ethics committee approval (UREC1413/2014). 158 
 159 
1. Gait Laboratory Preparation 160 
 161 
1.1 Clear the capture volume of unwanted reflective objects that may be misinterpreted 162 
as movement markers and eliminate ambient daylight to reduce reflections as appropriate. 163 
 164 
1.2 Turn on motion-capture cameras, proprietary tracking software, force platform 165 
amplifiers, and external analogue-to-digital (AD) converter. Allow time for the cameras to 166 
initialize.  167 
 168 
1.3 Arrange cameras ensuring that there are at least 2 intersecting axes at the extremes 169 
of the capture volume. Ensure individual cameras have optimal exposure and aperture 170 
settings by checking individual point-resolution of test markers (e.g. the static calibration 171 
frame) within capture volume space (see Reference Appendix A21). 172 
 173 
1.4 Mount subject-switch to turn off visual go signal in the midline of the walkway, 6 m 174 
in front of the starting position in the direction of travel, on a tripod at subject’s navel 175 
height. Mount light source (for visual go signal) in the midline of the walkway, 1 m in front 176 
of the subject-switch in the direction of travel, on a tripod at subject’s canthus height 177 
(Figure 2). Arrange the operator light switch in close proximity to the investigator. 178 
 179 
1.5 Arrange force platforms 1 and 2 in parallel for gait-initiation, and force platforms 3 180 
and 4 in a staggered configuration to capture non-dominant lead-limb trials. Then attach 181 
force platform covers with removable tape. 182 
 183 
[Place Figure 2 here].  184 
 185 
1.6 In the proprietary tracking software set capture frequency to 60 Hz and 3D tracking 186 
parameters. Specifically, use a prediction error of 20 mm, a maximum residual of 2 mm, 187 



   

minimum trajectory length equivalent to 2 frames, and a maximum frame gap of 10 frames. 188 
Go on to identify each of the 8 individual force platform components (z1, z2, z3, z4, x1-2. X3-189 
4, y1-4, y2-3) from each form platform amplifier into the respective analog to digital 190 
converter (32 channels in this study).  191 
 192 
1.6.1 Ensure all pre-determined calibration settings from each force platform’s calibration 193 
documentation, scaling factors and analogue channels have been specified (see chapter 194 
Project Options; Analogue Boards21) and nominate offset to be read during the last 10 195 
frames of capture when unloaded.  196 
 197 
1.7 In the proprietary tracking software, nominate a multiplier to the motion-capture 198 
frequency to ensure an adequate analogue sampling frequency. Use a multiplier of 17, 199 
yielding an individual force platform sampling frequency of 1020 Hz. 200 
 201 
1.8 Implement the dynamic wand calibration procedure:  202 
 203 
1.8.1 Place the L-shaped reference structure in the measurement volume with the long 204 
axis pointing in the anterior direction (see chapter Wand calibration method21). 205 
 206 
1.8.2 In the Calibration settings page in the Project options dialog, select the calibration 207 
‘type’ to Wand, with a 750 mm length. Then select coordinate system orientation with 208 
positive z-axis pointing upwards and positive y-axis as the long arm (see chapter 209 
Calibration21). Click OK. 210 
 211 
1.8.3 Click the Calibration icon and set the intended length of the calibration capture to 60 212 
sec. Then set a time delay of 5 sec and identify the file directory where the results will be 213 
saved. Click OK to commence calibrating. 214 
 215 
Note: The wand procedure uses two calibration objects to calibrate the measurement 216 
volume; this is used to maximize the resolution of a large motion capture volume (Figure 3). 217 
One is a stationary L-shaped reference structure with four markers attached to it and is used 218 
to define the global coordinate system. The other object is a wand, which consists of two 219 
markers located a fixed distance from each other. During calibration, the x, y, z orientations 220 
of these are tracked with respect to the x, y, z positions of the four static markers on the 221 
reference structure; in turn permitting the proprietary software to triangulate, predict and 222 
reconstruct the trajectories of the moving markers in 3D space. At the end of this process, 223 
each camera will return a residual error of its accuracy. 224 
 225 
[Place Figure 3 here]. 226 
 227 
1.8.4 Move the calibration wand in the measurement volume and proceed to rotate the 228 
wand around the intended capture volume for the specified 60 sec (see chapter Wand 229 
Calibration Method21).  230 
 231 
1.8.5 Check the Calibration results, accept calibration with individual camera residual 232 
errors of <1.5 mm, click OK. 233 
 234 



   

Note: If you have force plates there will be a warning reminding you of measuring the force 235 
plate position again (since it has most probably changed with the new calibration).  236 
 237 
1.9 Remove calibration set from capture volume. Locate the force platforms in the 238 
calibrated 3D space by placing one 12 mm diameter passive retro-reflective marker in each 239 
of the 4 corners of each platform (attention to placement is essential; see chapter Force 240 
Plate Location21). Obtain a 5 sec recording and proceed to identify each marker and each 241 
platform’s reference system (PRS) within the 3D space as per proprietary software 242 
suggestions.  243 
 244 
1.10 Undertake a dynamic capture using the aforementioned sampling and 3D tracking 245 
parameters (1.6) to confirm and sense-check subsequent force magnitudes and directions.  246 
 247 
1.10.1 Set up dynamic capture for 60 sec with a 10 sec delay. Once the click to commence 248 
capture is initiated, the operator has time to sit on the stool, pause, stand, pause and walk 249 
forwards making contact with the force platforms (at this point, there is no need for the 250 
operator to have retro-reflective markers attached in situ).  251 
 252 
1.10.2 Once the capture has finished, check the direction and magnitudes of ground 253 
reaction vectors to ensure configurations of force-platforms are correct. Expect upward and 254 
posterior to direction of travel vectors at foot contact, and a maximum vertical force of 255 
approximately 1 to 1.5 times body weight. 256 
 257 
1.11 Place height adjustable stool in the midline of the capture volume between force 258 
platforms 1 and 2 (Figure 2), then connect a 300 mm diameter pressure seat-mat to the 259 
external AD converter.  260 
 261 
1.12 Prepare all passive retro-reflective anatomical markers for fixation by pre attaching 262 
individually to one side of double adhesive tape, approximately 15 mm in length (at least 60 263 
cm of double adhesive tape in total per subject) and arrange in an appropriate location 264 
ready for application to subject. Include tracking marker clusters and self-securing bandage 265 
ready for timely subject application.  266 
 267 
Note: Tracking markers should comprise a minimum of 3 retro-reflective markers arranged 268 
in a non-co-linear arrangement, and are placed on body segments (some anatomical 269 
markers positioned at estimated joint centers can be used as tracking markers e.g. 1st and 270 
5th metatarsals).  271 
 272 
2. Subject Preparation 273 
 274 
2.1 Obtain written informed consent from subject who fulfills inclusion/exclusion 275 
criteria. 276 
 277 
2.2 Ask subject to change into suitable clothing (cycling shorts, close fitting t-shirt and 278 
sports bra as appropriate). 279 
 280 
2.3 Establish dominant lower limb using the kicking-a-ball test22 if the subject is able to 281 



   

safely do so. 282 
 283 
2.4 Measure subject standing height (m) and mass (kg); convert mass to weight (N). 284 
 285 
2.5 With subject standing, measure subject bi-acromial distance (m) using measuring 286 
calipers. Lock caliper position to use distance for feet positioning (see 4.5 below).  287 
 288 
2.6 Measure vertical floor-to-knee distance (m) on the dominant limb (in standing); 289 
multiply distance by 1.2 to calculate 120% KH distance (m). Adjust stool height to 120% KH. 290 
Table 1 summarizes 10 healthy subject characteristics including knee height data. 291 
 292 
[Place Table 1 here] 293 
 294 
2.7 Prepare the skin areas for marker placement. Shave unwanted body hair as 295 
appropriate and use alcohol wipes to remove excess sweat and/or moisturizer to maximize 296 
adherence between markers and the skin. 297 
 298 
2.8 Palpate, identify and apply retro-reflective markers to anatomical landmarks of the 299 
lower and upper extremities, trunk, head and pelvic segments in accordance with the 300 
chosen technical frame of reference23 (Table 2). Go on to apply segmental tracking markers 301 
with self-securing bandage. 302 
 303 
Note: In females, if difficulty arises locating the sternal notch marker - place marker over the 304 
center of the sports bra garment. 305 
 306 
[Place Table 2 here] 307 
 308 
2.9 Ask subject to walk into the capture volume and adopt the anatomical position.  309 
 310 
Note: At this point the subject must not move until after static capture has been performed 311 
due to the inherent problem of estimating the hip joint center over clothing at this 312 
anatomical location. 313 
 314 
3. Static Capture 315 
 316 
3.1 Instruct subject to stand stationary in the center of the calibrated volume, assuming 317 
the standard anatomical position, with all anatomical and tracking markers in situ. 318 
 319 
Note: In order to reduce soft tissue artifact a static calibration is undertaken with 320 
anatomical and tracking markers in situ. The tracking markers are referenced to the 321 
anatomical markers, which negates the limitation of assuming that joint centers do not 322 
move under the skin. Tracking markers are left in situ for subsequent dynamic trials. This is 323 
termed the calibrated anatomical systems technique (CAST)18. 324 
 325 
3.1.1 In order to undertake a short static capture, use the aforementioned sampling and 326 
3D tracking parameters (1.6) and ensure all markers are accounted for in the capture 327 
volume by confirming the total number of markers listed in the Unidentified Trajectories 328 



   

panel in 3D real-time mode. This should correspond with the total number of markers that 329 
the chosen technical frame of reference requires. Click the record icon to complete a 5 sec 330 
capture. Repeat procedure where necessary if markers are missing.  331 
 332 
Note: See section 6 below for the processing of static capture data. 333 
 334 
3.2 Use the position data from the hip-joint-center landmark on the subject dominant 335 
side to determine leg-length (distance from hip-joint-center (see 7.1 and Table 3b below) to 336 
floor) for distance normalization (see 7.12 below). 337 
 338 
4. Familiarization 339 
 340 
4.1 Remove all anatomical-only markers. 341 
 342 
4.2 Instruct subject to sit on the stool with feet on individual force platforms 1 & 2.  343 
 344 
4.3 Instruct subject to stand and then walk forward with the defined leading leg. Adjust 345 
the anteroposterior position of the stool until the subject consistently makes central contact 346 
with force platforms 3 and 4 during the first 2 steps of gait. Allow repeated practice trials 347 
until the subject is comfortable. 348 
 349 
4.4 Mark the front leg position of the stool with tape on the floor surface in order to re-350 
establish stool position. 351 
 352 
4.5 Set up final feet position (Figure 2). Ask subject to sit on the stool with feet on 353 
individual force platforms 1 and 2. Adjust shank position on subject’s dominant side 10° 354 
posterior from vertical using an extendable arm goniometer. Go on to adjust the non-355 
dominant foot equally in line, and then using the locked calipers (see 2.5 above), arrange 356 
the inter-foot width to the pre-determined bi-acromial distance accordingly between the 357 
lateral foot borders.  358 
 359 
4.6 Adjust the transverse plane orientation of each foot such that each medial foot 360 
border is placed in line with the direction of travel. 361 
 362 
4.7 After finally checking alignment, draw around final foot positions using a dry board 363 
marker pen onto the removable force platform surface. 364 
 365 
4.8 Use the verbal instruction: “When you see the light come on in front of you, stand up 366 
and stop. Mentally count down from 3 to 1, one number at a time. Then, leading with your 367 
non-dominant leg, walk at a comfortable pace toward the switch in front of the light and 368 
stop. Count mentally from 3 down to 1, one number at a time, and then with your writing 369 
hand use the switch to turn off the light”. 370 
 371 
4.9 Re-iterate to the subject that they may use their arms naturally, then allow the 372 
subject sufficient familiarization to STSW protocol. Familiarization gives the subject as much 373 
time as possible to acclimatize to the testing environment ensuring they are able to 374 
efficiently accomplish the task without any forced movement that might otherwise impinge 375 



   

on the ecological validity of the experimental paradigm.  376 
 377 
5. STSW Dynamic Trials 378 
 379 
5.1 With subject sitting on the stool ready for dynamic trials, first confirm the total 380 
number of markers listed in the Unidentified Trajectories panel in 3D real-time mode and 381 
that they correspond with the total number of markers that the chosen technical frame of 382 
reference requires. Then click the record icon to complete a 60 sec dynamic capture.  383 
 384 
5.2 After 5 sec capture, turn on the operator light-switch and check how the subject 385 
responds - that they rise from the stool and pause as instructed, step on to force platforms 386 
3 and 4, and that they stop and turn the light off as instructed within the capture period. 387 
 388 
5.3 Re-set the light switch and check for marker dropouts by accounting for all markers 389 
during slow motion playback of trial. Repeat if necessary, otherwise continue to next trial. 390 
Go on to capture 5 trials of STSW in each subject. 391 
 392 
5.4 In the event of anatomical markers becoming unattached, re-attach to 393 
predetermined skin mark. If tracking markers move, re-attach anatomical markers and a 394 
repeat static trial – then continue with remaining dynamic trials. 395 
 396 
6. Proprietary Tracking Software Post Processing 397 
 398 
6.1 In proprietary tracking software, identify and label all markers from static and 399 
dynamic trials (see chapter Manual Identification of Trajectories21) and crop unwanted 400 
capture by moving the time-slides to the beginning and end of the task. Utilize the 401 
“automatic identification of markers”, otherwise known as AIM, functionality in the 402 
proprietary tracking software to aid labeling (see chapter Generating an AIM Model21). 403 
 404 
Note: Labeling of markers is required so that the proprietary and subsequent biomechanics 405 
analysis software consistently constructs and calculates the relative trajectory of a rigid 406 
body in 3-dimensional space. Use meaningful labeling as shown in Table 2. AIM is subject-407 
specific, but continually updates. With a different subject and in the event of a poor AIM, go 408 
on to update AIM by manual labelling. This also applies to the static capture process (see 409 
section 3.2 above). 410 
 411 
6.2 In the event of marker drop out, that exceeds 10 frames, go on to either locate the 412 
missing trajectory in the Unidentified Trajectories panel, or manually gap-fill using the 413 
polynomial interpolation function provided by the proprietary software (see chapter Gap Fill 414 
Trajectories21). 415 
  416 
Note: In some cases marker trajectories are partially absent and gap-filling is a mechanism 417 
whereby missing data can be mathematically estimated based on the measured trajectory 418 
before and after the missing data. 419 
 420 
6.3 Format and export all static and dynamic trials, in c3d format, for post-processing in 421 
biomechanics analysis software. 422 



   

 423 
Note: Prior to export, exclude all unidentified and empty marker trajectories, specifying de 424 
facto labeling, and nominate the last 10 frames for zero force baseline levels for each force 425 
plate.  426 
 427 
7. Biomechanics Analysis Software Post Processing 428 
 429 
7.1 Build static 13-segment model23 (feet, shanks, thighs, pelvis, trunk, upper arms, 430 
forearms and head (note no hands). 431 
 432 
Note: The process of model building is fundamental in defining the linked segments based 433 
on the static measurement trial and proprietary software instructions were used24. In this 434 
protocol the anatomical coordinate systems for each body segment (Table 3a) and joint 435 
center locations (Table 3b) are based mainly on Ren et al.23 with adaptations to avoid 436 
functional hip and glenohumeral joint center estimation. Gold standards for all joint center 437 
locations remain imaging techniques such as magnetic resonance imaging (MRI), which are 438 
unrealistic in most situations. Functional joint center estimations have been utilized; 439 
however, there remains the risk that patients with pathology would not be able to move the 440 
joint in the requisite planes25. Therefore, for the pelvis regression equations e.g. Davis26 are 441 
often used. Here, the CODA pelvis27 was used and is based on work by Bell et al28, and the 442 
glenohumeral joint centers were estimated according to Eames et al29.  443 
 444 
[Place Table 3a and Table 3b here] 445 
 446 
7.2 Import the dynamic files and assign the model to each. Confirm accuracy of model 447 
building by checking normal visual configuration of segments. In the case of inaccuracy, the 448 
operator is advised to go back to the proprietary tracking software files and check sensor 449 
image tracking profiles and correct as necessary. 450 
 451 
7.3 Low pass filter kinematic and kinetic data using a 4th order Butterworth filter with 452 
cut-off frequency at 6 Hz and 25 Hz respectively.  453 
 454 
7.4 Average filter light and pressure-mat analogue signals over a 25-frame window. 455 
 456 
7.5 Create force structure for force platforms 1, 2, 3, and 4. Use corner coordinates to 457 
create a level-surfaced, rectangular structure encompassing all 4 force platforms (Figure 4).  458 
 459 
Note: A force structure is required30 in order that net COP calculations can be made across 460 
the 4 force platforms.  461 
 462 
7.6 Calculate the net COP coordinate signals (x and y) within the laboratory coordinate 463 
system (LCS) from the force structure. 464 
 465 
Note: The software performs this by using equations 2a-g below: 466 
 467 
[Place Figure 4 here] 468 
 469 



   

(2a) Net medio-lateral force 𝐹𝑥 = ∑ 𝐹𝑥𝑖

4

𝑖=1

 

(2b) Net anterior-posterior force Fy = ∑ Fyi

4

i=1

 

(2c) Net vertical force Fz = ∑ Fzi

4

i=1

 

(2d) Net platform moment about x-axis 𝑀𝑥 = ∑(𝑌𝑖 + 𝑦𝑖
) ∗ 𝐹𝑧𝑖

4

𝑖=1

 

(2e) Net platform moment about y-axis 𝑀𝑦 = ∑ −(𝑋𝑖 + 𝑥𝑖
) ∗ 𝐹𝑧𝑖

4

𝑖=1

 

(2f) x-Coordinate of net force application point (COPx) 𝐶𝑂𝑃𝑥 =  
−𝑀𝑦

𝐹𝑧
 

(2g) y-Coordinate of net force application point (COPy) 𝐶𝑂𝑃𝑦 =  
𝑀𝑥

𝐹𝑧
 

   
7.6.1 Use x and y signals from equations 2f and 2g for net COP position within the LCS. 470 
 471 
7.7 Using customized pipeline commands, create important movement events within 472 
STSW, specifically seat-off, upright, gait initiation onset, first toe-off 1, and 1st and 2nd initial 473 
contacts (Table 4). 474 
 475 
[Place Table 4 here] 476 
 477 
7.8 Using customized pipeline commands calculate the COP-BCOM distance (𝐿) by 478 
applying equation 3 at each movement event, where 𝑡𝑖 represents a given event. 479 
 480 

𝐿(𝑡𝑖 ) =  √[(𝑥𝐶𝑂𝑃(𝑡𝑖)) −  (𝑥𝐵𝐶𝑂𝑀(𝑡𝑖))2 +  (𝑦𝐶𝑂𝑃(𝑡𝑖)) −  (𝑦𝐵𝐶𝑂𝑀(𝑡𝑖))2] 
(3) 481 
 482 
7.9 Using customized pipeline commands, calculate the maximum COP-BCOM distance 483 
(𝐿𝑚𝑎𝑥) by applying equation 4 between two events (𝑡𝑜 → 𝑡𝑖). 484 
 485 
 486 

𝐿𝑚𝑎𝑥 =  𝑚𝑎𝑥
0≤𝑡≤𝑖

{√[(𝑥𝐶𝑂𝑃(𝑡𝑖)) −  (𝑥𝐵𝐶𝑂𝑀(𝑡𝑖))2 + (𝑦𝐶𝑂𝑃(𝑡𝑖)) −  (𝑦𝐵𝐶𝑂𝑀(𝑡𝑖))2]} 

(4) 487 
 488 
where: 𝑡0 and 𝑡𝑖 represent movement onset and the final time instance of interest 489 
respectively, (𝑥𝐶𝑂𝑃(𝑡𝑖)) is the 𝑥 coordinate of the COP at time 𝑡𝑖, (𝑥𝐵𝐶𝑂𝑀(𝑡𝑖)) is the 𝑥 490 
coordinate of the BCOM at time 𝑡𝑖, and (𝑦𝐶𝑂𝑃(𝑡𝑖)) and (𝑦𝐵𝐶𝑂𝑀(𝑡𝑖)) are the corresponding 491 
values for the 𝑦 coordinates31. 492 
 493 
7.10 Extract dependent variables of interest at movement events; COP-BCOM distances 494 
at seat-off and first toe-off (TO1) events, and maximum COP-BCOM distances during the 1st 495 



   

step phase (between TO1 and first initial-contact; IC1) and the 2nd step phase (between IC1 496 
and IC2) using customized pipeline commands. 497 
 498 
7.11 Normalize intra-subject COP-BCOM distances as a proportion of subject’s dominant 499 
leg length (see 3.3 above). 500 
 501 
7.12 Export data for statistical analysis using the Copy to Clipboard functionality or by 502 
exporting files in other available native formats. 503 
 504 
8. Lab-specific normative value calculations. 505 
 506 
8.1 Calculate mean (± 1 SD) intra and inter-subject values for both actual COP-BCOM 507 
distances and normalized values as proportions of subjects’ dominant lower limb length. 508 
 509 
8.2 Calculate coefficients of variation (COV) for mean inter-subject data.  510 
 511 
8.3 Calculate intra-subject variation per event using two-way mixed effects model intra-512 
class correlation coefficients (ICC3,1), and the measurement error32. 513 
 514 
REPRESENTATIVE RESULTS:  515 
All subjects rose with their feet placed on the twin force platforms, leading with their non-516 
dominant limb as instructed. Normal gait was observed with subjects stepping cleanly onto 517 
the other platforms and 3D optical-based motion analysis successfully tracked whole body 518 
movement during 5 repeated goal-orientated STSW tasks rising from 120% KH. 519 
Simultaneous COP and BCOM mediolateral (ML) and anteroposterior (AP) displacements 520 
between seat-off and IC2 (100% STSW cycle) comprising: rise, pause, gait initiation (GI), step 521 
1, and step 2 are shown respectively in Figure 4A and 4B for the first subject (left leg (non-522 
dominant) lead). In the ML plane, there was negligible COP or BCOM displacement from 523 
seat-off to GI onset. However, after GI onset COP displaces leftward away from the standing 524 
limb toward the swing limb – separating from the BCOM, which displaces rightward. Then, 525 
the COP laterally displaces rightward toward the subsequent stance limb, passing beyond 526 
the BCOM rightward before toe-off. Thereafter, during steps 1 and 2, the BCOM follows a 527 
sinusoidal displacement, with the COP displacing further laterally during single limb stance 528 
(Figure 5A).  529 
 530 
[Place Figure 5 here] 531 
 532 
In the AP plane, the COP at seat-off starts in front of the BCOM, and while they both move 533 
forward during rising; their separation diminishes steadily before merging at upright. After 534 
the pause phase the BCOM accelerates forwards through GI and steps 1 and 2. In contrast, 535 
the COP displaces backwards at GI onset and then forward after toe-off but remains behind 536 
the BCOM throughout step 1. The COP, however, passes in front of the BCOM during step 2 537 
after initial contact 1 likely to correspond with the transition to single limb stance. COP 538 
forward displacement then slows and passes behind the BCOM again just before mid-539 
stance/swing (Figure 5B).  540 
 541 
The horizontal separation distance between COP and BCOM, throughout the STSW cycle, 542 



   

provides a composite of the planar description of COP and BCOM displacements. This 543 
approach simplifies the complex interaction of COP and BCOM displacement providing an 544 
index of positional stability (Figure 5C). 545 
 546 
Intra-subject COP-BCOM separation distances were consistent at seat-off, TO1, and during 547 
step 1 and 2 by virtue of strong intraclass correlation coefficients at all 4 events. In addition, 548 
the measurement error (Table 5), or common standard deviation of repeated measures32, 549 
was small: 9 mm (seat-off) and 12 mm (TO1, step 1, step 2) across all subjects. Another 550 
useful way to present measurement error is the repeatability statistic (Table 5). It 551 
represents the magnitude of the expected difference between 2 repeated measures 95% of 552 
the time, and is between 24 mm and 34 mm for the 4 events. 553 
 554 
Inter-subject COP-BCOM separation distances were consistent (Table 6) at seat-off and TO1, 555 
in addition to during step 1 and 2. In this homogenous, healthy adult group; subject leg-556 
length range (0.803-0.976 m (Table 1))33 and variance was small (mean 0. 855 m; SD 0.051 557 
m). Whilst it is not typical to normalize COP-BCOM distances to leg length and Figure 6 558 
shows negligible differences between normalized and un-normalized inter-subject mean 559 
COP-BCOM data, normalization does reduce the coefficient of variance (COV; Table 6).  560 
 561 
[Place Table 5 here] 562 
 563 
[Place Table 6 here] 564 
 565 
[Place Figure 6 here] 566 
 567 
Figure 1: 2D BCOM calculation. For simplicity, the example is based on calculating whole-leg 568 
COM from a 3-linked mass in 2 dimensions, where coordinates of the respective COM 569 
positions (x,y), and segmental masses (m1, m2, m3) are known. Segment masses and location 570 
of segmental COM positions, with respect to the laboratory coordinate system (LCS; origin: 571 
0, 0), are estimated by motion analysis system proprietary software using subject body mass 572 
and published anthropometric data (see main text). The x and y leg COM position, in this 573 
example of the 3-linked mass, is then derived using the formulae shown.  574 
 575 
Figure 2: Experimental Protocol. This example shows a left-leg lead: Subjects sit on an 576 
instrumented stool at 120% knee height (KH) with ankles 10° degrees in dorsiflexion and 577 
feet at shoulder width apart orientated forward. On a visual cue, subjects perform 5 trials of 578 
STSW leading with their non-dominant limb at self-selected pace terminated by switching 579 
off the light. 580 
 581 
Figure 3: L-Shaped Reference Structure and Wand for Camera Calibration. The L-shaped 582 
reference structure remains stationary and has 4 markers attached to it. The wand has two 583 
markers attached to it at a fixed distance and is moved, with respect to the reference 584 
structure, to create a 3-D calibrated volume of space that is sufficient enough for the 585 
intended marker set to pass through.  586 
 587 
Figure 4: Force Structure. Example of a rectangular force structure encompassing 4 force 588 
platforms in a right lead-limb orientation. Details of local COP application and dimensions 589 



   

with respect to a laboratory coordinate system (LCS) are shown for force platform 1 as an 590 
example. The x, y, z position of the platform reference system (PRS) is offset relative to the 591 
LCS where X1 and Y1 represent the mediolateral and anteroposterior distances from PRS, 592 
respectively. To calculate the individual platform moment about the x-axis, the vertical GRF 593 
is multiplied by the sum of the local y COP coordinate and the new PRS-LCS offset y 594 
coordinate (Y1+y1). The moment about the y-axis coordinate is similarly calculated by 595 
multiplying the vertical GRF by the negative sum of the local x COP coordinate and the new 596 
PRS-LCS offset x coordinate -(X1+x1). The total moment of force about the global force 597 
structure is equal to the sum of all of the moments of force, divided by the sum of the 598 
individual vertical forces. Net COP X and Y coordinates are thus produced for the force 599 
structure within the LCS (equations 2a-g). 600 
 601 
Figure 5: COP and BCOM Displacements. Panels show the first subject undertaking STSW 602 
from 120% KH with non-dominant limb-lead; in this case left-leg lead. The time axis is 603 
normalized to percentage time between seat-off and initial contact 2 (IC2). A) Mediolateral 604 
displacement. Y-axis direction labels with respect to the swing (left) leg. Lines show COP and 605 
BCOM data corresponding to each trial, the bold lines represents the mean, and shaded 606 
areas represent ±1SD around the mean. B) Anteroposterior displacements. Y-axis direction 607 
labels with respect to the swing (left) leg. Lines show COP and BCOM data corresponding to 608 
each trial, the bold lines represents the mean, and shaded areas represent ±1 SD around the 609 
mean. C) COP-BCOM horizontal distance. Lines show distance data corresponding to each 610 
trial, the bold line represents the mean, and shaded area represents ±1 SD around the 611 
mean. Seat-off and toe-off 1 events, and maxima during steps 1 and 2 are marked. 612 
 613 
Figure 6: Within and Between-Subject COP-BCOM Distances. A) Un-Normalized. Each line 614 
represents within-subject mean COP-BCOM distance. The bold line represents the between-615 
subject mean distance. B) Normalized to Dominant Leg Length. Each line represents within-616 
subject mean COP-BCOM distance as a percentage of the subject’s dominant leg length. The 617 
bold line represents the between-subject mean distance as a percentage of the subject’s 618 
dominant leg length. 619 
 620 
Table 1: Subject Characteristics. Individual data and mean (±1 SD) across 10 subjects are 621 
shown 622 
 623 
Table 2: Marker-set placement. Markers (anatomical and tracking) based on a previously 624 
reported technical frame of reference23. 625 
 626 
Table 3a: Anatomical Coordinate System for Whole Body Model. 627 
 628 
Table 3b: Joint Center Definitions for Whole Body Model. 629 
 630 
Table 4: Movement Event Definitions. 631 
 632 
Table 5: COP-BCOM Distances. Intra (5 trials) and inter-subject mean ±1 SD data is shown as 633 
actual distances and normalized to subject non-dominant leg length for discrete distances at 634 
seat-off and TO1, and maximum distances during step 1 and step 2. 635 
 636 



   

Table 6: Intra-subject variation. ICCs (95% confidence interval) and measurement error 637 
(mean intra-subject SD distance in m) and repeatability statistics32 are shown per event. 638 
 639 
DISCUSSION:  640 
The sit-to-stand-and-walk (STSW) protocol defined here can be used to test dynamic 641 
postural control during complex transitional movement in healthy individuals or patient 642 
groups. The protocol includes constraints that are designed to allow subjects with pathology 643 
to participate, and the inclusion of switching off the light means it is ecologically valid and 644 
goal-orientated. As it has been shown previously that lead-limb and rising from a high (120% 645 
KH) seat does not fundamentally affect task dynamics during STSW20, the methods 646 
described here can be applied as a standard protocol. This STSW protocol has validity 647 
because compared to healthy individuals, patients find rising from low seat heights a 648 
challenge10, tend to generate less horizontal momentum7 and separate rising before 649 
initiating gait from a wide foot position11 with their affected leg7. This paper also describes 650 
how to calculate COP and BCOM displacement during STSW, from which the horizontal 651 
separation between COP and BCOM – an index of dynamic stability16 - can be derived 652 
between seat-off and the second step.  653 
 654 
The results are dependent on a number of critical steps within the protocol. Firstly, the 655 
removal of artefactual light and optimal camera exposure settings is required to ensure the 656 
accuracy of optical 3D marker tracking. Secondly, attention to the capture volume when 657 
calibrating is an important consideration to further optimize motion capture accuracy. 658 
Thirdly, force plate synchronization with the motion capture system using an appropriate 659 
scale factor reduces the potential for error in the magnitude of the resultant ground 660 
reaction force vector. Fourthly, precise force plate identification in the 3D space is critical. 661 
Special care must be made when locating each plate’s PRS, and validation of this accuracy 662 
must be a routine34. This ensures that force plate structure and rendering during post-663 
processing is optimized for the presentation of high quality COP data. Finally, the main 664 
contributors to BCOM displacement estimation errors are inaccurate marker positioning, 665 
locating of joint centers and skin movement artifacts35. Thus, experience in anatomical 666 
palpation and adoption of the CAST method18 should be considered prerequisites. Other 667 
techniques involve using fewer markers or even a singular estimator of BCOM position 668 
during gait such as sacral inertial sensors. However, this technique requires validation36 and 669 
is of limited utility when body segment orientations deviate from those when upright i.e. 670 
during rise37. Thus, multiple camera quantification of BCOM remains the gold standard 671 
technique for STSW. 672 
 673 
With these steps considered in a healthy population, intra-subject variability during STSW is 674 
low, justifying averaging across trials with a high degree of confidence. Furthermore, low 675 
(healthy) inter-subject variability suggests comparison with such (lab specific) normative 676 
data would provide high sensitivity to differences induced by pathology. Whilst, inter-677 
subject variability was low, reduced COV can be achieved by normalizing for leg length. One 678 
aspect that warrants further investigation is the STSW pause phase. Healthy subjects self-679 
selected a mean (±SD) pause phase of 0.84 sec (±0.07). Whether this differs in pathological 680 
groups, and if so whether there is any effect upon stability during transition remains to be 681 
determined.  682 
 683 



   

The degree of COP-BCOM separation varies during the different phases of STSW. The largest 684 
COP-BCOM distances were at seat-off, TO1, and just prior to foot contact during steps 1 and 685 
2. These represent the biggest challenge to the postural control systems and are therefore 686 
defined as the events of interest. Decreased COP-BCOM separation is associated with 687 
increased positional stability, but indicates reduced postural stability31. At seat-off as the 688 
body transitions from a stable to an unstable base of support, positional stability is 689 
accomplished either by posterior positioning of the feet or anterior positioning of the trunk 690 
relative to the seat, both of which are commonly seen in functionally impaired patients38,39. 691 
After pause, BCOM-COP distances increase during GI; incorporating the anticipatory, 692 
postural “release” and “unloading” sub-phases15, and a locomotor swinging limb phase. The 693 
end of GI and start of step 1 occurs at TO1; where a relative increase in COP-BCOM 694 
separation is associated with BCOM forward acceleration caused by the combined GI 695 
phases, the outcome of which is higher walking velocity40. Therefore, COP-BCOM distance at 696 
seat-off and TO1 represent candidate dynamic postural stability variables to be tested in 697 
pathological groups. 698 
 699 
In addition, maximum COP-BCOM distance peaks occur consistently during steps 1 and 2 at 700 
the end of single support. These are important events to measure because steps 1 and 2 701 
represent the period where steady-state gait is realized. Larger mean COP-BCOM distances 702 
during step 1 compared to step 2 in all but one healthy subject using the protocol were 703 
observed. Step 1 remains part of the locomotor acceleration phase before steady-state gait 704 
is reached at the end of step 212. Therefore, step 1 is subject to both postural and locomotor 705 
control demands and is more positionally unstable than subsequent steps in gait; a feature 706 
supported by the increased risk of falling during every day transitional movements41. Step 2 707 
is no less important as it represents the commencement of steady-state gait. Therefore, 708 
maximum COP-BCOM distances during both steps 1 and 2 phases are indicated in STSW 709 
analysis. 710 
 711 
In conclusion, this STSW protocol extends the use of COP-BCOM horizontal separation to 712 
STSW and our preliminary results provide an initial normative data set for healthy 713 
individuals. COP-BCOM distances normalized to leg length at seat-off, TO1, and step 1 and 2 714 
maxima during performance of a goal-orientated STSW paradigm is a novel methodology for 715 
evaluation of dynamic postural stability. It offers the possibility of deriving highly consistent 716 
normative global or local data sets that can be compared with UMN injured patients or 717 
other compromised patient groups. 718 
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Figure 1. 872 
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Figure 2. 887 
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Figure 3. 891 
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Figure 4. 894 
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Figure 5. 897 
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Figure 6. 900 
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1 F R 21 0.430 0.516 51.9 1.653 0.806 

2 F L 25 0.450 0.540 73.7 1.662 0.836 

3 F R 30 0.451 0.541 65.1 1.657 0.823 

4 M R 46 0.420 0.504 69.2 1.670 0.803 

5 F R 35 0.498 0.598 77.5 1.711 0.892 

6 M R 26 0.540 0.648 89.7 1.900 0.976 

7 M R 34 0.460 0.552 77.3 1.690 0.856 

8 M R 27 0.474 0.569 86.5 1.762 0.870 

9 F R 27 0.424 0.509 67.5 1.633 0.834 

10 M R 20 0.465 0.558 76.5 1.759 0.851 

- - - 
29.1 0.461 0.553 73.49 1.701 0.885 

(±7.7) (±0.036) (±0.044) (±10.87) (±0.080) (±0.051) 

*Distance from hip joint centre to floor on dominant side 

Table 1. 903 
 904 
 905 
Segment Label No Type

¶
 Descriptor 

Head TMJ 2 A Temporomandibular joint 

 VERT1 1 B Vertex 

 VERT2 1 T Head tracking marker 2 

 VERT3 1 T Head tracking marker 3 

Torso JN 1 B Most caudal aspect of jugular notch 

 XP 1 B Xiphoid process 

 C7 1 B Dorsal aspect of 7
th

 cervical vertebra spinous process  

 T8 1 B Dorsal aspect of 8
th

 thoracic vertebra spinous process 

Pelvis ASIS 2 B Anterior superior iliac spine 

 PSIS 2 B Posterior superior iliac spine 

Humerus MHU 2 A Medial humeral epicondyle 

 LHU 2 B Lateral humeral epicondyle 

 AC 2 B Acromioclavicular Joint 

 HUM1 2 T Humerus tracking marker 1 

 HUM2 2 T Humerus tracking marker 2 

 HUM3 2 T Humerus tracking marker 3 

Forearm RSY 2 A Radial styloid process 

 USY 2 B Ulnar styloid process 

 FRM1 2 T Forearm tracking marker 1 

 FRM2 2 T Forearm tracking marker 2 

 FRM3 2 T Forearm tracking marker 3 

Thigh LEP 2 B Lateral femoral epicondyle 

 MEP 2 A Medial femoral epicondyle 

 THIGH1 2 T Thigh tracking marker 1 

 THIGH2 2 T Thigh tracking marker 2 

 THIGH3 2 T Thigh tracking marker 3 

 THIGH4 2 T Thigh tracking marker 4 

Shank LML 2 B Lateral malleolus 

 MML 2 A Medial malleolus 

 TTB 2 A Tibial tuberosity 

 HFB 2 A Fibula head 



   

 SHIN1 2 T Shin tracking marker 1 

 SHIN2 2 T Shin tracking marker 2 

 SHIN3 2 T Shin tracking marker 3 

 SHIN4 2 T Shin tracking marker 4 

Foot CAL 2 B Upper ridge of the calcaneus posterior surface 

 FM 2 B First metatarsal 

 VM 2 B 5
th

 metatarsal 

 SM 2 A 2
nd

 metatarsal 

 Total: 71   

 §
Total: 63   

¶
A – anatomical, T – tracking, B – both 

§
Total no. of markers for dynamic trials (No. of tracking markers) 

Table 2. 906 
 907 

 908 



   

Table 3a 909 
 910 

 911 
Table 3b 912 
 913 
 914 
 915 

Event Definition 

Light-On 
Instance determined as the point at which the light analogue channel voltage dropped below the 
mean-3SDs voltage for >8 frames (133ms) of 1 sec quiet sitting 

Movement 
Onset 

Instance determined when BCOM forward velocity increased for >8 frames (133ms) beyond the mean 
+3SD BCOM vertical velocity during 1sec of quiet sitting displacement before light-on 

Peak Horizontal 
BCOM Velocity 

Instance of peak horizontal (y-component) BCOM velocity signal occurring before seat-off event 

Seat-Off 
Instance determined as the point at which the seat-mat analogue channel voltage dropped below the 
mean-3SDs voltage for >8 frames (133msec) of 1 sec quiet sitting 

Peak net Vertical 
GRF 

Instance of peak summated force plates 1 and 2 vertical (z-component) GRF signal occurring between 
movement onset and seat-off events 

Peak Vertical 
BCOM Velocity 

Instance of peak vertical (z-component) BCOM velocity signal occurring between seat-off and upright 
events 

Upright 
Instance of initial peak vertical (z-component) BCOM displacement signal occurring between seat-off 
and first toe-off events 

GI Onset 
Instance when COP lateral velocity signal breaches 0.0m/s threshold for > 8 frames (133ms) occurring 
between Upright and HO1 events 

Release 
Instance when COP lateral velocity signal breaches 0.0m/s threshold for > 8 frames (133ms) occurring 
between GI Onset and HO1 events 

1
st

 Toe-Off 
Instance of swing limb force plate vertical (z-component) GRF signal <20N for >8 frames (133ms) 
occurring after Seat Off event 

1
st

 Initial Contact 
Instance of force plate 3 vertical (z-component) GRF signal >20N for >8 frames (133ms) occurring after 
TO1 event 

2
nd

 Initial 
Contact 

Instance of force plate 4 vertical (z-component) GRF signal >20N for >8 frames (133ms) occurring after 
IC1 event 

   

Table 4. 916 
 917 
 918 

Event ICC (95% CI)* Sω Distance
§
 (m) Repeatability Distance† (m) 

Seat-Off 0.960 (0.900-0.989) 0.009 0.024 

TO1 0.977 (0.943-0.993) 0.012 0.034 

Step 1 0.976 (0.940-0.993) 0.012 0.032 

Step 2 0.953 (0.884-0.987) 0.012 0.034 

*Intra Class Correlation Coefficient for consistency, average variation, 2 way mixed effects, (95% confidence interval) 
§
Measurement error, mean intra-subject SD (Sω); the square root of the mean intra-subject variance 

†An estimate of the maximum difference (m) between 2 observations with 95% confidence (2.77 Sω) 

Table 5. 919 



   

 920 
 921 

Su
b

je
ct

 COP-BCOM Distance (m) Maximum COP-BCOM Distance (m) 

Seat-Off TO1 Step 1 Step 2 

Distance Normalised* Distance Normalised Distance Normalised Distance Normalised 

1 0.104 ±0.005 0.130 ±0.006 0.103 ±0.012 0.127 ±0.015 0.213 ±0.015 0.264 ±0.018 0.225 ±0.009 0.279 ±0.012 

2 0.067 ±0.004 0.080 ±0.005 0.119 ±0.012 0.143 ±0.014 0.233 ±0.010 0.278 ±0.012 0.212 ±0.014 0.254 ±0.016 

3 0.106 ±0.005 0.129 ±0.006 0.145 ±0.012 0.176 ±0.015 0.255 ±0.012 0.310 ±0.015 0.227 ±0.016 0.276 ±0.019 

4 0.100 ±0.007 0.125 ±0.009 0.095 ±0.005 0.118 ±0.006 0.214 ±0.007 0.267 ±0.009 0.198 ±0.007 0.246 ±0.009 

5 0.078 ±0.006 0.087 ±0.006 0.180 ±0.011 0.201 ±0.013 0.278 ±0.018 0.312 ±0.020 0.262 ±0.012 0.294 ±0.014 

6 0.120 ±0.007 0.123 ±0.007 0.194 ±0.015 0.199 ±0.015 0.304 ±0.016 0.311 ±0.016 0.254 ±0.012 0.260 ±0.012 

7 0.103 ±0.006 0.120 ±0.007 0.148 ±0.015 0.173 ±0.018 0.289 ±0.007 0.337 ±0.008 0.256 ±0.014 0.299 ±0.016 

8 0.062 ±0.007 0.072 ±0.008 0.129 ±0.012 0.149 ±0.013 0.244 ±0.010 0.280 ±0.011 0.249 ±0.008 0.286 ±0.010 

9 0.080 ±0.006 0.096 ±0.007 0.099 ±0.012 0.118 ±0.015 0.204 ±0.008 0.245 ±0.010 0.190 ±0.011 0.228 ±0.013 

10 0.081 ±0.021 0.095 ±0.025 0.143 ±0.014 0.169 ±0.016 0.257 ±0.008 0.302 ±0.009 0.228 ±0.015 0.268 ±0.018 

All 0.090 ±0.019 0.106 ±0.022 0.135 ±0.033 0.157 ±0.031 0.249 ±0.034 0.291 ±0.028 0.230 ±0.025 0.269 ±0.022 

COV† 21.2% 20.8% 24.7% 19.7% 13.6% 9.7% 10.8% 8.3% 
   

*Normalised COP-BCOM distance as a proportion of dominant leg length 
†Coefficient of variation (SD/mean as a percentage) between subjects 
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Table 6. 923 


