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SUMMARY:  24 
This study compared the biomechanical characteristics of the lower extremity during 25 
unplanned gait termination under different walking speeds. The lower-limb kinematic and 26 
kinetic data from fifteen subjects with normal and fast walking speeds were collected using a 27 
motion analysis system and plantar pressure platform. 28 
 29 
ABSTRACT:  30 
Gait termination caused by unexpected stimulus is a common occurrence in everyday life. This 31 
study presents a protocol to investigate the lower-limb biomechanical changes that occur 32 
during unplanned gait termination (UGT) under different walking speeds. Fifteen male 33 
participants were asked to perform UGT on a walkway at normal walking speed (NWS) and fast 34 
walking speed (FWS), respectively. A motion analysis system and plantar pressure platform 35 
were applied to collect lower-limb kinematic and plantar pressure data. Paired-sampled T-test 36 
was used to examine the differences in lower-limb kinematics and plantar pressure data 37 
between two walking speeds. The results showed larger range of motion in the hip, knee, and 38 
ankle joints in the sagittal plane as well as plantar pressure in forefoot and heel regions during 39 
UGT at FWS when compared with NWS. With the increase in walking speed, subjects exhibited 40 
different lower-limb biomechanical characteristics that show FWS associated with greater 41 
potential injury risks.  42 
 43 
INTRODUCTION:  44 
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Human locomotion is considered to be an extremely complex process that needs to be 45 
described by multidisciplinary methods1,2. The most representative aspect is the gait analysis by 46 
biomechanical approaches. Human gait aims to sustain progression from initiation to 47 
termination, and the dynamic balance should be maintained in position movement. Although 48 
gait termination (GT) has been extensively studied as a sub-task of gait, it has received less 49 
attention. Sparrow and Tirosh3 defined GT in their review as motor control period when both 50 
feet stop moving either forward or backward based on the displacement and time 51 
characteristics. Compared to steady-state gait, the process of executing GT demands higher 52 
control of postural stability and complex integration and cooperation of the neuromuscular 53 
system4. During GT, the body needs to rapidly increase the braking impulse and decrease 54 
propulsion impulse to form a new body balance5,6. Unplanned gait termination (UGT) is a stress 55 
response to an unknown stimulus6. When confronted by an unexpected stimulus that requires 56 
one to stop suddenly, initial dynamic balance will be disrupted. Because of the need for the 57 
continuous control of the body’s center of mass (COM) and feedback control, UGT poses a 58 
greater challenge to postural control and stablity3,7. 59 
 60 
UGT has been reported to be an important factor leading to falls and injuries, especially in 61 
elderly people and patients with balance disorders3,8. Faster walking speeds may lead to an 62 
additional decline in motor control during UGT9. Ridge et al.10 investigated the peak joint angle 63 
and internal joint moment data of children during UGT at normal walking speed (NWS) and fast 64 
walking speed (FWS). The results showed larger knee flexion angles and extension moments at 65 
faster speeds compared with preferred speed. They indicated that strengthening the related 66 
muscles surrounding the lower extremity joints could be a useful intervention for injury 67 
prevention during UGT.  68 
 69 
Although the effect of walking speed on the lower-limb biomechanical character during steady-70 
state gait has been extensively studied11-13, the biomechanical mechanism of UGT under 71 
different walking speeds is limited. To our knowledge, only three studies have specifically 72 
evaluated healthy individuals’ UGT performances with respect to velocity effects9,10,14. 73 
However, subjects in these studies were mainly the elderly14 and children10, the biomechanical 74 
mechanism of young adults during UGT is still unclear. Lower-limb kinematics and plantar 75 
pressure can provide a precise analysis of locomotion biomechanics, and these are also 76 
considered to be crucial components for clinical gait diagnoses15,16. For example, Serrao et al.17 77 
used lower-limb kinematic data to detect the clinical differences between patients with 78 
cerebellar ataxia and healthy counterparts during sudden stopping. Besides, compared to 79 
planned gait termination (PGT), larger peak pressure and force in the lateral metatarsal during 80 
UGT could be observed7, which may be associated with higher injury risks. 81 
 82 
Therefore, exploring the biomechanical mechanisms of UGT could provide insights for injury 83 
prevention and further clinical researches. This study presents a protocol to investigate any 84 
biomechanical alteration in young adults during UGT under different walking speeds. It is 85 
hypothesized that, with an increase in walking speed, participants would exhibit different 86 
lower-limb biomechanical characteristics during UGT.  87 
 88 
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PROTOCOL:  89 
The Human Ethics Committee of Ningbo University approved this experiment. All written 90 
informed consent was obtained from all subjects after they were told about the goal, 91 
requirements, and experimental procedures of the UGT experiment. 92 
 93 
1. Laboratory preparation for gait  94 
 95 
1.1 Kinematics: Motion capture system 96 
 97 
1.1.1 When calibrating the system, turn off the incandescent lights and remove any possible 98 
reflective objects that can be mistaken for passive retro-reflective markers. Ensure that eight 99 
infrared cameras are properly aimed and have a clear and reasonable view.  100 
 101 
1.1.2 Plug the appropriate USB dongle into the PC’s parallel port. Switch on the motion-capture 102 
infrared cameras and analog-to-digital converter. 103 
 104 
1.1.3 Open the tracking software in the PC and allow time for the eight infrared cameras to 105 
initialize. Select “Local System” node of the “Resources” pane. Every camera node will show a 106 
green light if the hardware connection is true. 107 
 108 
1.1.4. Adjust the system parameters in the Camera view pane: set the Strobe Intensity to 0.95 - 109 
1, Threshold to 0.2 - 0.4, Gain to times 1 (x1), Grayscale Mode to Auto, Minimum Circularity 110 
Ratio to 0.5, and Max Blob Height to 50. 111 
 112 
1.1.4 Put the T-frame consisting of 5 markers in the center of the motion capture area. Select all 113 
cameras using 2D mode and confirm that they can view the calibration wand (T-frame) without 114 
any interference and/or artefacts. Click the “System Preparation” item in the toolbar and select 115 
the 5 marker Wand & T-Frame calibration object from the T-Frame drop-down list. 116 
 117 
1.1.5 In the “Tool” pane, select the “System Preparation” button, and click the “Start” button 118 
in the “Calibrate Cameras” section. Then physically wave the T-frame in the capture range. Stop 119 
the action when the blue lights on the infrared cameras stop flashing. Monitor the progress bar 120 
until the Calibration Process is completed at “100%”and returns to “0%”.  121 
 122 
NOTE: Ensure the values of the Image Error are less than 0.3. 123 
 124 
1.1.6 Put the T-frame on the floor (the center of the motion capture area) and ensure the axes 125 
of T-frame are consistent with the heading direction. 126 
 127 
1.1.7 Select the “Start” button under the “Set Volume Origin” section in the Tool pane. 128 
 129 
1.2 Plantar pressure: Pressure platform 130 
 131 
1.2.1 Put the 2 m pressure platform in the center of the test area. Notice the eight infrared 132 
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cameras displayed around the pressure platform. 133 
 134 
1.2.2 Divide the pressure platform into four average areas, A, B, C and D (each area is 50 cm * 135 
50 cm) in a linear fashion and distinguish them with an alphabet label / sticker (Figure 1). 136 
 137 
1.2.3 Keep the PC and pressure platform connected via the proprietary data cable. 138 
 139 
1.2.4 Double-click the software icon on the desktop. 140 
 141 
1.2.5 Click the “Weight Calibration” on the Calibration Screen and input the body mass of a 142 
staff. Ask him or her to stand on the pressure platform, waiting until the system completes the 143 
calibration automatically before he/she can leave the pressure platform. 144 
 145 
[insert Figure 1 here] 146 
 147 
2. Participant preparation 148 
 149 
2.1 Before the UGT test, interview all subjects and provide them with a simple explanation 150 
about the experimental goals and procedures. Obtain written informed consent from subjects 151 
who meet the key inclusion criteria. 152 
 153 
2.1.1. Include participants who are physically active male adults, have the right leg as dominant, 154 
do not have any hearing disorder, do not have lower-limb disorders, and have not incurred 155 
injuries in the last six months. 156 
 157 
NOTE: 15 male subjects (age: 24.1 ± 0.8 years; height: 175.7 ± 2.8 cm; body weight: 68.3 ± 3.3 158 
kg; foot length: 252.7 ± 2.1 mm) who met the experimental conditions were included in this 159 
test. 160 
 161 
2.2 Allow all subjects fill in a questionnaire survey. 162 
 163 
NOTE: Questions include: Have you had a history of running or other physical activities? How 164 
often do you do physical activities in a week? Do you have any professional athletic training? 165 
Have you suffered any lower-limb disorders and injuries in the last six months? 166 
 167 
2.3 Ensure that all subjects wear identical t-shirts and tight-fitting pants. 168 
 169 
2.4 Measure subjects’ standing height (mm) and body weight (kg), lower limb length (mm), 170 
knee width (mm) and ankle width (mm) of both left and right leg using Vernier caliper or small 171 
anthropometer. 172 
 173 
NOTE: Measure the lower limb length from the superior iliac spine to the ankle medial condyle; 174 
the knee width from the lateral to the medial knee condyle; the ankle width from the lateral to 175 
the medial ankle condyle. 176 
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 177 
2.5 Shave off the body hair as appropriate and remove excess sweat using alcohol wipes. 178 
Prepare skin areas of anatomical bony landmarks for marker placement on joints and segments. 179 
 180 
NOTE: This study used 16 reflective markers18, including anterior-superior iliac spine (LASI/RASI), 181 
posterior-superior iliac spine (LPSI/RPSI), lateral mid-thigh (LTHI/RTHI), lateral knee 182 
(LKNE/RKNE), lateral mid-shank (LTIB/RTIB), lateral malleolus (LANK/RANK), second metatarsal 183 
head (LTOE/RTOE) and calcaneus (LHEE/RHEE) (Figure 2). 184 
 185 
2.6 Identify 16 anatomical landmarks. On the landmarks, attach passive retro-reflective markers 186 
with double-sided adhesive tapes. 187 
 188 
2.7 Give each subject 5 min to adapt to the test environment and warm up with light running 189 
and stretching. 190 
 191 
[insert Figure 2 here]  192 
 193 
3. Static calibration 194 
 195 
3.1 Kinematics: Motion capture system 196 
 197 
3.1.1 In the tracking software, find the “New Database” in the toolbar to build a database. Click 198 
the “Data Management” to open the “Data Management” pane and click in order the “New 199 
Patient Classification”, “New Patient” and “New Session” button. Return to the “Resources” 200 
window, select “Create A New Subject” button to create a subject, and enter the values of 201 
height (mm), body weight (kg), leg length (mm), knee width (mm), and ankle width (mm) in the 202 
“Properties” pane. 203 
 204 
3.1.2 Click the “Go Live” and then click the “Split Horizontally” in the “View” pane. Then select 205 
the graph to view the Trajectory count. 206 
 207 
NOTE: Check the “3D Perspective” pane to ensure that all 16 markers are visible. 208 
 209 
3.1.3 Ask subjects to stand still in the area A. Click “Start” in the subject capture section to 210 
capture the static model. About 200 frames of images were captured before clicking the “Stop” 211 
button. 212 
 213 
3.1.4 In the “Tools” pane, find the “Pipeline” button, and click on “Run the reconstruct pipeline” 214 
to build a new 3D image of all captured markers. Identify in the markers' list, and manually 215 
apply the corresponding labels to the markers. Save and press “ESC” key to exit. 216 
 217 
3.1.5 Select “Subject Preparation” and “Subject Calibration” in the toolbar and choose the 218 
“Static plug-in gait” option in the drop-down menu. 219 
 220 
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3.1.6 Select the “Left Foot” and “Right Foot” in the “Static Settings” pane and click the “Start”. 221 
Then save the static model. 222 
 223 
3.2 Plantar pressure: Pressure platform 224 
 225 
3.2.1 In the software, click “Database” to add a new patient. And enter the assigned subject 226 
number in the “Add Patient” pane. Then, click “Add”. 227 
 228 
3.2.2 Click “Dynamic” and enter body weight and shoe size. Then, click “OK”. 229 
 230 
4. Dynamic trials 231 
 232 
4.1 Ask the subject to be at the starting position. 233 
 234 
4.2 Software Operations  235 
 236 
NOTE: The two kinds of software start (Motion capture system: click “Capture” button; 237 
Pressure platform: click “Capture” button) and end (Motion capture system: click “Stop” button; 238 
Pressure platform: click “Save Measurement” button), simultaneously. 239 
 240 
4.2.1 Kinematics: Motion capture system 241 
 242 
4.2.1.1 Select the “Go Live” button in the “Resources” pane and click “Capture” in the right 243 
toolbar. Find “Trial Type” and “Session” from top to bottom and edit “Trial” description. 244 
 245 
4.2.1.2 Ask subjects to perform UGT test as described in 4.3. 246 
 247 
4.2.1.3 After finishing the UGT test, click “Stop” to end the data collection trial. Repeat the 248 
above steps for 5 times. 249 
 250 
4.2.2 Plantar pressure: Pressure platform 251 
 252 
4.2.2.1 Select the “Measure” button before starting the UGT trials. 253 
 254 
4.2.2.2 After finishing the UGT test, click “Save Measurement” button to save data. Repeat the 255 
above steps for 5 times. 256 
 257 
4.3 UGT trials 258 
 259 
4.3.1 Ask subjects to walk along a walkway at their NWS and instruct them to use the dominant 260 
leg and non-dominant leg to pass area A and B, respectively, and finally stop at area D on the 261 
pressure platform.  262 
 263 
4.3.2. Let the subject know when the termination signal is provided they need to quickly stop 264 
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on area B.   265 
 266 
4.3.3. Randomly provide the termination signal as the heel touches area A, ensure that the UGT 267 
is executed and subjects stop quickly on area B (Figure 1). The staff sends the termination signal 268 
by randomly ringing a red bell, and the probability of ringing was controlled at about 20%. 269 
Capture at least five successive UGT trials. 270 
 271 
NOTE: There is a 2-min rest interval between both trials. 272 
 273 
4.3.4 Calculate each subject’s walking speed using the pressure platform software. Then, 274 
calculate the FWS as 125% of the NWS.  275 
 276 
4.3.5. Repeat the above UGT test for the FWS. Capture at least 5 successive UGT trials using the 277 
FWS protocol. 278 
 279 
5. Post-processing 280 
 281 
5.1 Kinematics: Motion capture system 282 
 283 
5.1.1 Find the “Data Management” button in the toolbar and double-click the trial name in the 284 
“Data Management” pane. Then select “Reconstruct” and “Label” to reconstruct the 3D 285 
dynamic model. 286 
 287 
5.1.2 On the “Time” bar, move the blue triangles to set the required range of time (for the 288 
stance phase during UGT). 289 
 290 
5.1.3 Click on the “Time” bar. Then click “Zoom to Region-of-Interest” in the “Context” menu. 291 
 292 
5.1.4 Click the “Label” button to identify and check the label points. Ensure the steps are the 293 
same as the static identification process. 294 
 295 
NOTE: Fill in some incomplete identification markers and delete the unlabeled markers (if 296 
necessary).  297 
 298 
5.1.5 Choose the “Dynamic Plug-in Gait” in the “Subject Calibration” pane. Then click the 299 
“Start” button to run the data. Export dynamic trials in “.csv” format for following data analysis. 300 
 301 
5.1.6 Use a fourth-order low pass Butterworth filter with cut off frequency of 10 Hz and export 302 
the data of the joint angle. 303 
 304 
5.1.7 Calculate the range of motion (ROM) of three joints (hip, knee, and ankle) in sagittal plane. 305 
 306 
NOTE: Define the differences between the maximum angles and minimum angles of the hip, 307 
knee, and ankle on the sagittal movement planes as the ROMs. 308 
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 309 
5.1.8 Calculate means (M) and standard deviations (SD) of the ten trials (5 for NWS, and 5 for 310 
FWS) from each subject. 311 
 312 
5.2 Plantar pressure: Pressure platform 313 
 314 
5.2.1 Select the trial name from the “Measurements” menu of the corresponding subjects. Click 315 
the “Dynamic” button to open data. 316 
 317 
5.2.2 Click the “Manual” selection. Use the “Left Mouse” button to select the step of interest 318 
(the stance phase during GT). Click the “OK” button to save. 319 
 320 
5.2.3 Click the “Zone Division” and “Manual Zone Selection” to make adjusts. Then click the 321 
“Accept” button to save. 322 
 323 
5.2.4 Open “Pressures-Forces” screen and click the “Graph Composition” button to open the 324 
“Zone Graph Composition” window. Divide 10 anatomical regions, including Big Toe (BT), Other 325 
Toes (OT), First Metatarsal (M1), Second Metatarsals (M2), Third Metatarsal (M3), Fourth 326 
Metatarsal (M4), Fifth Metatarsal (M5), Mid-Foot (MF), Medial Heel (MH) and Lateral Heel (LH). 327 
Then click the “OK” button to save. 328 
 329 
5.2.5 Click “Parameter Table” to export plantar pressure data, including maximum pressure, 330 
maximum force and contact area. 331 
 332 
5.2.6 Calculate Means and SDs for 10 trials (5 for NWS, and 5 for FWS) from each subject. 333 
 334 
6. Statistical analysis 335 
 336 
6.1. Perform the Shapiro–Wilks tests to check normal distribution for all variables. Use Paired-337 
sampled T-tests to compare lower limb kinematics and plantar pressure data during UGT at 338 
NWS and FWS. Set the significance level at p < 0.05. 339 
 340 
REPRESENTATIVE RESULTS: 341 
Mean & SD values of NWS and FWS of 15 subjects were 1.33 ± 0.07m/s and 1.62 ± 0.11m/s, 342 
respectively. 343 
 344 
Figure 3 shows the mean ROM of the hip, knee, and ankle joints in the sagittal plane during 345 
UGT at NWS and FWS. Compared with NWS, the ROM of three joints increased significantly at 346 
FWS (p<0.05). In detail, the ROM of hip, knee and ankle joints increased from 22.26 ± 3.03, 347 
29.72 ± 5.14 and 24.92 ± 4.17 to 25.98 ± 2.94, 31.61 ± 4.34 and 28.05 ± 5.59, respectively 348 
(Figure 3). 349 
  350 
[insert Figure 3 here] 351 
 352 
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Figure 4 shows the plantar pressure data including maximum pressure (Figure 4A), maximum 353 
force (Figure 4B) and contact area (Figure 4C) during UGT at NWS and FWS. Compared with 354 
NWS, the maximum pressure in BT, M1, M2, M3, MH and LH increased significantly during UGT 355 
at FWS (p<0.05). Similarly, for maximum force, significant increase was observed in BT, M1, M2, 356 
M3, MH and LH at FWS compared to NWS (p<0.05). However, no significant difference occurred 357 
in any parameters for the OT, M4, M5 and MF regions (p>0.05). Differences in contact area 358 
mainly focused on the heel region, i.e., MH and LH, and both increased greatly at FWS when 359 
compared to NWS (p<0.05). 360 
 361 
[insert Figure 4 here] 362 
 363 
FIGURE AND TABLE LEGENDS: 364 
Figure 1: Experimental protocol. If subjects received the termination signal as the heel touched 365 
area (A), the UGT was executed so that the subject stopped in area (B). Kinematic and plantar 366 
pressure data were collected synchronically. 367 
 368 
Figure 2: The reflective markers attached to the lower limbs. (A) side, (B) front and (C) rear. 369 
 370 
Figure 3: The ROMs of three joints in the sagittal plane during UGT at different speeds. The 371 
error bars indicate standard deviation. * indicates the significance level (p<0.05). 372 
 373 
Figure 4: Plantar pressure data. This includes maximum pressure (A), maximum force (B), and 374 
contact area (C) during UGT at different speeds. The error bars indicate standard deviation. * 375 
indicates the significance level (p<0.05). 376 
 377 
DISCUSSION:  378 
Most previous studies that analyze gait biomechanics during UGT omit the importance of 379 
walking speed in their biomechanical assessment. Thus, this study investigated the lower-limb 380 
biomechanical changes that occur in UGT at NWS and FWS with the aim to reveal the speed-381 
related effects. 382 
 383 
Significant differences have been found on the ROM of the hip, knee, and ankle joints in the 384 
sagittal plane during UGT at NWS and FWS. Our findings showed greater ROMs of the 3 joints in 385 
the sagittal plane during UGT at FWS compared with NWS. These results were nearly consistent 386 
with previous study in regard to the effect of speeds during walking19. Ridge et al.10 found that 387 
larger peak flexion angles in knee and hip joint during UGT at FWS than NWS. Larger sagittal 388 
knee ROM may be a compensatory movement due to the increased gait speed20, resulting from 389 
greater knee impact during UGT. Subjects stabilized with larger range of hip, knee, and ankle 390 
joints motion, which may contribute to faster terminating times, but may also need greater 391 
joint extensor activity for stability21. 392 
 393 
It must be mentioned as well, plantar pressure data including maximum pressure, maximum 394 
force and contact area increased in all anatomical regions during UGT at FWS compared with 395 
NWS. For maximum pressure and force, the significant differences mainly focused on medial 396 
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forefoot and heel, which is consistent with the previous study22. In this study, although the 397 
plantar pressure in the lateral metatarsals also increased, there was no significant difference 398 
between speeds. The imbalance between the medial-lateral plantar pressure may lead to a 399 
decrease in medial-lateral stability during UGT7. Excessive peak pressures in heel may increase 400 
the risk of foot injuries, such as stress fractures23,24. Moreover, the significant increased contact 401 
areas were exhibited in MH and LH, which may be related to the calcaneus that contact initially 402 
with the ground after the terminal swing phase and most of the body mass is loaded during this 403 
phase25. 404 
 405 
The results are counted on several key steps in the protocol. First, identify anatomical 406 
landmarks and accurately attach the markers to the subjects’ skin. Ensure the markers are 407 
securely placed on the skin with hypoallergenic double-sided adhesive tape to reduce the 408 
likelihood of the marker dropping or shifting. Second, it is vital to send the terminated signal to 409 
subjects in the fixed phase. In order to reduce the error, the signal sent in all trials was 410 
executed by the same staff. Third, ensure that the artificial division of plantar the anatomical 411 
regions are accurate. Besides, there are certain limitations associated with the present study 412 
which should also be noted. First, no female subject participated in the study, which was 413 
originally for the purpose of controlling variables. Second, lower-limb muscle activities were not 414 
collected in the study. Muscle activation count a lot in explicating lower-limb biomechanical 415 
character during UGT9,14, and we are willing to investigate the effect of walking speed on lower-416 
limb muscle activities in the future study for additional insights into biomechanical mechanism 417 
during UGT.  418 
 419 
The results of the present study suggest that as increments in walking speeds occur subjects 420 
exhibit different lower-limb biomechanical characteristics during UGT. This outcome may be an 421 
indication that an increase in walking speeds, particularly at FWS may bring about greater risk 422 
of potential injuries. Furthermore, considering previously explored relationships between 423 
plantar pressure, kinematics of lower limb joints, and sports injuries, the results of this study 424 
suggest that gait termination trials at different speeds could be used as an effective tool for 425 
diagnosis of clinical biomechanical performance and assessment of rehabilitation treatment. 426 
 427 
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