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Effect of Wheels, Casters and Forks on Vibration
Attenuation and Propulsion Cost of

Manual Wheelchairs
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Abstract— Manual wheelchair users are exposed to1

whole-body vibrations as a direct result of using their wheel-2

chair. Wheels, tires, and caster forks have been developed to3

reduce or attenuate the vibration that transmits through the4

frame and reaches the user. Five of these components with5

energy-absorbing characteristics were compared to stan-6

dard pneumatic drive wheels and casters. This study used a7

robotic wheelchair propulsion system to repeatedly drive an8

ultra-lightweight wheelchair over four common indoor and9

outdoor surfaces: linoleum tile, decorative brick, poured10

concrete sidewalk, and expanded aluminum grates. Data11

from the propulsion system and a seat-mounted accelerom-12

eter were used to evaluate the energetic efficiency and13

vibration exposure of each configuration. Equivalence test14

results identified meaningful differences in both propulsion15

cost and seat vibration. LoopWheels and SoftWheels both16

increased propulsion costs by 12-16% over the default17

configuration without reducing vibration at the seat. Frog18

Legs suspension caster forks increased vibration exposure19

by 16-97% across all four surfaces. Softroll casters reduced20

vibration by 11% over metal grates. Wide pneumatic ‘moun-21

tain’ tires showed no difference from the default configu-22

ration. All vibration measurements were within acceptable23

ranges compared to health guidance standards. Out of24

the component options, softroll casters show the most25

promising results for ease of efficiency and effectiveness26

at reducing vibrations through the wheelchair frame and27

seat cushion. These results suggest some components28

with built-in suspension systems are ineffective at reducing29

vibration exposure beyond standard components, and often30

introduce mechanical inefficiencies that the user would31

have to overcome with every propulsion stroke.32

Index Terms— Manual wheelchairs, vibrations, propul-33

sion cost, energy loss, standards.34
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I. INTRODUCTION 35

HUMANS are often exposed to vibrations through extra- 36

neous sources during activities of daily life within and 37

outside the household, and especially in the workplace. In cer- 38

tain doses, vibration exposure has been correlated to positive 39

effects on physiological health [1], [2]. In other situations, 40

deleterious health effects are instead attributed to the vibration, 41

namely in the form of neck and lower back pain [3], [4] and 42

fatigue [5] in seated persons in the workplace. To combat 43

the health risks from workplace vibration exposure, orga- 44

nizations including the International Standards Organization 45

(ISO) and the Health and Safety Executive (HSE) in the 46

United Kingdom have developed guidelines and thresholds for 47

potential health risks associated with an 8-hour duration of 48

whole-body vibration (WBV) exposure [6], [7]. Magnitudes 49

and frequencies of the vibrations, as well as the durations 50

of exposure, are considered in these assessments. However, 51

as these guidelines were developed around the comfort of only 52

seated, able-bodied humans in the workplace, they may not 53

appropriately reflect permissible vibration exposure levels for 54

non-able-bodied individuals performing everyday activities. 55

Manual wheelchair (MWC) users are exposed to WBV 56

directly from the use of their wheelchair. While there are 57

no conclusions about the full extent of adverse health effects 58

from MWC-induced WBV [8], some common ailments and 59

comorbidities of MWC users such as lower back pain [3], neck 60

pain [9] and fatigue [10] may be explained by constant WBV 61

exposure, and many wheelchair users have spinal impairments 62

that could explain symptom onset for a low amount of vibra- 63

tion exposure. Several articles contend that WBV exposure 64

levels of MWC users are non-negligible [8], [10], [11], [12], 65

[13], [14]. However, research suggests that the duration of 66

time moving in a manual wheelchair is very low, on the 67

order of 1 hour per day [15], [16], [17], compared to the 8- 68

hour exposure period used by ISO and HSE. Since vibration 69

exposure is based upon time of exposure, the implication for 70

users remains unclear. 71

Few studies to date [12], [13], [14], [18] have 72

reported harmful MWC vibration exposure levels. 73

Garcia-Mendez et al. [14] calculated WBV from total 74

daily occupancy time (13 hours). This implies 12 hours of 75

vibration exposure, on average, occurred when the user was 76

occupying but not propelling the wheelchair. While MWC 77

users may also experience vibrations when they are not in 78
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motion (e.g., riding in a car or bus), these vibrations should79

not be conflated with those incurred through direct wheelchair80

usage (i.e., self-propulsion) alone, and could be reported81

separately. Other studies [12], [13], [18] report WBV values82

that require ≥2.3 hours of daily travel (i.e. considerably83

higher than the daily average) over tactile surfaces (e.g.84

exterior concrete or brick walkways) to reach harmful WBV85

levels. Regardless of health effects, vibration measurements86

may help inform design of wheelchair components to promote87

comfort and ease of use in various environments.88

Commercially-available products have been evaluated for89

their efficacy in reducing shock and vibration transmission90

through the MWC frame. Caster forks with built-in vertical91

suspensions are reported to decrease peak accelerations at92

both the seat and footrest [11] using double-drum tests. One93

suspension frame (Quickie XTR) also demonstrated superior94

vibratory power dissipation to cross-brace folding frames for95

curb descents [19]. Utilizing human occupants as subjects96

introduces biomechanical complexity, as the resonant fre-97

quencies of human bodies (between 4-12 Hz) [20] differ98

from those of wheelchair frames (20-30 Hz) [21], and the99

occupant may anticipate and pre-emptively adapt postures to100

minimize vibrations and shocks [22]. However, the use of101

human occupants in over-ground tests have obvious relevance102

to real-world use and the utility of these MWC components.103

Wheelchair performance needs to be evaluated by measur-104

ing the effect of suspension systems not just on vibration105

attenuation, but also on the efficiency of propulsion. MWC106

self-propulsion is inherently inefficient and repetitive overex-107

ertion can cause injuries within the upper extremities from108

excessive joint torques and forces [23], [24], [25]. Reduced109

mobility can hinder community participation [17], which can110

lead to physiological and mental detriments from inactivity111

and isolation [26], [27], [28], and sedentary periods in a112

seated posture is correlated with risks of pressure injuries [29].113

Recent research has delved into component-based perfor-114

mance metrics to quantify the general energy loss parameters115

(rolling resistance, scrub torque) [30] and the corresponding116

impact on the system-level wheelchair propulsion cost [31].117

Theoretically, the same energy absorption abilities that are118

beneficial for vibration attenuation may also absorb some of119

the energy exerted to impart motion, effectively reducing the120

mechanical efficiency of the wheelchair and increasing the cost121

of propulsion. The ideal configuration should absorb vibratory122

energy when traveling over rough surfaces without incurring123

added propulsion cost when traveling over smooth ground.124

To date, only two studies have proposed frameworks to125

compare MWC vibration parameters with energetic ana-126

logues to propulsion costs using human subjects [12], [32].127

Cooper et al. [12] measured vibrations in manual and power128

wheelchairs over selected sidewalk surfaces and average work129

for propulsion of the MWCs. Differences were found between130

vibration exposures of the wheelchair types and the side-131

walk surfaces, but no differences were found between energy132

requirements between surfaces, attributed to the similar surface133

characteristics and flatness of the test track. Chénier and134

Aissaoui set out to compare MWC frame materials (aluminum,135

titanium, carbon fiber) with respect to vibration transmissibil-136

ity and mechanical work per meter traveled. Human subjects137

propelled across three test tracks with standardized wheels and 138

tires. Their findings support the vibration attenuation capabil- 139

ities of carbon fiber and, though no significant difference in 140

propulsion cost were reported, negative correlations present in 141

the data analysis suggest that frame-based energy absorption 142

reduces vibration exposure at the likely expense of mechanical 143

propulsion efficiency [32]. Optimization of MWCs require 144

careful assessment of the anticipated environments of use, 145

as propulsion cost and vibration exposure can vary across 146

surfaces, as well as between configurations of tires and weight 147

distributions. 148

The objective of this study is to assess the impact of five 149

commercially-available components on propulsion cost and 150

vibration exposure, as measured at three locations on the 151

wheelchair frame. The breadth of measurement is vital to 152

identify the potential benefit of vibration attenuation in relation 153

to the potential for added propulsion cost. Four common 154

indoor and outdoor surfaces were selected that represent a 155

wide range of commonly-traveled surfaces: decorative brick, 156

expanded aluminum grates, sidewalk, and linoleum tile. These 157

surfaces were chosen because they induce steady-state vibra- 158

tions (i.e., experienced every single time the wheelchair is 159

in motion), rather than the comparatively infrequent low- 160

frequency, high-magnitude shocks or impacts experienced by 161

users (e.g., traversing thresholds, curb-drops, and potholes). 162

A wheelchair-propelling robotic testbed was used to drive each 163

configuration with highly repeatable trajectories to standard- 164

ize the travel path, maneuver speed, and weight distribution 165

over the components to permit accurate measurements of the 166

propulsion costs as reported in prior work [33]. 167

II. HARDWARE AND CONFIGURATIONS 168

Experimental methods involved assessing the propulsion 169

cost and vibration exposure of one MWC in six configurations. 170

A. Wheelchair Testing 171

The Anatomical Model Propulsion System (AMPS), shown 172

in Figure 1, is a wheelchair-propelling robot that was used 173

to maneuver the wheelchair in this study. Its propulsion 174

subsystem permits highly repeatable, configurable propulsion 175

patterns to be deployed across a wide range of chair configu- 176

rations. Its construction mimics a seated person in size, shape, 177

and mass distribution to apply realistic loads to the frame and 178

wheels as per the wheelchair test dummy standard defined by 179

ISO 7176-11 [34], scaled to a total mass of 80 kg to more 180

closely represent the average occupant mass reported in [35]. 181

Wheelchair propulsion is controlled by motors attached to 182

custom-made ring gears replacing the push-rims of each drive 183

wheel. A high-powered motor speed controller (HDC 2460, 184

RoboteQ Inc.) utilizes velocity-based feedback system to 185

impart discrete and highly repeatable pushes. Between pushes, 186

the motors are mechanically disconnected from the push- 187

rims, allowing the wheelchair to freely coast. Rotational speed 188

of each drive wheel is collected from axle-mounted optical 189

encoders (EM1-2500-I, US Digital Inc.) fixed to the drive 190

wheel axles. Wheel torques are derived from the armature 191

current of each motor, measured with Hall-effect current 192

sensors (DFRobot SEN0098, Zhiwei Robotics Corp.). Signals 193
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Fig. 1. The wheelchair-propelling robot used to control maneuvers in
this study.

Fig. 2. Component selection showing measurements and views of each
wheel and tire.

are sampled at 40 Hz by an on-board data acquisition system194

(USB-6341, National Instruments Corp.). More details of the195

design and overview can be found in the original design article196

by Liles et al. [36].197

B. Components and Wheelchair Configurations198

One rigid aluminum ultra-lightweight wheelchair frame199

(Rogue, Ki Mobility) was used for all trials, with 0◦ camber, 3◦
200

seat dump, and 87◦ back angle. The chair was configured with201

six unique combinations of drive wheels, caster wheels, and202

caster forks. Component options comprised four drive wheels203

and two sets of caster wheels, shown Figure 2. The ‘default’204

configuration was defined to have 24 × 1.3/8” pneumatic205

TABLE I
COMPONENTS AND CHARACTERISTICS FOR EACH CONFIGURATION

Fig. 3. (Left) Default rigid aluminum and (right) Frog Legs suspension
caster forks.

tires (Primo Orion, Xiamen Lenco Co., Ltd.) inflated to the 206

recommended 75 psi on metal spoked drive wheels, and 207

solid 5 × 1” urethane caster wheels (Primo 5 × 1, Xiamen 208

Lenco Co., Ltd.). These components served as the basis of 209

comparison as they are common standard options offered by 210

manufacturers at no additional cost to the user. 211

The chosen ‘energy-absorbing’ components were selected 212

based on their assumed dampening capabilities, and would 213

incur additional monetary cost to add to any user’s wheelchair 214

configuration. These included: 24 × 2.10” mountain tires on 215

22” spoked wheels (Mountain Wheel Complete, Part #762017, 216

Sunrise Medical, Inc.); the default tires on LoopWheels (Loop- 217

Wheel Urban, Jelly Products Ltd.) with ‘regular’ stiffness 218

settings; the default tires on SoftWheels (Acrobat A, Soft- 219

Wheel Ltd.) with Stage 4 shocks; and compliant Soft Roll 220

casters (Caster 5” Soft Roll, Part #400103, Sunrise Medical, 221

Inc.). While SoftWheels are no longer commercially available 222

in the U.S., the closest equivalent international model is the 223

SoftWheel 3.0 with Stage C shocks. 224

Figure 3 shows the rigid aluminum forks equipped by 225

default on the wheelchair frame and a pair of suspension forks 226

with an interchangeable wedge-shaped damper element (Frog 227

Legs II Suspension Forks, Frog Legs Inc.). The default forks 228

were used in five of the six configurations. 229

When testing a drive wheel, the standard 5 × 1” caster 230

was used, and when testing a caster component, the standard 231

24 × 1.3/8” pneumatic tired was used. Mass and weight 232
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Fig. 4. Views of each triaxial accelerometer mounting location and
primary axes.

distribution (WD), reported as percent total mass over the drive233

wheel axle, are shown for each configuration.234

C. Vibration Monitoring235

Triaxial accelerometers (X16-1D, Gulf Coast Data Con-236

cepts) with ±16 g ranges and user-selectable sampling rates237

of 12 – 3200 Hz were used to measure vibration data on238

the wheelchair. Three X16-1D accelerometers were fastened239

to the wheelchair at: (1) the top surface of the wheelchair240

cushion; (2) the rigid frame member beneath the seat; (3) the241

frame member connecting the caster forks to the main frame242

(Figure 4). The primary axes of the wheelchair were globally243

defined with the x-axis representing antero-posterior, y-axis244

for medio-lateral, and z-axis for vertical directions. These are245

the directions that vibrations enter the seated body, as in ISO246

2631-1 [6].247

The accelerometers were oriented such that direct acceler-248

ation measurements at each location could be converted into249

accelerations along each global primary axis. Each accelerom-250

eter sampled at 200 Hz. Trial start and end points were syn-251

chronized across accelerometers. Measurements were recorded252

for all axes. Only the measurements in the global vertical253

axis was used for analysis, as it has the largest component254

of surface-related vibration magnitude [10], [12], [32], and is255

the direction most closely associated with discomfort [37] and256

physiological injury [5], [9].257

The accelerometer near the caster captured the most severe258

vibrations [11], [38], as the casters are the first component259

to interact with surface inconsistencies and their small radius260

magnifies the force of impact with any obstacles compared to261

the larger radius of the drive wheels [39]. Caster vibrations262

were compared between the Default and caster configurations263

(Softroll, FrogLegs Forks). The frame-mounted accelerom-264

eter measured the vibrational input from the interactions265

between the drive wheels and the surfaces, and was used to266

compare the drive wheel configurations (SoftWheel, Loop-267

Wheel, MtnWheel) against the Default. The seat accelerometer268

measured the overall vibration that would reach the user,269

as a culmination of vibrations from the casters and drive270

wheels, as well as the transmissibility through the wheelchair271

Fig. 5. Commanded wheel speeds (dotted line) and representative
measured wheel speeds (solid line) for one over-ground trial.

frame [32] and the cushion [40]. Measurements at the seat 272

were compared for all six configurations. 273

D. Maneuver Selection 274

Wheelchair use can involve an infinite number of maneuvers 275

with various speeds and radii of curvature, though typical 276

bouts of mobility are short (<20 s) and slow (<0.44 m/s) 277

with frequent stops, starts, and turns [16], [17] at low speeds. 278

Travel-induced vibration are expected to occur at greater 279

magnitudes at higher travel speeds with all four wheels rolling 280

over the ground. Turning maneuvers, therefore, are expected to 281

be less likely to induce vibrations as they occur at slow speeds 282

over short distances. A ’Straight’ maneuver was developed to 283

drive the chair in a straight line at a realistic steady-state speed 284

of 1.0 m/s. Wheel trajectories (Figure 5) include two initial 285

pushes to accelerate the wheelchair, five pushes to maintain 286

travel speed between 0.8 m/s to 1.0 m/s, and a coast down 287

period to naturally decelerate the chair to a complete stop. 288

Similar travel speeds were used in prior studies on propulsion 289

cost [33], [41] as well as vibration exposures of human 290

subjects [15], [32]. Travel started at the same position for each 291

tested configuration. Distance for each trial was approximately 292

10 meters on average and varied slightly between trials and 293

configurations. 294

III. METHODS 295

A. Data Collection 296

Tests were conducted on four surface types: decorative 297

brick, expanded aluminum grates, sidewalk, and linoleum tile, 298

collectively seen in Figure 6. To account for any slopes or 299

inconsistencies in each surface, 6 trials were run in opposing 300

directions along the same path for a total of 12 trials per 301

surface per configuration, or 288 trials overall. Data from 302

the motor armature current sensors, motor encoders, and 303

wheel-mounted encoders were collected at 40 Hz during the 304

over-ground trials. These data were processed in MATLAB 305

(R2020a, The Mathworks Inc.). 306

B. Propulsion Cost Calculation 307

Propulsion cost reports the amount of energy exerted by 308

the AMPS to perform a maneuver, normalized by the distance 309

traveled by the wheelchair. Lower propulsion cost indicates 310

greater efficiency. The calculation of propulsion cost is derived 311
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Fig. 6. Test surfaces included (a) decorative interior brick, (b) expanded
aluminum grates, (c) poured concrete sidewalk, and (d) smooth interior
tile.

from the fundamental theorems of work-energy. The propul-312

sion torques on each wheel (τL , τR) are calculated from the313

measured motor armature current and scaled by the gear ratio314

between the motor pinion and the custom push-rim, as in Liles315

et. al [36]. Rotational power is then found by multiplying316

the wheel torque by the corresponding wheel speed (ωL , ωR),317

measured with the hub-mounted optical encoders. Total work318

supplied to the chair is then calculated by integrating the sum319

of the left and right rotational powers over the duration of320

the maneuver, from the start time (ti ) to the end time (t f ).321

Finally, the propulsion cost value is calculated by dividing322

the total work supplied to the chair, in Joules, by the linear323

displacement or distance traveled by the center of mass (�s),324

in meters.325

Propulsion Cost =
∫ t f

ti
(τLωL + τRωR) dt

�s
(1)326

C. Vibration Analysis327

Vibration measurements from each accelerometer were328

saved into separate files for each over-ground trial. A custom329

MATLAB algorithm imported and normalized the data by330

subtracting the baseline mean values for each axis. Trials were331

trimmed to include only the ’steady-state’ phase of the maneu-332

ver (i.e. after the first two ‘acceleration’ pushes until the end333

of the last push, excluding the final coast-down). The primary334

outcome variable was root-mean-squared (r.m.s.) acceleration,335

calculated by integrating the squared z-axis acceleration data336

(az) over the maneuver duration with the following equation:337

az,r.m.s. =
[(

1

t f − ti

) ∫ t f

ti

(
az

2
)

dt

] 1
2

(2)338

D. Statistical Analysis339

Descriptive statistics (mean, standard deviation) were cal-340

culated for propulsion cost and seat, frame, and caster vibra-341

tions across all configurations and surfaces. Further analysis342

involved comparisons of outcome variables for each tested343

configuration to those of the Default configuration. Equiva-344

lence testing is a technique used to assess whether responses345

(e.g., propulsion cost values) differ between groups by more346

than a practically-important amount (e.g., H0 : μA − μB ≤ δ1 347

and H0 : μA − μB ≥ δ2) through the use of two one-sided 348

t-tests against user-defined bounds (δ1, δ2). This approach is 349

often more appropriate than inferring a lack of a difference 350

(e.g., H0 : μA = μB or � = 0) when assessed by 351

traditional statistical means [42], [43], because the upper and 352

lower equivalence limits are based on meaningful values, often 353

informed by related studies in the literature. While a formal 354

equivalence test was not directly used here, the underlying 355

premise and computational approach was adopted to compare 356

the performances of the test configurations to the reference 357

(Default) configuration. Point estimates and corresponding 358

95% confidence intervals (CI) were calculated for the per- 359

formance ratio of each outcome metric (propulsion cost, seat, 360

frame, and caster vibration): 361

ρ = T est Mean

Re f erence Mean
(3) 362

Ratios with values of 1.00 reflect similar performance 363

between the test and reference configurations. Ratios less than 364

1.00 indicate that the test configuration exhibited better per- 365

formance (i.e., lower propulsion cost or vibration exposure). 366

To assess the meaningfulness of these ratios, the 95% CIs 367

were compared to pre-defined upper and lower equivalence 368

limits (UEL, LEL). The limits for propulsion cost were 369

informed from several published studies on wheelchair propul- 370

sion efforts where human subjects were asked to propel a wide 371

variety of wheelchair configurations including power-assisted 372

wheels [44], lever-driven wheels [45], sports wheelchairs [46], 373

chairs with weights added to the frame [47], [48], and with 374

under-inflated tires [49], [50]. Across these studies, the average 375

difference between the biomechanical outcome variables of 376

the studies was calculated to be 9.4%. Therefore, we defined 377

the equivalence limits as ±5% based on the assumption 378

that mechanical testing is more precise than human subject 379

investigation. Similarly, UEL and LEL values were defined 380

for vibration exposure from published studies on wheelchair 381

seat vibration measurements with human subjects propelling 382

one wheelchair across different styles of sidewalk [13] and 383

wheelchairs of different frame materials over various sur- 384

faces [32], as well daily exposure using folding or rigid MWC 385

frames [14]. The average difference between r.m.s. vibration 386

values for the independent variable groups was calculated 387

to be 6.2%. Therefore, the seat, caster, and frame vibration 388

equivalence limits were set to ±6%. 389

The extents of each 95% confidence interval were compared 390

against equivalence limits (±5% for propulsion cost, ±6% for 391

all vibration metrics). Confidence intervals that are completely 392

below 0.95 (propulsion cost) or 0.94 (vibrations) were classi- 393

fied as ‘Superior’ as the test configuration experienced more 394

preferable performance (i.e., lower propulsion costs or vibra- 395

tions than the Default configuration). Conversely, confidence 396

intervals completely above 1.05 (propulsion cost) or 1.06 397

(vibrations) were classified as ‘Inferior’. Confidence intervals 398

that cross one or both limits, or that reside completely within 399

the limits, are considered ‘Comparable’ as the test and Default 400

configurations exhibited similar performances. Examples of 401

these classifications are shown in Figure 7. 402
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TABLE II
STATISTICS AND EQUIVALENCE TEST RESULTS FOR PROPULSION COST VALUES

Fig. 7. Example point estimates and 95% CIs compared to ±5%
equivalence limits, showing the three classifications.

This trichotomous analysis was conducted for all four403

outcome variables in Minitab (Minitab 19, Minitab LLC) with404

significance levels set to α = 0.05. The Default configuration405

was used as the reference population. Point estimate and406

confidence interval values are accessible in a publicly-available407

database (https://doi.org/10.35090/gatech/67086). For ease of408

reader comprehension, comparisons in Tables II-V are listed409

as “Sup.”, “Inf.”, or “Comp.” based on these results.410

IV. RESULTS411

Descriptive statistics (N = 12 for all sets of configurations412

and surfaces) for propulsion cost, seat vibration, frame vibra-413

tion, and caster vibration are shown in Tables II-V respec-414

tively. Shaded rows with bolded text indicate values that differ415

from the Default value according to the statistical analysis (i.e.,416

classified as “Inf.” or “Sup.”).417

On average, propulsion costs were comparable across tile,418

brick, and sidewalk (13 to 17 J/m), and higher (19 to 22 J/m)419

on grates. Standard deviations (StDev) were greater on brick420

and grates. FrogLegs Forks consistently had the lowest propul-421

sion cost. The highest propulsion costs were between Soft-422

Wheel and LoopWheel for all surfaces. Equivalence test423

results identified the LoopWheel configuration to have inferior424

performance (i.e., higher propulsion cost values) than the425

Default configuration across all four surfaces. Likewise, the426

SoftWheel configuration had significantly higher costs over427

tile and sidewalk.428

Table III presents descriptive statistics of the seat vibration429

exposure values, represented as az,(seat),r.m.s.. N = 12 for430

all sets of configurations and surfaces except two trials of 431

FrogLegs Forks over tile that were removed as outliers. The 432

FrogLegs Forks incurred additional vibration (16-97%) at the 433

seat across all surfaces. LoopWheel increased seat vibrations 434

over grates by 13%. Softroll casters reduced vibration at the 435

seat by 7-11% compared to Default over all surfaces, though 436

grates was the only surface that showed statistically superior 437

performance. High standard deviations and coefficients of 438

variation on sidewalk and grates are attributed to the incon- 439

sistencies of those surfaces (i.e., random bumps). 440

Table IV presents the frame vibration, or az,( f rame),r.m.s., 441

values, to compare across the configurations that changed 442

the rear drive wheel of the configuration. N = 12 trials 443

for each configuration. Over brick, tile, and sidewalk, the 444

LoopWheel incurred 12-26% larger vibrations than the Default 445

configuration. MtnWheel also increased the frame vibrations. 446

SoftWheel was the only drive wheel to reduce frame vibrations 447

over tile, by 11%. 448

The accelerometer placed at the caster stem measured the 449

highest magnitude of vibrations. The mean az,(caster),r.m.s. 450

values are shown in Table V, averaged across N = 12 for 451

the Default, FrogLegs Forks, and Softroll configurations. 452

FrogLegs Forks increased the caster vibrations over tile by 453

43%. Softroll casters, conversely, significantly decreased the 454

caster vibrations over all four surfaces by 13-27%. 455

Data for propulsion cost values and r.m.s. vibrations at 456

all three measurement locations are accessible in a publicly- 457

available database (https://doi.org/10.35090/gatech/67086). 458

V. DISCUSSION 459

Not unexpectedly, the five components exhibited disparate 460

performances in the main outcome variables (propulsion cost 461

and seat vibration) over different surfaces. The significant 462

differences summarized in Table VI imply that many of the 463

components specifically designed to reduce vibration exposure 464

of MWC users were not effective at this task. In particular, 465

SoftWheels and LoopWheels appear ineffective at vibration 466

attenuation, even incurring 12-17% greater vibrations at the 467

seat over most surfaces, with increased propulsion costs. 468

Out of the five tested components, only the Softroll casters 469

showed any benefit to the user. Softrolls had lower seat vibra- 470

tion exposure than Default over Grates, without any significant 471

increase in propulsion cost and no other apparent tradeoffs 472

compared to Default. FrogLegs Forks increased seat vibra- 473

tions on all four surfaces, without increasing propulsion cost. 474
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TABLE III
STATISTICS AND EQUIVALENCE TEST RESULTS FOR VERTICAL VIBRATIONS MEASURED ABOVE THE MWC SEAT CUSHION

TABLE IV
STATISTICS AND EQUIVALENCE TEST RESULTS FOR VIBRATIONS AT THE FRAME BETWEEN DRIVE WHEEL CONFIGURATIONS

TABLE V
STATISTICS AND EQUIVALENCE TEST RESULTS FOR VIBRATIONS OVER THE CASTER STEM BETWEEN CASTER CONFIGURATIONS

MtnWheel showed no significant differences in performance475

and have higher traction than Default tires on uneven sur-476

faces. In contrast, SoftWheels and LoopWheels both increased477

propulsion costs by 1.7-2.3 J/m without reducing seat vibra-478

tions over multiple surfaces. To put this into perspective,479

assume a user propels 1.4 km per day [17] with 90% of that480

motion distributed evenly across tile, brick, and sidewalk. The481

default configuration would incur a daily propulsion cost of482

17.7 kJ, versus 20.3 kJ with the SoftWheel and 20.2 kJ with the483

LoopWheel. This energy is the equivalent of lifting between484

167-174 different 2L bottles of water from the floor to a table-485

top (2.5 feet). It could be used to travel an extra 169-193 m486

with the Default configuration over tile, brick, or sidewalk.487

In general, the seat vibrations of the Default configuration488

were below health guidance thresholds [51]. While FrogLegs489

Forks, SoftWheel, and LoopWheel had significantly higher490

vibrations than Default, these configurations are still well491

below the expected range of adverse health effects using492

the same style of analysis as in [51], requiring >3.5 hours493

of cumulative daily travel over to reach the lower extent494

of the health guidance caution zone [6]. Similar magnitudes495

of vibration exposure have been found in previous studies.496

For example, Chénier and Aissauoi [32] reported vertical497

vibrations at the seat of 0.24 m/s2 over linoleum tile, and498

Cooper et al. [18] reported seat vibration of 0.47 m/s2 over 499

poured concrete sidewalk. 500

Secondary outcome variables (frame and caster vibrations) 501

also differed across components. These variables offer inter- 502

esting mechanical insights to the designs of the components 503

and of the wheelchair as a complete system. Energy-absorbing 504

components must be engineered according to the types of 505

accelerations that are intended to be attenuated. With respect 506

to wheelchairs, components will have different performances 507

according to the speed or surface. Transient impacts might 508

be handled differently than the more steady-state vibrations 509

experienced during WBV measurements. The commercial 510

manufacturers of the components evaluated in this study do 511

not fully disclose the types of surfaces, obstacles, or speeds 512

for which the designs were optimized. 513

Vibration is a continuous, periodic perturbation to a system, 514

like rolling down a tiled hallway floor, whereas shock is a 515

sudden and infrequent impulse like impacting a door threshold. 516

To assess shock-induced vibrations, the fourth-power vibration 517

dose value (VDV, expressed in m/s1.75) is often calculated 518

as a complementary analysis to the basic evaluation method 519

(r.m.s. acceleration), as described in ISO 2631-1 [6]. VDV is 520

more sensitive to acceleration peaks than r.m.s. and is used 521

when intermittent shock exposure is present. As a cumulative 522
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TABLE VI
SUMMARIZED DIRECTION AND PERCENT CHANGE OF SIGNIFICANT DIFFERENCES COMPARED TO DEFAULT CONFIGURATION

measurement, the VDV increases with length of measurement.523

VDVs for this study (on average: 0.84-0.95 m/s1.75 for brick,524

grates and sidewalk, 0.52 m/s1.75 for tile) were comparable525

to Chénier and Aissaoui’s reported VDVs for short (4 s)526

human propulsion trials over smooth and textured surfaces527

(1.14-1.60 m/s1.75) [32] but considerably lower than mea-528

surements taken over a full 13-hour day of MWC occupancy529

(17.27 m/s1.75) [14].530

Literature seems to focus on fast [12], [18] and aggres-531

sive shock testing with double-drum [11], [52] and curb-532

drop [19], [53] experiments. To add perspective, 12.7 mm high533

slats on the double-drum tester impact the wheels with enough534

force to be used as a fatigue-to-failure test apparatus [52].535

Curb-drop tests were used to evaluate shock and vibration536

attenuation in MWC frames with suspension systems; the537

results suggest that poor alignment of the suspension system538

to the direction of shock could worsen the vibration attenua-539

tion [19].540

FrogLegs Forks, SoftWheels, and LoopWheels all feature541

directional spring or damper components. Perhaps proper542

alignment with the direction of anticipated impacts could opti-543

mize vibration attenuation and minimize the impact on propul-544

sion cost. As they were configured in this study, however, it is545

possible that misalignment of the directional elements caused546

their poor performances.547

The most evident negative effect of FrogLegs Forks was548

at the seat. One potential cause is that the deformation of549

the dampening insert within the forks may have induced a550

pitching moment of the MWC during the propulsion cycle551

and/or as the casters traversed bumps. Pitching motions would552

have a greater effect on higher vertical positions like the seat,553

especially considering the FrogLegs Forks are taller than the554

standard rigid forks. Propulsion-induced deformation of the555

fork inserts could explain why these forks imparted higher556

vibration than the standard rigid fork over the smooth tile sur-557

face. Double-drum testing results [11] indicate that FrogLegs558

Forks dissipate shocks from obstacle impacts better than rigid559

forks. Unfortunately, while that may be a benefit in very spe-560

cific environments, our findings suggest these suspension forks561

worsen the continuous vibrations induced by wheelchair travel.562

Literature is scarce on the vibration attenuation properties563

of MWC drive wheels. No differences in vibration or per-564

ceived comfort were found between MWCs equipped with565

Spinergy-branded spoked wheelchair wheels versus standard566

spoked metal wheels [38]. For wheels with built-in suspension,567

like LoopWheels and SoftWheels, applications outside of568

MWCs had to be investigated. Bicycles use analogous wheel 569

types to MWCs, albeit at much faster speeds of travel (e.g. 570

5.0-8.3 m/s versus 0.4-1.0 m/s) where vibrations and shocks 571

are more severe [12], [18]. One bicycle simulation using 572

SoftWheels showed significant (17-26%) reductions of vibra- 573

tion over asphalt and small shock-inducing obstacles, with 574

an estimated 14% loss in efficiency at cruising speeds [54]. 575

The cyclic compression and re-extension of the three damper 576

spokes were identified as a periodic energy loss in rolling, 577

as well as a cause of non-negligible pitch perturbation [54]. 578

This periodic energy absorption likely explains the propulsion 579

cost increases for SoftWheels and LoopWheels. 580

The MtnWheel was expected to reduce vibration exposure 581

due to its wider contact patch and lower tire pressure compared 582

to the Default pneumatic wheels. This proved to be untrue. 583

However, MtnWheels are designed for outdoor environments 584

(e.g., dirt and grass), where their intended benefit is the 585

added tread and traction, rather than vibration attenuation. 586

Overall, MtnWheels had comparable propulsion costs and 587

seat vibrations to the Default configuration. Over smooth tile, 588

the miniscule recurring impacts from the ‘knobby’ tire tread 589

contacting the floor appeared to cause an increase in frame 590

vibration. Vibrations transmitted from the frame to the seat 591

must have been dampened by the cushion, as the seat vibra- 592

tions were comparable between MtnWheels and Default. This 593

suggests some vibrations from the tires are permissible without 594

impacting the WBV exposure of the user. In future efforts, 595

an assessment of frequency-based vibration magnitudes could 596

be used to investigate if this damping effect from the frame, 597

seat, and cushion shifted the acceleration frequencies present 598

in the measured vibration. As in [19], some tradeoffs may exist 599

where the component reduces overall shock or vibration, but 600

shifts the vibration into frequencies most commonly associated 601

with injury and discomfort in the human body. 602

Finally, the Softroll caster was expected to exhibit similar 603

energy loss parameters as the default caster [30] with a 604

small effect on propulsion cost [33]. Wheels lose energy 605

primarily through hysteresis, or the cyclic deformation 606

and restoration of infinitesimal elastomeric radial elements 607

that make up the tire [55]. Unlike the discrete elastomeric 608

elements of the suspension wheels and caster fork, Softroll 609

deformation is simultaneous and omni-directional, providing a 610

smoother ride without potential misalignment. The dampening 611

benefit of Softrolls over the default casters is likely due to 612

a combination of the wider contact patch and material 613

properties, like pliability. 614
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There are debating sources on the necessity of vibration615

attenuation for MWCs. No conclusive evidence exists to link616

MWC-induced WBVs to adverse health risks. Research on617

MWC travel over highly-tactile surfaces like outdoor brick618

walkways show high WBV values [10], [12], [13], [14], where619

<1 hour of travel is expected. Another study calculated WBV620

using the 13 hours of measured occupancy per day instead621

of the 1 hour of daily self-propulsion [14]. This 12-hour dis-622

crepancy greatly exaggerated the WBV value with respect to623

the 8-hour daily exposure thresholds. Literature suggests that624

wheelchair users are in motion for relatively short durations of625

time, about 60 minutes [15], [16], [17]. There is currently no626

evidence to suggest that much, if any, of this time is spent on627

uneven terrains that may elicit high WBV values. Furthermore,628

since exposure limits for wheelchair users have not been629

established, health risks may in fact be lower than defined630

by the guidelines for able-bodied workers. Rider comfort631

and satisfaction might also be a reason to consider energy-632

absorbing components, but this decision will be improved by633

understanding the performance under typical conditions and634

the impact on propulsion effort. Optimizing the MWC for635

propulsion efficiency is a prevailing contemporary effort in636

the field [30], [31], [32], [33]. Vibration attenuation could very637

well be a complimentary effort. The inherent tradeoffs between638

these parameters and the discrepancies in performance of639

individual components need to be considered by clinicians640

and users when equipping a new MWC. The question is: will641

the user get enough benefit from attenuating infrequent high-642

magnitude shocks and impacts from obstacles or curb-drops643

[10], [11] to justify the loss of efficiency or increase in constant644

vibration?645

VI. LIMITATIONS646

Performance of components over different surfaces, speeds,647

and maneuvers may change performance parameters (cost648

and/or vibration attenuation). The surfaces were chosen to649

include common surfaces (tile, and sidewalk) as well as650

surfaces that would impart more vibration (decorative brick651

and grates) and the speed of the wheelchair was reflective of652

the speeds measured during everyday mobility of wheelchair653

users [15], [16]. Surfaces with inconsistencies like a drop-654

off or impact with an obstacle (e.g., door threshold) are655

theoretically possible to test with the AMPS, but would likely656

have an adverse effect on the ability to measure propulsion657

costs. The straight trajectory used in the evaluation did not658

induce tire scrub, a major contributor of energy loss seen in659

curvilinear motion, which could impact propulsion costs.660

Some components may be engineered to attenuate impacts,661

but the objective of the study concerned vibrations induced662

by over-ground movement. The test methods did not evaluate663

component performance during impacts, such as dropping off664

a curb or hitting an obstacle. Frequency analysis was not665

performed in this study, and could be included in future work666

on this topic. Furthermore, accelerometer measurements were667

only analyzed using the vertical (z) direction. A measure668

of the total magnitude of acceleration in all directions may669

be beneficial to account for anterior-posterior and medial-670

lateral vibrations. Deformation of the cushion and/or pitching671

moment during propulsion may have caused planar rotation of672

the vertical axis into the anteroposterior direction. Thus, the673

linear accelerations of the system under robotic propulsion 674

could have influenced the vertical vibrations unfairly with 675

FrogLegs Forks. However, given the small-angle approxima- 676

tion, pitch angles of up to 5◦ are only expected to impact the 677

measured accelerations by less than 0.4%. 678

VII. CONCLUSION 679

Manual wheelchair mobility exposes the user to whole- 680

body vibrations that may have adverse health effects. Vibration 681

exposure can be minimized without sacrificing the mechanical 682

efficiency of the vehicle, though some component options 683

have negative effects on vibrations and/or propulsion cost. 684

In this study, robotic wheelchair propulsion permitted a 685

repeated-measures test on wheelchair propulsion cost and 686

vibration exposure over four common surfaces at a clinically- 687

relevant speed. Six components with energy-absorbing char- 688

acteristics were compared to standard pneumatic drive wheels 689

and casters. Wheels with built-in suspension did not have 690

any significant difference on vibration exposure, yet they did 691

significantly increase the propulsion cost, effectively making 692

the wheelchair more energetically-expensive to propel. Simi- 693

larly, elastomeric suspension forks significantly increased the 694

vibration. Out of the component options, ‘soft roll’ casters 695

show the most promising results for ease of efficiency and 696

effectiveness at reducing vibrations through the wheelchair 697

frame and seat cushion. Users may define other reasons to 698

consider energy-absorbing components, but this decision will 699

be improved by understanding the performance under typical 700

conditions which dominate everyday mobility. 701
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