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Abstract—Nonambulatory, visually impaired individuals 
mostly rely on caregivers for their day-to-day mobility needs. 
The Drive-Safe System (DSS) is a modular, semiautonomous 
smart wheelchair system aimed at providing independent 
mobility to people with visual and mobility impairments. In 
this project, clinical evaluation of the DSS was performed in a 
controlled laboratory setting with individuals who have visual 
impairment but no mobility impairment. Their performance 
using DSS was compared with their performance using a stan-
dard cane for navigation assistance. Participants rated their 
subjective appraisal of the DSS by using the National Aeronau-
tics and Space Administration-Task Load Index inventory. 
DSS significantly reduced the number and severity of colli-
sions compared with using a cane alone and without increasing 
the time required to complete the task. Users rated DSS favor-
ably; they experienced less physical demand when using the 
DSS, but did not feel any difference in perceived effort, mental 
demand, and level of frustration when using the DSS alone or 
along with a cane in comparison with using a cane alone. 
These findings suggest that the DSS can be a safe, reliable, and 
easy-to-learn and operate independent mobility solution for 
visually impaired wheelchair users.

Key words: artificial intelligence, distributed systems, embed-
ded systems, human-robot interaction, intelligent mobility aids, 
power wheelchairs, rehabilitation, robotics, sensors, shared 
control, smart wheelchair.

INTRODUCTION

Problem Statement
Loss of independent mobility can alter a person’s pro-

ductivity, personal freedom, and fulfillment and give a 
feeling of confinement and dependence [1]. It can also 
adversely affect a person’s psychosocial and emotional 
health and limit his or her educational and vocational 
opportunities. Physical impairment when combined with 
visual impairment furthers the loss of independent mobil-
ity [1–3]. In aging populations, physical impairment is 
often accompanied by visual impairment due to causes 
such as macular degeneration, cataracts, glaucoma, and 
diabetic retinopathy [1]. Nonambulatory, visually 
impaired individuals often rely on their caregivers for their 

Abbreviations: ADL = activity of daily living, DSS = Drive-
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activities of daily living (ADLs), which can lower their 
self-esteem, creating feelings of worthlessness and learned 
helplessness and thus affecting their psychological well-
being in addition to their quality of life [1].

“The 2007 disability status report [4] shows that 
40.3 percent of older adults aged 75 and above who are 
living at home have conditions that substantially limit 
one or more basic physical activities such as walking, 
climbing stairs, reaching, lifting, or carrying. A further 
3.6 percent of older adults in this population have sen-
sory disabilities, which include blindness or severe visual 
impairment. Whereas in 1990, only 2.74 percent of older 
adults age 65 and above used wheelchairs, in 1990, their 
percentage grew to 5.2 percent by 2005. Among noninsti-
tutionalized adults aged 85 and above, 12.28 percent use 
wheelchairs [5], most of which are manual wheelchairs 
pushed by a caregiver or family member.”a

Currently, the majority of nonambulatory, visually 
impaired persons use wheelchairs that are pushed by their 
caregivers [6–7]. There are reports of people using canes 
for navigation assistance with manual wheelchairs [8–9]. 
In this scenario, the user holds the cane on his or her lap 
and pushes the wheelchair and then stops and scans the 
environment for obstacles with the cane. The issue with 
this approach is that it requires a lot of effort from users 
to push the wheelchair while holding the cane in an awk-
ward position on their lap. Individuals with physical 
impairments often have low stamina and strength and are 
more likely to be obese, which make pushing the wheel-
chair extremely difficult [10]. There are also reports of 
individuals with visual impairment using a guide dog for 
navigation assistance with a manual wheelchair [8]. The 
guide dog leads the manual wheelchair and the user 
pushes the wheelchair to follow the guide dog. This 
approach is less cumbersome than using a cane but still 
requires significant physical effort to push the wheel-
chair, which discourages people from using this option 
for independent mobility.

Powered mobility is considered the ideal choice for 
individuals with low physical stamina because they can 
conserve their energy for use in their ADLs without hav-
ing to rely on others for their mobility needs [7,11]. Non-
ambulatory, visually impaired people often lack the 
cognitive, visual, and motor skills required to safely 
maneuver a power wheelchair and are therefore often 
denied powered mobility as a result of concerns regard-
ing the safety of the user and the environment [10,12]. 
Researchers from engineering and the clinical side have 

attempted to make powered mobility available to such 
populations without compromising the safety of the user 
and the environment [3,10,13–14].

For example, researchers have evaluated the effec-
tiveness of using a cane with a power wheelchair. They 
found that training required significant time and 
resources and often required modification to users’ living 
spaces [9,14]. Researchers have tried to teach and evalu-
ate the effectiveness of using a guide dog or service dog 
as a navigation assistant with a power wheelchair. While 
a few published case studies using this approach have 
been published in the literature, none led to a commer-
cially viable product [15].

In recent years, the reduced cost and size of comput-
ing devices and the advancement in sensor technologies 
have attracted researchers from robotics to incorporate 
these technologies in the design of smart wheelchairs. 
Smart wheelchairs are designed to accommodate individ-
uals with severe disabilities who cannot operate existing 
power wheelchairs [13]. In detailed reviews of smart 
wheelchair technologies [13] and their target populations 
[16], Simpson et al. present a segment of users who will 
benefit from the use of smart wheelchairs.

However, even after more than three decades of 
research in powered mobility, very few smart wheel-
chairs are commercially available in the United States. 
For example, the Wheelchair Pathfinder, a commercial 
electronic mobility aid sold by Nurion Industries, has 
been discontinued [17]. Smart wheelchairs have found 
limited success in Europe as well. For example, the 
CALL Center smart power wheelchair sold in Europe by 
Smile Rehab, Ltd (Berkshire, United Kingdom) includes 
bump sensors, sonar sensors, and the ability to follow 
tape tracks on the floor [18]. This smart wheelchair was 
targeted at teaching powered mobility skills to children 
and was never meant to provide safe navigation practices 
for long-term wheelchair use [19].

Drive-Safe System
Our research group has been involved with the 

design, development, and evaluation of smart wheel-
chairs for nonambulatory, visually impaired individuals 
for the past 15 years [18–23]. “The Drive-Safe System 
(DSS) is an add-on, distributed, shared control navigation 
assistance system for power wheelchairs designed to pro-
vide safe and independent mobility to people with visual 
and mobility impairments (Figure 1). DSS allows users 
to choose the destinations, plan their paths, and perform 
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some navigation actions, while automatically overriding 
unsafe maneuvers through autonomous collision avoid-
ance, automatic wall following, and door crossing.”a The 
DSS is fifth-generation smart wheelchair architecture for 
addressing the issues and concerns raised by participants, 
clinicians, wheelchair manufacturers, distributors, and 
researchers with our previous smart wheelchair proto-
types. The distributed, modular architecture of the DSS 
can be retrofitted to most power wheelchairs commer-
cially available in the United States. Additionally, when-
ever individuals change their wheelchair, the DSS 
architecture from their old wheelchair can be mounted on 
their new wheelchair.

The architecture of the DSS contains hardware and 
software. The two main parts of the DSS hardware archi-
tecture are the sensor nodes and a translator node. Five 
sensor nodes can be mounted by quick-release mounting 
mechanisms on the front left, front right, side left, side 
right, and rear side of the wheelchair. Each sensor node 
contains 10 proximity sensors (5 ultrasound sensors and 
5 infrared sensors) and two touch-sensitive bumpers. 

Proximity sensors in sensor nodes are directed such that 
they provide coverage around the wheelchair and can 
detect obstacles as low as 3 in. from ground level to over-
hanging obstacles as high as 60 in. from ground level. 
Sensor nodes also provide users with auditory feedback 
about the position of an obstacle so that they can change 
their trajectory to avoid collision.

The translator node acts as the brain of the DSS 
architecture and collects information about obstacle posi-
tions from all five sensor nodes and calculates the obsta-
cle in the trajectory of wheelchair movement based on 
the users intended direction of movement. The presence 
of obstacles in the wheelchair’s trajectory will either 
slow down or stop the wheelchair. The DSS obstacle-
avoidance algorithm incorporates the range data from 
proximity sensors and acquires the user’s intended direc-
tion of movement from the joystick. If an obstacle is in 
the trajectory of the wheelchair’s movement, the DSS 
will slow down the wheelchair and, at a certain distance 
from the obstacle, will stop the wheelchair to avoid 
potential collision.

A detailed description of the DSS hardware, soft-
ware, and engineering and performance evaluation is 
published in LoPresti et al. [24]. In the present study, we 
evaluate the effectiveness of the DSS in providing safe 
independent mobility to people with visual impairments 
but no mobility impairments in controlled laboratory set-
tings. We also compare the navigation performance of 
these individuals with the DSS to the conventional navi-
gation assistance approach of using a cane.

METHODS

Participants
This study used people with visual impairment but no 

mobility impairment. People with visual impairment 
were employed to evaluate the merits of the DSS for peo-
ple with both visual and mobility impairments because 
both populations have similar skill sets of cane usage, 
sound localization, and geographic reasoning [25]. Fur-
ther, both experience similar challenges in performing 
ADLs. Seven participants with visual impairment (three 
females, four males) were recruited for this study. The 
mean age of participants was 53.71 years (standard devia-
tion [SD] = 16.41 years). Five participants had prior 
experience with wheeled mobility devices (walkers and 
manual wheelchairs) for short periods of time, mostly 

Figure 1.
Drive-Safe System (DSS).
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when they were unable to walk because of a temporary 
medical condition (e.g., fractured bone, surgery). None of 
the participants was using a wheeled mobility device at 
the time that they participated in the study.

Instrumentation
“A Quantum-600 midwheel drive power wheelchair, 

manufactured by Pride Mobility Products [Exeter, Penn-
sylvania] equipped with the DSS (Figure 1) was used for 
this study. The wheelchair was controlled by a propor-
tional joystick. The maximum forward and reverse speeds 
of the wheelchair were set to 1.7 mph and 1.3 mph, 
respectively, to closely match the average driving speed 
for wheelchair users [26].”a The study was conducted in a 
trial area measuring 3.30 × 7.50 m2. Cylindrical cardboard 
tubes 8 in. (20 cm) in diameter and 60 in. (152.4 cm) in 
height were used as obstacles, and wooden benches 36 in. 
(91.44 cm) in height were used to mark the boundaries of 
the trial area.

The obstacles in the obstacle courses were placed in 
such a way that the level of difficulty presented to the par-
ticipants would be the same in each obstacle course. There 
were seven obstacles in each of the six obstacle courses. 
The placement of these seven obstacles and the positions 
of the participant in relation to them were designed to 
make it hard for participants to navigate based on past 
trials so that learning effects could be effectively miti-
gated. Even though there were no physical doors or walls 
in the experimental set up, obstacles were placed so as to 
mimic door situations and the width between two obsta-
cles was kept between 4 and 5 ft. The obstacles triggered 
the door-crossing mode in the DSS architecture, which 
facilitates the crossing of narrow openings. Side walls 
defining the boundary of the obstacle course triggered the 
wall-following mode in the DSS, which helped partici-
pants travel close to the walls without getting stopped 
repeatedly.

Six obstacle courses were used in this study, and in 
every course, participants were expected to face head-on 
obstacles; the only way to avoid the obstacles was to 
make sharp left or sharp right turns. Even after the afore-
mentioned provisions, measuring whether each obstacle 
course presented an equal level of difficulty to partici-
pants was difficult. The difficulty of the obstacle courses 
was found to be very subjective to the participants’ driv-
ing habits and their ability to use navigation assistance in 
three experimental conditions.

Pretraining
Before participating in the study, the investigator 

read and explained each section of the informed consent 
form to each participant. Once each participant indicated 
that they understood and agreed to participate, they 
signed the informed consent form. A copy of the 
informed consent form was given to the participants upon 
completion of the experiment.

Depending on each participant’s requirements, the 
seating and positioning of the wheelchair were adjusted 
by the investigator. “For example, the wheelchair joy-
stick was mounted on the right or the left side of the 
wheelchair, depending upon the participant’s dominant 
hand. Backrest and footrests were adjusted such that par-
ticipants could sit comfortably on the wheelchair.”a

Because none of the recruited participants had prior 
experience using a power wheelchair, the investigator 
explained to them the functionality of the joystick and 
maneuvering of the wheelchair using the joystick.

Training
Three experimental driving conditions were evalu-

ated in this study: DSS, Cane, and DSS + Cane. To 
equate the effect of training, we provided an equal 
amount of training in all three experimental conditions. 
Training in each condition took 15 to 20 minutes. Since 
none of the participants had used a power wheelchair 
before the study, driving the wheelchair in all three con-
ditions was equally novel for them. Participants were 
required to use their dominant hand for driving and the 
nondominant hand for scanning. The protocol for training 
in this study was the same as that used in our earlier study 
with nondisabled individuals [27]. A detailed description 
of the training protocol is provided in Sharma et al. [27].

Experimental Protocol
The experimental protocol used in this study was simi-

lar to the protocol in our prior study of DSS with nondis-
abled individuals, as reported in Sharma et al. [27]. Three 
experimental driving conditions—Cane, DSS, and DSS + 
Cane—were used in this study and participants completed 
six trials in each of three experimental conditions (Figure 
2). Six obstacle courses (Figure 3) were used for in this 
study and the order of these obstacle courses in each exper-
imental condition was randomly selected. In the Cane con-
dition, participants used a 48 in. long white cane for 
navigation assistance while using a power wheelchair. In 
the DSS condition, navigation assistance was solely pro-
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vided by the DSS. Finally, in the DSS + Cane condition, 
navigation assistance was provided by both the DSS and 
the cane. After each experimental condition, participants 
rated their subjective experiences by using the National 
Aeronautics and Space Administration-Task Load Index 
(NASA-TLX) inventory [28].

Dependent Variables
Dependent variables used in this study were both 

objective and subjective in nature. Objective measures 
were task completion time (TCT) and number of collisions 
per trial (NCT). Measures for collisions were further cate-
gorized according to the severity of collisions (Figure 4). 
Type I were the least severe collisions while Type III were 
of highest severity. The self-reported, survey-based 
NASA-TLX subjective workload index along with its four 
subscales (Mental Demand [TLX-MD], Physical Demand 
[TLX-PD], Effort [TLX-E], and Frustration [TLX-F]) 
were used as subjective dependent variables [28–30].

The multidimensional nature of the NASA-TLX 
allowed us to evaluate the task independent workload 
associated with the use of the DSS and the workload 
associated with the interaction between the task and the 
DSS. Additionally, the NASA-TLX has proven reliability 
and validity and has been used extensively in various 

Figure 2.
Study protocol. NASA-TLX = National Aeronautics and Space 
Administration-Task Load Index.

Figure 3.
Obstacle courses.
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fields of research around the world [28]. The NASA-
TLX was quick and easy to administer and was com-
pleted by the participant, leaving no room for experi-
menter bias.

Another advantage of using the NASA-TLX was that 
it did not require long-term use of the DSS, as opposed to 
other outcome measure tools such as The Quebec User 
Evaluation of Satisfaction with Assistive Technology 
[31], the Matching Person & Technology assessment 
[32], and Functioning Everyday with a Wheelchair 
(FEW) [33–34], which require long-term use of an assis-
tive technology device and need to be administered by 
certified clinicians.

In the NASA-TLX, TLX-MD is defined as the men-
tal and perceptual effort (e.g., thinking, deciding, calcu-
lating, remembering, searching, maneuvering) required 
to finish a navigation task. TLX-PD is defined as the 
physical activity required (e.g., scanning, pushing, pull-
ing the cane, maneuvering the joystick, turning, control-
ling, activating) to finish the navigation task. Further, 
TLX-PD also represents whether the task was easy or 
demanding, slow or quick, restful or laborious. Temporal 
demand also considers the pace of the task progression, 
such as slow and leisurely or rapid and frantic. TLX-E is 
defined as the amount of work (both mental and physical) 

participants had to exert to achieve their level of perfor-
mance. Mental effort and physical effort are different 
from mental demand and physical demand. Demand is 
the load associated with the task, while effort is the load 
associated with the interaction between the user and the 
task. TLX-F measures the extent to which a person feels 
insecure, discouraged, irritated, stressed, and annoyed 
versus secure, gratified, content, relaxed, and complacent 
during the task. Two other items in the NASA-TLX, viz. 
temporal demand and performance, were not relevant to 
the objectives of this study and hence will not be reported 
here. The total workload (TLX-TWL) was calculated 
from the sum of all the individual subscales.

Specific Aims and Hypotheses
The primary purpose of this study was to determine 

the comparative effectiveness of the DSS and cane in 
providing navigation assistance with a power wheelchair 
to people with visual impairment. Another aim was to 
evaluate the subjective workload associated with use of 
the DSS alone and the DSS along with a cane on naviga-
tion tasks and compare it with the subjective workload 
associated with the use of a cane alone on similar naviga-
tion tasks. We hypothesized that users would have fewer 
collisions when using the DSS but that TCT would not 
differ. We also hypothesized that participants would 
experience less subjective workload when using the DSS 
than when using the cane alone.

Data Analysis
“Normality of each dependent variable was tested 

using the Shapiro-Wilk test. A general linear model 
repeated measures analysis of variance was used for analy-
ses of normally distributed dependent variables with the 
significance level set at p < 0.05. Pair-wise comparisons 
were performed using a standard t-test with a Bonferroni 
adjustment for multiple comparisons. Table 1 describes 
the statistical notations used in this article. Data that were 
not normally distributed were analyzed using nonparamet-
ric tests for related samples. Friedman’s test was used to 
compare the underlying distributions across all three 
experimental conditions with significance level set at p < 
0.05. Pairwise comparisons between conditions were per-
formed using the Wilcoxon Signed Ranks test with a sig-
nificance level set at p < 0.05.”a

Figure 4.
Collision types.
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RESULTS

Collisions
Figure 5 shows the occurrence of collisions across 

the three experimental conditions. Collisions were only 
those instances in which the wheelchair hit/displaced the 
obstacles. In several instances, participants hit an obsta-
cle with the cane while scanning, but these hits were not 
counted as collisions. There were also a few instances 
when obstacles moved a few inches (less than 6 in.) 
because of the hit from the cane, but these were also not 
counted as collisions. In the following subsections, we 
will discuss the performance of the three conditions for 
the various types of collisions.

Type I Collisions
Table 2 shows the mean ± SD Type I Collisions 

(NCT-I) for the three conditions. A Shapiro-Wilk test 

showed that NCT-I was not normally distributed. The dif-
ference between the DSS condition and the Cane condi-
tion on NCT-I was not statistically significant (Z = 1.725, 
p = 0.08). Similarly, the difference between the DSS con-
dition and the DSS + Cane condition was not statistically 
significant (Z = 1.342, p = 0.18). However, the mean 
NCT-I was significantly lower for the DSS + Cane condi-
tion than the Cane condition (Z = 2.546, p = 0.01).

Type II Collisions
Table 2 shows the mean ± SD Type II Collisions 

(NCT-II) for the Cane and DSS + Cane conditions. No 
Type II collisions occurred with the DSS. A Shapiro-
Wilk test showed that NCT-II was not normally distrib-
uted. The Cane condition had significantly greater NCT-
II than the DSS condition (Z = 2.375, p = 0.02) and the 
DSS + Cane condition (Z = 2.388, p = 0.02). NCT-II did 
not significantly differ between the DSS and DSS + Cane 
conditions (Z = –1.00, p = 0.32).

Type III Collisions
Table 2 shows the mean ± SD Type III Collisions 

(NCT-III) for the Cane condition. No NCT-III occurred for 
either the DSS or DSS + Cane conditions. A Shapiro-Wilk 
test showed that NCT-III was not normally distributed. 
Participants had significantly greater NCT-III in the Cane 
condition than in both the DSS + Cane condition (Z = 2.201, 
p = 0.03) and the DSS condition (Z = 2.201, p = 0.03).

Table 1.
Statistical symbols used.

Symbol Meaning
Z Standard normal variable
p Attained level of significance
2 Chi-square distribution
F F-distribution variable
µ Arithmetic mean 
 Standard deviation

Figure 5.
Collisions. DSS = Drive-Safe System.
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Total Collisions
Table 2 shows the mean ± SD total collisions (NCT-

T) for all three conditions. NCT-T was normally distrib-
uted. The Cane condition had significantly greater NCT-
T than the DSS condition (p = 0.02) and the DSS + Cane 
condition (p = 0.02). NCT-T did not significantly differ 
between the DSS and DSS + Cane conditions (p > 0.99).

Task Completion Time
Table 2 shows the mean ± SD TCT for all three con-

ditions. A Shapiro-Wilk test showed that TCT was nor-
mally distributed for all three conditions. Figure 6 shows 
the TCTs across the three experimental conditions. TCT 
did significantly differ between the Cane and the DSS 
conditions (p = 0.18) or the DSS and the DSS + Cane con-
ditions (p = 0.70). TCT for the Cane condition was signif-
icantly lower than for the DSS + Cane condition (p = 
0.001).

National Aeronautics and Space Administration-Task 
Load Index

Figure 7 shows the subjective workload ratings 
across experimental conditions.

Mental Demand
Table 2 shows the mean ± SD TLX-MD for all three 

conditions. A Shapiro-Wilk test showed that TLX-MD 
was normally distributed in all three conditions. TLX-
MD did not significantly differ between conditions (F(2, 
12) = 0.761, p = 0.49.

Physical Demand
Table 2 shows the mean ± SD TLX-PD for all three 

conditions. A Shapiro-Wilk test showed that TLX-PD 
was not normally distributed under the DSS condition 
(p = 0.006) but was normally distributed under the Cane 
and DSS + Cane conditions (Cane: p = 0.25; DSS + Cane: 
p = 0.08). Mean TLX-PD was significantly higher for the 
Cane condition than for the DSS condition (Z = 2.375, p = 
0.02). Mean TLX-PD did not significantly differ between 
the Cane and DSS + Cane conditions (Z = 0.169, p = 0.87) 
and between the DSS and the DSS + Cane condition (Z = 
1.577, p = 0.11).

Perceived Effort
Table 2 shows the mean ± SD TLX-E for all three 

conditions. A Shapiro-Wilk test showed that TLX-E was 
normally distributed under the Cane and the DSS condi-
tions (Cane: p = 0.47; DSS: p = 0.07) but was not nor-
mally distributed under the DSS + Cane condition (DSS + 
Cane: p = 0.001). There was no statistically significant 
difference between the three conditions (2(2 , N = 7) = 
0.286, p = 0.87).

Frustration
Table 2 shows the mean ± SD TLX-F for all three 

conditions. A Shapiro-Wilk test showed that TLX-F was 
normally distributed in the Cane and the DSS + Cane 
conditions (Cane: p = 0.08; DSS + Cane: p = 0.05) but 
not in the DSS condition (DSS: p < 0.001). There was no 
significant difference between conditions (2(2, N = 7 ) = 
3.714, p = 0.16).

Table 2.
Drive-Safe System (DSS) study results (mean ± standard deviation).

Measure DSS Cane DSS + Cane
NCT

   Type I 0.86 ± 1.07 3.29 ± 3.30 0.86 ± 1.07
   Type II 0.00 ± 0.00 4.29 ± 2.87 0.14 ± 0.38
   Type III 0.00 ± 0.00 7.00 ± 2.33 0.00± 0.00
   Total 0.86 ± 1.07 14.57 ± 8.30 0.57 ± 0.79

TCT (s) 80.88 ± 13.30 65.71 ± 23.08 100.02 ± 15.23
NASA-TLX

   MD 3.50 ± 1.20 3.00 ± 2.69 2.61 ± 2.04
   PD 0.10 ± 0.19 1.64 ± 1.33 0.43 ± 0.51
   E 2.56 ± 1.99 2.99 ± 2.15 2.71 ± 1.97
   F 0.96 ± 1.65 2.22 ± 2.34 1.50 ± 1.98
   TWL 9.30 ± 3.59 12.82 ± 4.45 10.72 ± 5.00

E = Effort, F = Frustration, MD = Mental Demand, NASA-TLX = National Aeronautics and Space Administration-Task Load Index, NCT = number of collisions 
per trial, PD = Physical Demand, TCT = task completion time, TWL = total workload.



43

SHARMA et al. Evaluating DSS with visually impaired individuals
Total Workload
Table 2 shows the mean ± SD TLX-TWL for all 

three conditions. A Shapiro-Wilk test showed that TLX-
TWL was normally distributed for all three conditions. 
TLX-TWL was not significantly different between con-
ditions (F(2, 12) = 2.160, p = 0.16).

DISCUSSION

Collisions
Participants had significantly less total collisions 

when using DSS for navigation assistance than when 
using the cane alone. The collisions that did occur when 

Figure 6.
Task completion time. DSS = Drive-Safe System.

Figure 7.
National Aeronautics and Space Administration-Task Load Index (NASA-TLX) subjective workload. DSS = Drive-Safe System.
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using the DSS were typically of very low severity 
(mostly Type I) and could be avoided in the future by 
changing the programmed wheelchair stop thresholds in 
the DSS software. In contrast, the collisions that occurred 
when using the cane alone were more severe (mostly 
Type II and Type III). Participants in this study had 
expertise in using a cane and were skilled in navigating 
without visual cues. However, participants had very little 
experience using a power wheelchair, which may account 
for the large number of severe (Type II and Type III) col-
lisions that occurred when participants were using the 
cane alone. Severe collisions when using the cane 
occurred because participants could not maintain the 
coordination between scanning speed and speed of the 
wheelchair. In many cases, participants were able to 
detect the obstacles but could not stop the wheelchair in 
time and had collisions. Further, not having any under-
standing of the wheelchair’s dynamics and size also led 
participants to incorrectly judge the wheelchair’s direc-
tion of movement, which caused collisions. On many 
occasions, the obstacle-scanning area with the cane was 
not wide enough and participants were unable to detect 
the obstacles even though they were in the direction of 
the wheelchair trajectory.

In the DSS + Cane condition, participants were 
required to use only the DSS for navigation, and once 
stopped by the DSS, they could use the cane to find the 
position of the obstacle and which direction was clear for 

the wheelchair’s movement. Participants were instructed 
not to use the cane and the DSS at the same time, since 
the cane can move in front of the sensors, obstructing 
them and stopping the wheelchair. We did not collect 
information as to how long participants scanned with the 
cane and how long they used the DSS assistance in the 
DSS + Cane condition.

Task Completion Time
TCT was lower when using the cane than the DSS 

alone, but this difference was not significant. Lower TCT 
with the cane was achieved at the expense of hitting sig-
nificantly more obstacles, as shown in Figure 8.

Participants in this study had expertise using a cane 
for navigation assistance in their everyday lives. This 
expertise was primarily responsible for their lower TCTs 
with the cane alone. The average speed of the wheelchair 
when using the DSS was lower than when using the cane 
alone, because the DSS slowed the wheelchair in the 
presence of obstacles. On a few occasions, the DSS 
stopped the wheelchair as a result of false-positive obsta-
cle detection by the DSS, which added more time. The 
false-positive obstacle detection occurred because of cer-
tain architectural features of the testing area, which 
caused the reflection of ultrasound waves from one sen-
sor to be picked up by the other sonar sensor. This phe-
nomenon is very common with multiple sonar ranging 
and is termed “sensor cross talk.” Future modifications of 

Figure 8.
Collisions versus time. DSS = Drive-Safe System.
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the DSS will require different ranging patterns of the 
sonar sensors to avoid the sensor cross talk. TCT was 
greater in the DSS + Cane condition because participants 
spent more time retrieving the cane to locate the position 
of obstacles around the wheelchair whenever they were 
stopped by the DSS.

In this study, navigation when using the DSS was 
safer but was achieved at the expense of longer TCT. Pre-
viously published studies with healthcare professionals 
and wheelchair users [30] underscore the relatively 
greater importance of safe navigation and collision 
avoidance in comparison with the time required to com-
plete a given task.

Physical Demand
Physical demand was significantly higher in the Cane 

condition than the DSS condition. Physical demand when 
using the cane alone resulted from continuous scanning of 
the environment with the cane. However, in the DSS + 
Cane condition, participants did not need to scan the envi-
ronment continuously because they relied on the DSS for 
obstacle detection and the cane was used only to find 
obstacle-free areas once the wheelchair was stopped by the 
DSS. When using the DSS alone, participants felt the low-
est physical demand and this lower demand was mostly 
associated with the maneuvering of the joystick. Note, 
however, that physical demand was still low (1.56 on a 
scale from 0 to 7) under the cane condition, so whether 
physical demand was actually problematic is unclear.

Mental Demand
Participants did not experience differences in mental 

demand across experimental conditions, although that 
mental demand was relatively high in all three condi-
tions. Participants in this study had never used the cane 
and/or the DSS with the power wheelchair before, so they 
had to learn to use both of these devices for navigation 
assistance, which may have been the reason for high 
mental demand.

Frustration
Frustration did significantly differ between condi-

tions. Using a cane caused frustration because partici-
pants felt insecure about hitting obstacles, and even after 
trying hard, they could not prevent the collisions when 
using the cane alone. Frustration with the DSS was 
mainly caused by the repeated maneuvers required to 
steer the wheelchair around the obstacles, but these 

maneuvers were decreased as participants learned to use 
the DSS. Cross talk between ultrasonic rangefinders 
(URs) occurs when transmitted ultrasound waves from 
one UR are picked up by other UR and the second UR 
reports an incorrect range. The main cause of the cross 
talk is that all the URs in the DSS operate at the same fre-
quency (42 KHz); therefore, it is hard for URs to distin-
guish whether the reflected ultrasound wave is coming 
from their transmission or some other UR’s transmission.

Even though the direction and timing of ranging of 
each UR in the DSS is set in such a way as to avoid the 
cross talk, the high detection range of the UR (MaxSonar-
EZ series, MaxBotix; Brainerd, Minnesota) causes multi-
ple reflections in a few geographic situations and these 
reflected waves are picked up by other URs, which then 
report false-positive obstacles and cause the wheelchair to 
stop itself. False-positive stops because of the UR cross 
talk perplexed participants and caused frustration and 
confusion. There are two main ways to reduce the sensor 
cross talk:

  1. Change the ranging pattern of the URs to sequential 
ranging so no two URs will fire in the same direction 
at a given time.

  2. Reduce the sampling rate of the URs such that enough 
time will lag between sequential firing of the two URs 
pointing in the same direction and no residual ultra-
sound will be in the air from the previous UR.

Note, however, that frustration was still low under 
both the conditions (Cane and DSS), so whether frustra-
tion was actually problematic is unclear. 

Participants received auditory feedback from the 
DSS to help localize the position of the obstacles when-
ever the DSS stopped the movement of the wheelchair; 
however, many participants in the study had difficulty 
locating the position of the obstacles based on the audi-
tory feedback. The DSS provides auditory feedback from 
five sensor nodes (only one sensor node at a time) to 
show the position of the obstacles in any of five direc-
tions (front right, front left, right, left, back). Since the 
feedback patterns from all five sensor nodes were similar, 
participants had difficulty determining which sensor 
node was providing the auditory feedback. In addition, 
the sound of the feedback was not loud enough, so it was 
hard for participants to hear the feedback. Good, intuitive 
auditory feedback can help drivers locate the obstacles 
and steer the wheelchair around them, without the need 
for multiple joystick maneuvers. Auditory feedback from 



46

JRRD, Volume 49, Number 1, 2012
the DSS can be improved by providing distinct and 
louder auditory feedback from each sensor node.

Auditory feedback is not always the most desirable 
choice for many people with disabilities. First, the con-
tinuous beeping from the DSS may cause disturbance in 
quiet environments. Second, many people with disabili-
ties may not desire the unwanted attention to their dis-
ability that the auditory feedback might bring. Third, the 
feedback may not be heard or noticed by the user in open 
and/or crowded environments. Many participants sug-
gested incorporating tactile feedback into the DSS. Tac-
tile feedback will be more subtle and will not attract the 
attention of people other than users. Although this will be 
challenging to implement, future versions of the DSS 
should include tactile feedback so that people with hear-
ing impairments, which are common in the aging popula-
tion, can also benefit from the DSS. We also plan to have 
the option of audiofeedback through headphones in 
future versions of the DSS to ensure that the user will be 
able to hear the audiofeedback against background noise 
and so the system’s beeping will not create a disturbance 
in quiet places.

Perceived Effort
No significant difference in perceived effort was 

found between conditions. Perceived effort was high in 
all three conditions, however, indicating that subjects felt 
they exerted noticeable effort in all three conditions. A 
noticeable trend occurred in perceived effort in the three 
conditions, but the results did not reach the significance 
level because of the small sample size.

Participants had to put extra physical effort into scan-
ning of the environment by cane. Further, mental effort 
was associated with the use of the cane in learning to 
coordinate both hands while navigating toward the target 
sound. Mental effort when using the cane is likely to 
decline as people learn to coordinate both hands (scan-
ning and maneuvering). During use of the DSS, it was the 
mental component that mainly contributed to the per-
ceived effort because participants had difficulty estimat-
ing the position of obstacles while relying only on the 
auditory feedback. This caused participants to make mul-
tiple joystick maneuvers to move the wheelchair around 
an obstacle. The mental component in perceived effort 
while using the DSS along with a cane was reduced 
because participants were able to use the cane to locate 
the position and size of the obstacles and were able to 

reduce the number of joystick maneuvers required to 
move the wheelchair around an obstacle.

Total Workload
The hypothesis that total workload would be greater 

when using the cane alone was not supported. No signifi-
cant difference was found between conditions. A notice-
able trend occurred in TWL in the three conditions but 
the results did not reach the significance level because of 
the small sample size. When only the cane was used, 
TLX-MD and TLX-E together were responsible for 
47 percent of TLX-TWL. Further, TLX-F accounted for 
17 percent and TLX-PD  12 percent of TLX-TWL. When 
only the DSS was used, TLX-MD and TLX-E together 
were responsible for 65 percent of TLX-TWL. Further, 
TLX-F accounted for 10 percent and TLX-PD 3 percent 
of TLX-TWL. When the DSS along with the cane was 
used, TLX-MD and TLX-E together were responsible 
for 50 percent of TLX-TWL. Further, TLX-F accounted 
for 14 percent and TLX-PD contributed 13 percent of 
TLX-TWL.

A major advantage of the DSS for this population is 
that it can help users detect dynamic obstacles such as 
persons, pets, and vehicles. Visually impaired individuals 
are known to be adept at learning their environments and 
adapting to them in a short time. This ability would have 
introduced a confound in our data had we tested the DSS 
in a more naturalistic environment such as a home or 
workplace. Our primary goal in this phase of develop-
ment and evaluation of the DSS was to evaluate the 
robustness of the hardware and software in detecting 
obstacles and providing valuable feedback for navigation 
assistance. Therefore, we decided to focus on a relatively 
simple setup for our experiment as opposed to a more 
naturalistic environment such as a home or a workplace. 
This allowed us to dynamically change the positioning of 
obstacles in order to test the capability of the DSS to 
detect dynamic obstacles. By providing the destination 
goal in the form of auditory cues, changing the obstacle 
positioning, and changing the participants’ initial posi-
tion across trials, we could ensure that they did not 
remember the path. This would not have been feasible to 
do in a more naturalistic environment.

We intend to modify the behavior of the DSS based 
on the findings of this experiment and later conduct more 
rigorous field trials with the modified version of the DSS 
using a single-subject design in more realistic settings 
such as a potential user’s home or work environment. We 
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believe that even in naturalistic settings, users will be less 
prone to hitting obstacles when using the DSS than when 
using a cane for navigation. Further, we hypothesize that 
people will be encouraged to explore newer environ-
ments when using the DSS.

CONCLUSIONS

Participants with visual impairments did not experi-
ence any significant difference in mental demand, per-
ceived effort, frustration, or total workload. Participants 
felt less physical demand when driving the wheelchair 
while receiving navigation assistance from the DSS. 
“These results indicate that the DSS was able to provide 
reliable sensor coverage around the wheelchair and was 
able to avoid any catastrophic collisions which otherwise 
would have resulted in injury to the user or property dam-
age.”a The DSS reduced the number of collisions and the 
severity of collisions but did not increase the time 
required to complete navigation tasks. Many results from 
this study showed differences in the dependent variables, 
but these differences did not reach significance because 
of the small sample size.

“One limitation of the research described above is 
that it was conducted in a controlled laboratory environ-
ment, which does not perfectly represent real world sce-
narios that people with disabilities encounter in their day-
to-day lives.”a Results from this controlled environment 
study cannot be generalized to use of the DSS with the 
targeted nonambulatory, visually impaired individuals in 
real world scenarios; hence more research using “field 
trials” in which the DSS is used by nonambulatory, visu-
ally impaired individuals for extended periods of time in 
their naturalistic living spaces is necessary. Another 
advantage of field trials is that users will be able to expe-
rience the DSS for several hours and will provide valu-
able feedback regarding the performance of the DSS in 
unconstrained environments. “Investigators involved in 
the evaluation of the DSS in real world settings should 
also evaluate the users’ ability to function when using the 
navigation assistance from the DSS using instruments 
such as FEW [34] or Power Mobility Indoor/Community 
Driving Assessment [11].”a

When an individual obtains a new power wheelchair, 
he or she often purchases the wheelchair through a clini-
cian, who is responsible for configuring the wheelchair 
(e.g., input method, maximum velocity, and maximum 
acceleration), selecting seating and positioning hardware 

(e.g., cushions, lateral supports, and headrests), and 
mounting other equipment on the wheelchair (e.g., com-
munication devices, lap trays, and ventilators). The 
assessment process typically involves reviewing the cli-
ent’s medical history; measuring the client’s flexibility 
and range of motion; assessing the perceptual, motor, and 
cognitive skills required to operate a power wheelchair; 
interviewing the client and caregivers; and, ultimately, 
some experimenting to identify a system that best meets 
the client’s needs. Future evaluation of the DSS should 
involve occupational therapists, rehabilitation technolo-
gists, and wheelchair suppliers who provide wheelchair 
seating and mobility services. These participants should 
complete mock powered mobility assessments involving 
the DSS to evaluate the system’s ability to coexist with 
standard seating and positioning hardware. In mock pow-
ered mobility assessment, the clinician will be asked to 
attach the DSS to a standard power wheelchair, along with 
whatever seating and positioning hardware is required to 
accommodate the needs of a hypothetical client, and to 
configure both the underlying power wheelchair and the 
DSS appropriately for the client. The clients will be 
assigned randomly from a set of hypothetical clients cre-
ated by investigators based on their clinical experience 
with nonambulatory, visually impaired individuals. Dur-
ing the assessment, adult-sized and child-sized manne-
quins will be used to simulate the clients’ bodies. The 
trials will also provide insight into the training and docu-
mentation that clinicians will need to effectively utilize 
the DSS in practice. The mock powered mobility assess-
ments will be used to evaluate the effectiveness of the 
instructional materials and configuration software of the 
DSS.

Another limitation of the work described concerns the 
obstacles used. “Five foot high cylindrical cardboard tubes 
were used in this study as obstacles. The height and shape 
of these obstacles made them easy to be detected by sonar 
and infrared sensors and this is likely to have enhanced the 
obstacle detection performance of the DSS.”a

The safety of the wheelchair driver and safety of the 
environment are key factors that clinicians and rehabilita-
tion practitioners consider when prescribing powered 
mobility for people with disabilities. The DSS’s perfor-
mance in avoiding collisions without significantly 
increasing TCT presents it as an encouraging intervention 
for safe and independent mobility for visually impaired 
wheelchair users.
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