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ABSTRACT Walking strategies in an unstable environment like a ship differ from walking on stable ground.
Extreme ship motions may endanger the safety of the crews. Notably, a loss of balance on board can lead to
an injury or an accident of falling off a ship. Keeping one’s balance on board a ship is strongly influenced
by the ship’s motion. Therefore, the objective of this study is to determine how walking on a ship differs
from walking in a stable environment and explore the effects of the ship’s roll motion on balance control
and stability while walking in sea environments. We hypothesized that step time variability, center of mass
(COM), and margin of stability (MOS) would significantly differ between stable and unstable walking
conditions. We also hypothesized that there would be an effect of rolling cycles and angles on increasing step
time variability, COM excursion, and MOS variability. We recruited 30 healthy individuals between 21 and
39 years old for this study. Participants walked for two minutes at their self-selected speeds during the study
with and without rolling on a computer-assisted rehabilitation environment (CAREN) system. The CAREN
system was used to simulate the parametric roll motion of ships up to 20 degrees. This study quantified
step time variability, peak COM excursion, and MOS variability in different rolling conditions. We found
a significant difference in step time variability (p < 0.001), lateral peak COM excursion (p < 0.001), and
MOS variability (p < 0.001) between waking on land and walking at sea.

16 INDEX TERMS CAREN, center of mass, lateral balance, margin of stability, ship’s roll motion, walking.

I. INTRODUCTION17

Daily walking is a good indication of health and one of the18

most basic movements in life. The characteristics of human19

walking vary from one individual to another, and walking20

strategies can be modified according to the walking environ-21

ment [1]. In particular, walking on a moving vessel will be22

considerably different from walking on land. A ship’s motion23

plays an important role in affecting walking ability, thereby24

The associate editor coordinating the review of this manuscript and

approving it for publication was Jingang Jiang .

directly limiting the human gait [1], [2]. Several studies have 25

examined walking on a ship [3], [4], [5], [6], but there is still 26

a significant lack of research analyzing gait characteristics 27

in unstable moving environments. Thus, we are investigating 28

how walking on a ship differs from walking on land. 29

Extreme fluctuations of the ship at sea may threaten not 30

only the ship itself but also the safety of the crew. Notably, 31

a loss of balance on board can lead to a severe injury as the 32

ship is made of steel. Balancing the body at sea is strongly 33

influenced by the motion of ships, such as rolling and pitch- 34

ing. To reduce the rate of man overboard accidents, safety 35
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work regulations on ships are necessary for occurrences of36

ship agitation. However, there are currently no clear work37

safety rules that regulate work on a ship based on the degree of38

motion of ships. Furthermore, recent papers have investigated39

the ship’s roll motion relative to equipment of ship [7], [8], but40

there is a lack of humanwalking studies. Therefore, wewould41

like to investigate how the ability to control balance changes42

depending on the degree of ship movement to help establish43

working safety rules for ships in bad weather. In general, the44

ship’s motion is greater in a roll than in pitch because the45

length of a ship is longer than the width [5]. Consequently,46

we focused on the ship’s roll motion in this study.47

Walking stability is influenced by the motion of the center48

of mass (COM) [9], [10]. In many studies, gait stability has49

been examined using the COM motion of the whole body50

in relation to the center of pressure (COP) of the supporting51

foot [9], [11], [12]. Balance during walking can be achieved52

by continuously adjusting the location of the body’s COM53

with regard to the base of support (BOS) [13]. However,54

it has been suggested that the velocity of COM should also55

be considered because the previous approach is insufficient56

in dynamic situations [14]. To overcome this limitation, the57

margin of stability (MOS), a measure of dynamic stability58

during walking, was proposed by introducing the concept of59

the extrapolated COM (XcoM) [15]. In this study, we calcu-60

lated the COM and the MOS in lateral directions to examine61

the stability of walking in sea environments.62

The purpose of this study is to explore the characteristics of63

walking on a ship by determining the effects of the ship’s roll64

motion on the balance control and stability while walking in65

sea environments. Experiments on a ship at sea are subject to a66

number of restrictions, including unpredictable weather (e.g.,67

sea, wave, wind, swell, etc.), heavy ship motion, and the pos-68

sibility of an accident. To address this limitation, we used a69

computer-assisted rehabilitation environment (CAREN) sys-70

tem that can simulate a consistent ship’s motion by support-71

ing 6 degrees of freedom (DOF) motion. Various ship’s roll72

motions were simulated up to 20 degrees of rolling with73

the CAREN system. To achieve our objective, we quantified74

step time variability, COM excursion, and MOS variability.75

We hypothesized that there would be significant differences76

in step time variability, COM excursion, and MOS variability77

between the different conditions with and without rolling78

motions. We also hypothesized that there would be an effect79

of rolling cycles and angles on increasing step time variabil-80

ity, COM excursion, and MOS variability.81

To our best knowledge, this paper is the first attempt to82

explore human walking characteristics in unstable sea envi-83

ronments with different roll motions.While weather andwind84

play an important role, it is currently tough to simulate strong85

sea wind in indoor facilities, and only the effects of roll86

motion were investigated in this study by excluding other87

external factors. This study can help us better understand88

the characteristics of walking stability in ship’s roll motions,89

and we can propose a specific working safety regulation90

for seafarers as well as this can be used to prevent crew’s91

injuries or accidents on the ship at sea by assessing gait 92

instability. 93

II. METHODS 94

A. PARTICIPANTS 95

Thirty healthy young adults (20 males and 10 females) par- 96

ticipated in this study. The characteristics of the participants 97

are shown in Table 1. Participants were excluded if they had 98

1) major lower extremity injury or surgery; 2) known cardio- 99

vascular conditions that make it unsafe for them to exercise; 100

3) a history of dizziness due to vestibular disorders such as 101

Meniere’s disease and vertigo; 4) any difficulty in walking 102

in unstable moving environments. All subjects signed an 103

informed consent form before data collection. This study was 104

approved by the Institutional Review Board at the University 105

of Nebraska Medical Center (IRB 141-21-EP). 106

TABLE 1. Participants’ characteristics.

B. EQUIPMENT 107

A 3-dimensional motion capture system (Vicon Motion Sys- 108

tem Ltd., Oxford, UK) with ten cameras was used to record 109

marker trajectories at 100 Hz. A total of 37 reflective markers 110

were placed on anatomical landmarks according to the Plug- 111

in Gait full-bodymodel [16], including 4markers on the head, 112

5 on the torso, 12 on the upper limb, 4 on the pelvis, and 12 on 113

the lower limb. 114

We placed 7 wireless inertial measurement unit (IMU) sen- 115

sors (Xsens, Enschede, Netherlands) to obtain 3-axial accel- 116

erations from the pelvis and each foot/shank/thigh segment. 117

Fig. 1 shows the placement of reflective makers and IMU 118

sensors attached to each subject’s body. The CAREN system 119

(Motek, Amsterdam, Netherlands) was also used to simulate 120

the roll motion of a ship for up to 20 degrees of rolling. 121

C. EXPERIMENTAL PROTOCOL 122

All participants walked on a split-belt treadmill for 2 minutes 123

at a self-selected comfortable pace. Each participant com- 124

pleted nine 2-minute walking trials in the CAREN system for 125

each of the following conditions: no rolling (NR), 5-, 10-, 15-, 126

and 20-degrees of rolling with slow (12s) and fast (6s) rolling 127

cycles (i.e., each rolling condition was abbreviated as SR5, 128

SR10, SR15, SR20, FR5, FR10, FR15, and FR20). Since 129

several existing studies have used different incline degrees 130

like 5, 10, 15, and 20 to examine the evacuation walking time 131

in emergency situation at sea [17], [15], [19], we selected 132

the same rolling angles in our experiments. For the slow and 133
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FIGURE 1. Placement of reflective markers and IMU sensors.

fast-rolling cycles, we followed a typical rolling cycle for134

a passenger ship of 12 seconds and a general cargo ship of135

6 seconds, respectively [20].136

Participants were placed in a safety harness secured to137

prevent accidental falls on the moving platform. Following138

the walking with no rolling, eight different walking trials in139

rolling motions were performed in random order to avoid140

learning effects. In addition, participants were asked to com-141

plete a self-report questionnaire using a Likert scale. The142

Likert scale questionnaire has been used most frequently143

to investigate individual differences, including motivation,144

anxiety, and self-esteem, since it is a psychometric scale145

with multiple categories on which respondents can express146

their opinions, attitudes, or feelings regarding a particular147

issue [21]. We used an 11-point Likert scale to determine the148

balance difficulty of each trial from 0 to 10 (from ‘‘very easy’’149

to ‘‘very difficult’’).150

D. DATA PROCESSING151

1) STEP TIME VARIABILITY152

A step event was recognized by detecting heel-strike using the153

peak detection algorithm with data obtained by accelerome-154

ters [22], [23]. Step time was defined as the time from heel155

strike to heel strike. Step time variability was calculated using156

the standard deviation of step time. Since step time variability157

is one of the most important indicators of impaired mobility158

in gait studies [24], [25], we explored the effect of the ship’s159

motion on the increase in step time variability to identify a160

specific rolling angle that can cause mobility impairment in161

sea environments.162

2) COM EXCURSION163

A total of 37 markers were reconstructed and labeled using164

ViconNexus software (OxfordMetric, Oxford, UK). For each165

subject, a 15-segment model has been created to quantify166

COM motion. The position of COM was extracted by Nexus167

software. Since it is crucial to control the COM excursion to168

recover the balance [26], peak COM excursion in the lateral169

direction was calculated for data analysis. Many researchers170

have examined the changes in the control of COM in various 171

conditions [26], [27], [18], [29], [30], but we focused on 172

the changes in the COM excursion with a ship’s roll motion 173

simulations. 174

3) MOS VARIABILITY 175

MOS is defined as the distance between the XcoM and the 176

BOS. The MOS is well depicted in Fig. 2. To calculate 177

the lateral MOS, we used the following equation introduced 178

by [15]: 179

MOS = XcoM − BOS (1) 180

where BOS is the lateral boundary of the base of support (the 181

lateral malleolus marker on each ankle at heel strike), and 182

XcoM is calculated as: 183

XcoM = COM +
vCOM
w0

(2) 184

where COM is the lateral position of COM at heel strike, 185

vCOM is the COM velocity that is computed as the derivative 186

of the COM position at heel strike, and w0 is defined as: 187

w0 =

√
g
l

(3) 188

where g is the gravitational constant (9.81 m/s2) and l is 189

the pendulum length, which is defined as the mean distance 190

between the ankle marker and the COM in this study. The 191

MOS will be considered stable if the XcoM is placed within 192

the BOS. In contrast, if the XcoM is positioned outside of the 193

BOS, the MOS will be considered unstable [13]. The MOS 194

variability was calculated as the standard deviation of MOS 195

across all trials. 196

FIGURE 2. Lateral MOS was defined as the distance between the lateral
boundary of the BOS and the XcoM. The lateral boundary of the BOS was
defined by the ankle marker of the lead foot (RANK and LANK for the
right and left foot, respectively).
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TABLE 2. The mean of self-reported balance difficulty scores for each
condition (standard deviations are shown in brackets).

TABLE 3. Results of ANOVA test for self-reported balance difficulty scores.

E. STATISTICAL ANALYSIS197

One-way analyses of variance (ANOVAs) with a Tukey post-198

hoc test were used to see the differences between a self-199

reported balance difficulty scale, step time variability, peak200

lateral COM excursion, and lateral MOS variability in dif-201

ferent rolling conditions compared with no rolling condi-202

tion. A two-way repeated-measures multivariate ANOVA203

(MANOVA) was performed to assess if the two rolling cycles204

and four rolling angles had significantly different effects205

on the combination of the three dependent variables (step206

time variability, peak COM excursion, and MOS variabil-207

ity). MANOVA assumptions were checked beforehand, and208

Wilks’ lambda was selected as the test statistic of the repeated209

measures MANOVA. The separate univariate two-way (2210

rolling cycles X 4 rolling angles) repeatedmeasures ANOVAs211

were used to determine the effects of rolling angles and212

rolling cycles as well as their interactions with the step213

time variability, peak COM excursion, and MOS variability,214

respectively. Post-hoc analyses with a Bonferroni method215

were performed to determine differences between the differ-216

ent experimental rolling conditions. Significance was deter-217

mined at an alpha level of 0.05. All statistical analyses were218

performed with MATLAB version R2020a (Mathworks Inc.,219

Natick, MA).220

III. RESULTS221

A. SELF-REPORTED BALANCE DIFFICULTY222

Mean scores of self-reported balance difficulty measures for223

each condition are shown in Table 2. There were statistically224

significant differences between rolling conditions (Table 3,225

F = 70.04, p < 0.001) in balance difficulty scores. Multiple226

comparisons were performed to determine the differences227

between conditions using a Tukey method. The results of228

post-hoc tests are summarized in Table 5. There were no229

differences between NR and SR5 (p = 0.134), SR5 and FR5230

(p = 0.927), FR5 and SR10 (p = 0.640), SR10 and FR10231

(p = 0.174), FR10 and SR15 (p = 0.411), SR15 and FR15232

(p = 0.889), and SR20 and FR20 (p = 0.975). However,233

there were statistically significant differences in all other234

conditions (detailed in supplemental Table S1, p < 0.05).235

TABLE 4. Results of MANOVA test for all dependent variables with Wilks’
Lambda.

FIGURE 3. Box plots for the mean differences between the different
rolling conditions in (a) step time variability, (b) peak lateral COM
excursion, and (c) lateral MOS variability. ‘∗’ symbol indicates significant
(p < 0.05) differences from NR. Compared to the NR condition, Step time
variabilities were significantly increased in SR15, FR15, SR20, and FR20
conditions, Peak COM excursions and MOS variabilities were significantly
increased in a lateral direction for all rolling conditions.

B. RESULTS OF REPEATED MEASURES MANOVA 236

The two-way repeated measures MANOVA was used to 237

examine if step time variability, peak COM excursion, and 238

MOS variability differed according to rolling cycle or rolling 239

angle. The MANOVA revealed that there were significant 240

main effects of both rolling cycle (Table 4, F = 115.7, p < 241

0.001) and rolling angle (Table 4, F = 76.246, p < 0.001) 242

as well as there was a significant interaction between rolling 243

cycle and rolling angle (Table 4, F = 13.934, p < 0.001) 244

for step time variability, peak COM excursion, and MOS 245

variability. 246
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TABLE 5. Results of two-way repeated-measures ANOVAs for step time variability, COM Excursion, and MOS Variability (values represents as mean ±

standard deviation).

C. ANALYSIS OF STEP TIME VARIABILITY247

Step time variabilities in SR15, FR15, SR20, and FR20248

conditions (Fig. 3a, supplemental Table S2, p = 0.009,249

0.003, <0.001, and <0.001, respectively) were significantly250

increased compared to the NR condition. There was no signif-251

icant main effect of the rolling cycle (Table 5, supplemental252

Table S4, p = 0.682) and no significant interaction effect253

between the rolling cycle and the rolling angle (Table 5,254

p= 0.810) on step time variability. However, there was a sig-255

nificant main effect of rolling angles on step time variability256

(Table 5, p < 0.001). In both fast and slow rolling cycles,257

the post-hoc analysis indicated that there were significant258

differences in step time variability betweenmost of the rolling259

angles other than between 5 and 10 degrees (supplemental260

Table S3). To check only the effect of the rolling angles261

regardless of the rolling cycles, we also compared the step262

time variability by combining different rolling cycle data for263

the same rolling angle (i.e., the data of 5 degrees = SR5 +264

FR5). Similarly, step time variabilities in 15 and 20 degrees265

of rolling conditions were significantly greater than in the NR266

condition (Fig. 4a). We also found that there were significant267

differences in step time variability in most of the rolling268

angles except for between 5 and 10 degrees and between269

10 and 15 degrees (Fig. 4a).270

D. ANALYSIS OF COM EXCURSION271

PeakCOMexcursions in the lateral direction across all rolling272

conditions (Fig. 3b, supplemental Table S5, p < 0.001) were273

significantly increased compared to the NR condition. There274

was no significant main effect of the rolling cycle (Table 5, 275

p = 0.067) on the peak COM excursion. However, there was 276

a significant main effect of the rolling angle on peak COM 277

excursion (Table 5, p < 0.001). Post-hoc analysis revealed 278

that there were significant differences in the peak COM 279

excursion between the different rolling angles (supplemental 280

Table S6). Based on the results of the effect of the rolling 281

angle only, we also observed that there were significant dif- 282

ferences in peak COM excursion at different rolling angles 283

(Fig. 4b). A significant interaction effect between the rolling 284

cycle and the rolling angle was found in the lateral peak COM 285

excursion (Table 5). 286

E. ANALYSIS OF MOS VARIABILITY 287

The MOS variabilities in a lateral direction for all rolling 288

conditions (Fig. 3c, supplemental Table S8, p < 0.001) were 289

significantly increased compared to the NR condition. There 290

was a significant main effect of the rolling cycle (Table 5, p< 291

0.001) in the MOS variability. Post-hoc analysis showed that 292

the MOS variability during the fast-rolling cycle was higher 293

than during the slow-rolling cycle in most rolling angles other 294

than in 5 degrees of rolling motion (supplemental Table S10). 295

A significant main effect of the rolling angle on the MOS 296

variability was found with all rolling conditions (Table 5, 297

supplemental Table S9, p < 0.001). There was a significant 298

interaction effect between the rolling cycle and the rolling 299

angle in the MOS variability. Additionally, we noted that the 300

MOS variability at the different rolling angles, irrespective 301
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FIGURE 4. Effects of rolling angles on (a) step time variability, (b) peak lateral COM excursion, and (c) lateral MOS variability. ‘∗’ symbol indicates
significant (p < 0.05) differences from NR. ‘x’ symbol represents no significant differences between conditions. Step time variabilities were
significantly greater in 15 and 20 degrees of rolling conditions than in the NR condition. Peak COM excursion and MOS variability at the different
rolling angles were significantly different from the NR condition.

of rolling cycles, was significantly different from the NR302

condition (Fig. 4c).303

IV. DISCUSSION304

This study aimed to investigate how walking in an unstable305

ship environment differs fromwalking on stable land and how306

the ship’s roll motion affects balance control and stability307

while walking in sea environments. To our knowledge, this is308

the first study to examine walking characteristics in unstable309

sea environments by simulating different levels of rolling310

motion. As expected, the rolling motion of ships affected the311

gait variability, the control of balance, and dynamic stability.312

We hypothesized that there would be significant differences313

in step time variability, COM excursion, and MOS variability314

betweenwith andwithout rollingmotions, and these variables315

would be affected by rolling cycles and angles. The results of316

the study agree with our first hypothesis because step time317

variability, peak COM excursion, and MOS variability in318

the simulated sea conditions were significantly greater than 319

with no rolling motions. We partially confirmed our second 320

hypothesis since rolling angles affected increasing step time 321

variability, peak COM excursion, and MOS variability while 322

rolling cycles influenced only theMOS variability. Moreover, 323

based on the MANOVA results, we also found that the rolling 324

cycle, rolling angle, and their interaction were significant 325

for all three dependent variables, which shows that there is 326

interdependency among the dependent variables: step time 327

variability, peak COM excursion, and MOS variability. 328

We found that the ship’s rolling motion increased the step 329

time variability (Fig. 3a), and this is thought to have rapidly 330

changed the walking steps to balance in an unstable envi- 331

ronment. We also found that the step time variability was 332

significantly increased at a rolling angle of 15 degrees or 333

higher compared to no rolling condition (Fig. 3a, Fig. 4a). 334

In addition, many participants responded that the balance 335

difficulty increased rapidly at 20 degrees in their self-reported 336
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questionnaires (Table 2). Based on these two results, this337

study could propose a crew’s work safety rule that limits or338

requires attention to deck work in at least 15 degrees or higher339

rolling environments.340

Peak COM excursion was increased substantially during341

walking in rolling conditions (Fig. 3b, Fig. 4b). We found342

that the higher degree of rolling increased the peak COM343

excursion in the lateral direction, which means the COM344

moved more laterally to balance in higher rolling motions.345

Furthermore, there was a significant increase in MOS vari-346

ability under rolling conditions (Fig. 3c, Fig. 4c), indicating347

a more significant stability challenge. This result is similar348

to findings from a study by [31]. The findings of increased349

peak COM excursion and MOS variability may predict an350

increased risk of falls by increasing the gait variability. Thus,351

peak COM excursion and MOS variability measures can be352

good indicators of instability at sea. This study could help353

prevent falls from ships at sea by assessing fall risk through354

these results.355

There are several limitations. The first limitation is that the356

subjects are relatively young and healthy individuals, so it357

is hard to learn walking characteristics at various ages or358

health statuses and generalize our results to different popu-359

lations. Typically, cruise ship passengers are dominated by360

middle-aged and older adults with relatively poor balancing361

ability. Thus, it is necessary to conduct experiments with the362

elderly in the future. However, in a general merchant ship,363

since relatively young trainees or new sailors are not familiar364

with the ship’s environment, it will not be easy to control the365

balance on the ship compared to skilled sailors. Therefore,366

our findings are sufficient to understand the characteristics of367

how these new sailors control balance on ships. The second368

limitation is that only rolling motion was applied in the369

experiment. The ship performs six degrees of freedom in370

the real sea environment, including three linear movements:371

heave, surge, and sway, and three rotational movements: roll,372

pitch, and yaw. However, since the ship’s length is longer373

than the width, the movement that can be felt the most in374

the actual ship is the rolling motion. Since this study is the375

starting point for the study of walking in the sea environment,376

the experiment was conducted focusing on rolling, the main377

movement of ships. In addition to ship motions, weather378

conditions such as wind, sea height, wave, and swell could379

play a major role in the assessing instability in real situation.380

Thus, future research needs to mix more realistic ship move-381

ments and weather conditions. The third limitation is that the382

human factors were not considered in this study. The par-383

ticipants’ height may impact peak COM excursion because384

the step width or length may be lengthened across the higher385

heights, and the change in the COM may increase accord-386

ingly. Additionally, a previous study found that the lateral387

MOS is affected by age and BMI [32]. Men and women may388

differ in their levels of dynamic stability during walking [33],389

which could be an interesting topic to investigate since the390

difference in balance control ability between men and women391

could affect walking differently in moving environments.392

Thus, these human factors, such as age, sex, height, and BMI, 393

should be taken into account in future studies. Lastly, the 394

rolling angle was limited to 20 degrees in the experimental 395

setting. In fact, rolling of more than 20 degrees occurs in bad 396

weather at sea, which significantly hinders the crew’s safety 397

by making it difficult to control the balance. In this study, 398

it was inevitable to set the rolling angle up to 20 degrees 399

due to technical problems with the CAREN system, which 400

supports up to 20 degrees. However, this study found walking 401

characteristics that could sufficiently endanger safety even 402

at 15 or 20 degrees. Additional studies would need to vali- 403

date our experimental results in the actual ship environment 404

at sea. 405

V. CONCLUSION 406

In conclusion, this study examined the effects of a ship’s 407

rolling motion on the changes in human walking characteris- 408

tics such as step time variability, COM excursion, and MOS 409

variability in the sea environment. Study results indicate that 410

different rolling angles have an impact on increasing step 411

time variability, peak COM excursion, and MOS variability, 412

but the rolling cycles influence MOS variability only. Peak 413

COM excursion and MOS variability can effectively assess 414

dynamic stability during walking on a ship at sea. Thus, this 415

study could propose a crew’s work safety rule that limits or 416

requires attention to deck work on a ship and help prevent 417

injuries on the ship at sea by assessing gait instability. Further 418

studies are needed to confirm our results in a real ship at sea 419

and to investigate the possibility of the use of our measures 420

to prevent falling overboard. 421
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