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Abstract

Wheelchair-mounted robotic arms (WMRAs) are assistive manipulators designed to in-
crease the functional independence of individuals with limitations in the upper and lower
extremities. While previous research has identified several visual, cognitive, and physical
abilities that facilitate optimal operation of such a device, these have yet to be accounted for
when designing the human–robot interface. This study investigates whether interface-level
compensations can improve usability and support more personalized control across users
with different abilities. Five interface compensations were implemented and evaluated:
object highlighting, move suggestions, slowing near objects, a one-click approach, and a
level indicator. A user study was conducted among individuals with spinal cord injury
as well as able-bodied younger and older adults serving as comparison groups. Evalua-
tions of task performance metrics, perceived WMRA usability, and user experience were
conducted. The results indicate that younger adults achieved the highest task efficiency,
followed closely by participants with spinal cord injury, with both groups reporting good-
to-excellent usability, whereas older adults showed lower efficiency and rated the system
as having fair usability. The one-click automated object approach feature was identified as
the most useful compensation among all participant groups. Overall, participant feedback
indicated that spatial visualization and spatial orientation were the most important individual
differences affecting the operation of the arm.

Keywords: assistive robotics; compensation; human–robot interaction; usability; user
interface; wheelchair-mounted robotic arm; spinal cord injury

1. Introduction
Millions of Americans rely on assistive mobility devices (e.g., wheelchairs and scooters)

as a way to increase their functional independence. Yet, a majority of these users require
additional assistance in completing instrumental activities of daily living (IADLs) [1]. These
activities include everyday tasks, such as retrieving a remote from the ground, a glass from
a table, or a book from a high shelf of a bookcase [2]. Many turn to caregiver support to
address these issues, though it presents several drawbacks. In-home caregiver support can
be costly and does not increase user functional independence, which has been associated
with improvements in quality of life [3]. A more suitable solution is to augment a user’s
functional capability with a mobile assistive robot, such as a wheelchair-mounted robotic
arm (WMRA).
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WMRAs have been in use for over 40 years [4]. While technological improvements
over the years have led to size and weight reductions, their basic design has remained rela-
tively unchanged. A typical WMRA is composed of multiple arms segments which end in a
gripper or “hand” that is used to grab and manipulate objects at a distance. These multiple
segments require control of several degrees of freedom (e.g., six degrees of freedom may
indicate three translational directions—front/back, left/right, and up/down—and three
rotational movements—roll, pitch, and yaw) in order to locate the end-effector with arbi-
trary orientation in 3D space. Common control devices include joysticks and touchscreens.
As users cannot always directly observe the object they wish to retrieve, a camera-in-hand
is mounted on the WMRA, and the video feed is relayed to the user’s display.

Operation of such a device may be difficult for users who have sensory and upper-
body mobility limitations, which are common across several disability conditions (e.g.,
spinal cord injury) [5]. This has led to designing WMRA systems to be increasingly auto-
mated in performing ADLs for the user [6–11]. Although automation can reduce the need
for user control, individuals with disabilities often prefer to maintain autonomy by directly
controlling the robot. In a three-week user study, Kim et al. evaluated the relationship
between autonomy, performance, and user satisfaction in individuals with spinal cord
injury using an assistive robotic manipulator. Their results showed that while higher
levels of automation could improve objective task performance in some cases, increased
autonomy did not consistently lead to higher user satisfaction. Several participants ex-
pressed a preference for retaining direct control over the robot, highlighting the importance
of perceived autonomy and user involvement in an assistive robotic system [12]. In a
follow-up and more comprehensive study, Kim et al. systematically evaluated multiple
autonomy levels in an assistive robotic arm among spinal-cord-injured users. The study
demonstrated that higher robot autonomy could improve task efficiency, but users often
preferred lower or shared autonomy modes that allowed them to remain actively involved
in control. The authors found that perceived control and autonomy were strongly linked to
user satisfaction, even when fully autonomous modes performed better objectively. These
findings emphasize that users with disabilities value maintaining control over assistive
robots rather than relinquishing it entirely to automation [13].

Usability remains a persistent challenge due to the need for precise control of multiple
degrees of freedom and reliance on indirect visual feedback via camera-in-hand systems. A
more effective approach is for the robot to collaborate with the user. Recent research has
shifted toward shared autonomy and semi-autonomous control to reduce cognitive and
physical demands. For instance, Styler et al. demonstrated that a vision-guided shared-
control system significantly reduced task time and mental workload in kitchen-based tasks,
although roughly half of the participants still preferred manual joystick control for greater
autonomy [14]. Alternative control modalities—including chin-joysticks, eye-gaze, and
keypads—have shown high precision and accessibility in healthy participants, but they
do not address cognitive or spatial challenges, nor have they been tested thoroughly with
SCI users [15]. Similarly, Liu et al. proposed a laser-pointing affordance interface that was
evaluated on a robotic platform rather than human participants. The system achieved
an ~85% reduction in limb movement time and high object selection accuracy, though its
effectiveness with actual users, including those with SCI, remains untested [16]. For a more
exhaustive literature survey, we refer the readers to [17–23]. Collectively, these studies
rarely isolate compensatory interface features (e.g., object highlighting, slowing near objects,
movement suggestions, and one-click approaches), evaluate performance across diverse
populations, or consider how cognitive and spatial abilities influence user performance.

Leveraging previous research on telerobotics [24–27], our previous research identified
individual differences across several visual, cognitive, and physical abilities which were
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associated with people’s ability to complete simulated ADLs [28,29]. Higher levels of
processing speed, spatial ability, working memory, dexterity, and visual ability led to decreases
in time-on-task and the number of moves required to execute an ADL. While taking longer
to complete a particular task is not in itself a marker of reduced performance, it may lead
to the user feeling less effective and less independent when completing ADLs. Users may
be less likely to rely on this technology when multiple objects must be retrieved, such as
during grocery shopping. Thus, individuals’ functional independence may still be reduced.

The present study examined human–robot interface compensations grounded in
established theories of human–robot interaction, including shared and adjustable auton-
omy, cognitive load theory, situation awareness, and sense of agency [30–35]. These
compensations—interface features designed to mitigate sensory, cognitive, and physical
limitations—aim to reduce perceptual and mental workload while preserving user au-
tonomy and active involvement in control. In particular, object highlighting and motion
slowing near objects align with cognitive load theory by reducing visual search demands
and decision-making complexity [30,31], whereas move suggestions and one-click auto-
mated object approach reflect shared autonomy principles by assisting task execution
without removing user initiation or authority [32,33]. The level indicator provides contin-
uous feedback that supports spatial awareness and reinforces perceived control during
manipulation tasks [34], while design choices that maintain user initiation and feedback
loops contribute to a stronger sense of agency [35]. Quantitative and qualitative metrics
were analyzed across three participant groups to evaluate both objective performance
differences and perceived usability benefits, enabling assessment of how these theoreti-
cally motivated compensations support effective human–robot collaboration across diverse
user populations.

The remainder of the paper is organized as follows: Section 2 goes over the initial
choice of human factors, technical details of the human–robot interface compensations, ex-
perimental setup, methodology, and performance metrics for the study. Section 3 describes
the quantitative results and the determination of the important human factors. Section 4
focuses on usability and user experience evaluation using a grounded theory analysis based
on quantitative and qualitative user data collected from the participants. Finally, Section 5
concludes the paper with a discussion of the current research and direction for future work.

2. Methods
2.1. Participants

Eight participants with spinal cord injury (SCI), including three females, aged 29 to 54
(M = 39.75, SD = 9.84), completed the study. One additional participant did not complete
the second study session due to scheduling difficulties. SCI participants were recruited
from SCI resource and support groups, rehabilitation centers, and sports organizations
in the Greater Orlando area. To qualify for the study, participants needed to be clinically
diagnosed with a spinal cord injury between C3 and C7 and be at least 90 days post-injury.

Twenty able-bodied young adults (YA), 10 females, aged 18 to 30 (M = 20.95, SD = 3.95),
acted as a baseline group. Three additional participants did not complete the study: two had
technical issues with the WMRA, and one did not return for the second study session. YA
participants were recruited via the University of Central Florida’s (UCF) SONA Psychology
Research Participation System and received class credit for each study session completed.

Twenty able-bodied older adults (OA), 10 females, aged 54 to 90 (M = 73.75,
SD = 10.10), also completed this study. OA were included in this study since aging is
generally accompanied by a decline in many of the individual differences identified as
being important for optimal operation of the WMRA [28,29]. An additional nine older
adults did not complete the study: five had technical issues with the robotic arm, and
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four did not score a minimum of 26 on the Montreal Cognitive Assessment (MoCA) [36].
OA participants were recruited from the Greater Orlando area through the Learning In-
stitute for Elders (LIFE) at UCF and through an OA research volunteer database created
and maintained by UCF research labs. SCI and OA received USD 15 compensation per
completed session.

2.2. Materials

(1) Questionnaires and Assessment Tools: A short demographics questionnaire was used
to record information regarding age, gender, and education level. For SCI participants,
information regarding the year of injury and the vertebrae affected was also collected.

Table 1 lists the individual differences measured and corresponding assessments. The
following cognitive abilities were included in the individual differences: (a) processing
speed or the speed of visual processing; (b) working memory as the capacity to temporarily
hold mental information; (c) spatial visualization as the ability to mentally transform a
perceived object; and (d) spatial orientation which refers to the ability to imagine different
viewpoints of a scene. As part of a larger series of studies, additional individual differences
were measured but not included in the present analysis.

Table 1. Individual differences and corresponding measures.

Contrast Sensitivity (CS) Functional Acuity Contrast Test [37]

Processing Speed (PS) Useful Field of View (UFOV) Subtest 1 [38]

Working Memory (WM) Two-Back Task [39]

Spatial Visualization (SV) Mental Rotations Test [40]

Spatial Orientation (SO) Perspective Taking Test [41]

A three-item questionnaire was used to assess participants’ experience with each
compensation, including any likes or dislikes. The 10-item System Usability Scale (SUS) [42]
assessed perceived usability of the robotic arm system. The items were adapted for the
current study (i.e., “robot arm” replaced “robot”). Participants were asked to rate the items
(e.g., “I thought the robot arm was easy to use”) on a five-point scale from strongly disagree
to strongly agree. A concluding six-item questionnaire was used to obtain additional
feedback regarding the compensations and the overall system.

(2) Robotic Arm and Control Modalities: The UCF-MANUS is a six-degrees-of-freedom
assistive robotic manipulator modified from the commercially available ARM from Exact
Dynamics, Inc. (Didam, The Netherlands). The robotic arm has a lifting capacity of 2.041 kg
and a reach of 0.8 m. The interface has been modified over several generations of the UCF-
MANUS to be more inclusive [8,43]. The arm was controlled by a touchscreen GUI or a
3D mouse [44]. The software for the robot ran on a Windows computer and automatically
recorded and time-stamped all movements of the arm.

As shown in Figure 1, the GUI included a view from a camera mounted on the robotic
arm gripper, a feedback panel, and touchscreen buttons for controlling the movements of
the arm. To ensure safety, every motion button had to be continuously latched to keep the
robot moving. The GUI ran on a TOGUARD portable monitor, 10.1 Inch touchscreen IPS
HD 1280 × 800. The 3D mouse was a six-degrees-of-freedom SpaceMouse [44] designed
for work with computer-aided design programs. Robot arm movements were mapped to
individual movements with the mouse. For example, moving the mouse forward resulted
in the robot arm moving forward.

https://doi.org/10.3390/machines14020174

https://doi.org/10.3390/machines14020174


Machines 2026, 14, 174 5 of 25

Figure 1. Touchscreen graphical user interface. a. shows move suggestion implementation through
button highlighting. b. shows level indicator.

Participants were seated to the left of the base of the robot to mimic use as if the
arm was attached to a wheelchair. OA and YA sat on a chair while SCI participants were
able to maneuver their wheelchairs into the same position. A small rolling tray table fits
under the legs of the chair to create a similitude of a tray table placed on the right arm of a
wheelchair. The touchscreen and 3D mouse were affixed to the table with Velcro. If more
comfortable for SCI participants, a lap tray topped with a non-slip cover was used to hold
the touchscreen. As shown in Figure 2, a bookshelf with four shelves was placed in front of
the robot. The top shelf was divided into two cubes, and the view of the top right cube was
obstructed by a barrier created from a poster board in order to force the users to utilize the
live camera view projected on the GUI. A small stand placed in the top-right cube allowed
for a box to be placed at a 45◦ angle. A small table was placed to the right of the robot. Tape
was used to create three “target areas” on the top of the table.

Figure 2. Experimental setup from the subject’s POV when facing right while seated next to the robot.

(3) Compensations: Five compensations were included in the study. The compensations
were turned on and off via the touchscreen GUI.
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(a) Move suggestions provided auditory and visual suggestions as to the next direc-
tion the arm could be moved to reach an object. Visual suggestions were given through
highlighting the suggested button on the GUI (e.g., see the button highlighted in blue in
Figure 1). An in-built gripper navigation function was utilized to plan in real time the
sequence of motion from the current state to the final state while keeping the object in the
camera’s field of view during execution of the motion. The suggestion feature was initiated
2.5 s after the last movement initiated by the user ceased. These suggestions could aid users
with spatial visualization and orientation difficulties who may be hindered in planning
arm movements. Additionally, those with lower working memory may feel a decreased
workload in operating the arm.

(b) One-click to approach was a GUI button that, when activated, automatically
moved the arm toward the object and alerted the user when the object was within the grip-
per’s reach and ready for grasping. This feature may assist users with reduced processing
speed or working memory, who might struggle to perform multiple successive movements
while retaining task parameters. Additionally, reducing the number of control movements
may aid users who have dexterity deficits.

To obtain an optimal grasp gesture, an algorithm developed in-house [44] detected
graspable edge pairs (such as two opposite edges of a box surface) and selected the optimal
pair by ranking their features, such as edge length and the orientation of the fitted surface.
Finally, a collision-free path was generated [45] and carried out. The target object remained
in the field of view [46] throughout the approach path.

(c) Object highlighting equalized the histogram (i.e., showed pixels in the view at
different brightness), to change the brightness of the foreground and background [46], thus
enhancing contrast [47] in the camera view. This feature may aid users with deficiencies in
contrast sensitivity.

(d) Slowing near an object automatically reduced the speed of the arm when an
object was detected nearby. Gripper-to-object distance was extracted from the depth image
obtained by the gripper-mounted RGBD camera.

The reduction in speed could aid users with decreased processing speed abilities as it
provides additional time for reaction and decision-making. Additionally, the feature may
aid those with lower contrast sensitivity who have more difficulty seeing details within the
environment or camera view.

(e) The level indicator was meant to provide an indication of the gripper position to
aid users with deficiencies in spatial visualization and orientation abilities who may benefit
from assistance to re-orient the gripper after multiple manipulations. Given feedback
from many OA indicating a high degree of confusion with this indicator and that they
largely ignored the feature, the use of this compensation was discontinued for YA and
SCI participants.

2.3. Procedures

(1) Assessments: Upon arrival on the first day, OA were screened with the MoCA and
dismissed from the study if unable to score a minimum of 26. All participants
completed the informed consent, demographics questionnaire, and personality ques-
tionnaire. Participants then completed the vision assessments. To avoid fatigue or
order effects, YA and OA participants then completed the remaining assessments in
randomized order.

The processing speed and working memory assessments were completed on a com-
puter, while the spatial visualization and spatial orientation measures were performed
with pen and paper. To limit excessive adjustments of the wheelchairs, lab equipment, and
assistive writing or typing devices for SCI participants, the assessments were paired by
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modality. Pairs of assessments were performed in random order, and the assessments were
presented randomly within each pair.

(2) Tasks: Participants completed baselines for the two study tasks in randomized order.

Task TA was an object retrieval task meant to mimic grabbing an object from a high
shelf, which may not be visible for a wheelchair user. Participants were instructed to grab a
box from the top-right cube of the bookshelf, utilizing the camera view on the GUI. The
box was on the stand and thus at an angle. Once the box was retrieved from the shelf,
participants could look at the camera view or the robot and the box in order to bring the
box to themselves. The task ended when the box was released from the robot into the hand
of the participant or researcher standing next to the participant (as needed for SCI).

Task TB was a pick-and-place task that required participants to grab a square bottle
from the second bottom shelf in front of them and then place the bottle in the middle target
of the side table. No restrictions were placed on where the participant could look to achieve
the task. The task ended when the bottle was released in the target area.

(3) Compensations: The compensations were activated one at a time in random order.
Participants were given a brief description of what had changed. For instance, with
the move suggestion feature, participants were told that if there was a delay in
choosing a movement, suggestions for the next movement would be offered on the
screen and auditorily.

Contrast enhancement and the level indicator were features on the GUI and were
therefore utilized with Task TA, which required the use of the camera view. Velocity
reduction was also paired with Task TA, as the object retrieval portion of the task was more
complex than for Task TB. The move suggestions and click-to-approach compensations
required the object to be in view of the camera for the software to provide suggestions or
plot a path. As such, these two compensations were always used to complete Task TB. After
using each compensation, participants answered aloud to three items: “Did the addition
of [compensation] change your experience using the robotic arm?”, “What did you like about
[compensation]?”, “What did you dislike about [compensation]?”.

(4) Study Details: On average, OA required more time to complete the individual differ-
ence assessments and therefore completed the robotic arm tasks during a second and
third session, while SCI and YA completed the tasks in the first and second sessions,
with each session lasting approximately one hour. Figure 3 outlines how the workload
was broken down per session for each group.

 Session 1 Session 2 Session 3 

OA Assessments 

Training 
Practice 
Testing w/o Comp 
Comps 1–2 

Refresher 
Practice 
Comp 3–5 
Testing w/Comp 

YA/SCI 

Assessments 
Training  
Practice  
Testing w/o Comp 

Refresher 
Practice 
Comp 1–4 
Testing w/Comp 

 

Figure 3. Study sessions for each participant group.

OA and YA participants were randomly assigned to use the touchscreen or 3D mouse.
Given the dexterity requirements of the mouse, all SCI participants used the touchscreen.
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Seven SCI participants were able to use their hand to press the touchscreen buttons, gener-
ally by pressing with the outer edge of the pinkie finger and knuckle. One SCI participant
used a mouth-held stylus. For all tasks, participants were instructed not to stand up or
move from the chair in any way. The camera view was to be used if participants could not
see an object directly. The arm was returned to a pre-set starting position before each task.
A researcher recorded the approximate start and end time for each movement, which was
later used to calculate the exact time on each task and the number of moves, both of which
were recorded automatically by the robotic arm software.

Participants were positioned next to the robotic arm setup, as shown in Figure 2. A
brief introduction to the robot was followed by training in which the researcher demon-
strated each button/mouse control and asked the participant to perform the same. A
practice session followed the training, in which participants completed four object retrieval
and placement tasks that together encapsulated all possible movements of the robotic arm.
The participants were then given the opportunity to practice as they wished. No participant
practiced for more than five minutes. This was followed by testing without compensation
for tasks TA and TB in random order.

In the subsequent robotic arm session, a refresher of the controls was conducted
in which the researcher briefly demonstrated the controls for the participant, with the
participant then conducting the same movements. Participants also completed the same
practice tasks as in the first robotic arm session. This was followed by an introduction
to each of the compensations and subsequently testing Tasks TA and TB with the aid
of compensations.

Finally, participants were asked to complete the SUS, and a six-item open-ended
questionnaire was administered as follows. Participants were asked to identify which
compensation they found most useful, as well as which compensation was least useful.
Participants were then asked to describe what aspects of their experience gave them the
most difficulty using the system, followed by three questions regarding suggestions to
improve the system: “What features or functions should be added to the system?”, “What type of
feedback would be useful to have from the system?”, and “How do you think the system could be
improved overall?”.

3. Experimental Task Results
Results of the performance measures are presented first, while qualitative analyses of

the interviews are presented in Section 4 below. Figure 4 shows differences in performance
across all participant groups for each compensation. A shortcoming in our research design
resulted from only having time for participants to use each compensation once. Even
counterbalancing compensation presentation, practice effects are nevertheless evident in
the results.

These scores reflect that, relative to each other, YA completed all tasks fastest and OA
took the longest time on each task, with the exception of the baseline for Task 2, where
SCI participants were slowest. In the number of moves, SCI made approximately the
same number of moves as YA. As SCI times on task were higher, the relative efficiency of
movements/time was less for SCI than for YA. OA, generally requiring more time and a
higher number of moves, had the poorest overall efficiency.

Tables 2 and 3 detail the performance results for time and number of moves for
each task, by participant group and cognitive or perceptual differences. Although the
effect was countered as participants progressed from baselines to end lines, the effect was
considerably lessened over Task 2 due to the plateauing of the learning curve as participants
gained experience. The change in time and practice effects were taken into consideration
during analyses.
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Figure 4. Mean time-on-task and the number of moves for younger, older, and SCI participants,
broken down by task: baseline 1 (B1), object highlight (OH), slowing near objects (SNO), endline 1
(second baseline for task 1; E1), baseline 2 (B2), move suggestions (MS), one-click (1C), and endline 2
(second baseline for task 2; E2). Error bars 95% confidence intervals.

Table 2. Mean, standard deviation, and Z-score for total time and number of moves in task 1 across
participant groups. Among SCI groups: 1 n = 1, 2 n = 2, 3 n = 3, 4 n = 5.

TASK 1

B1 OH SNO E1

GROUP M (SD) Z M (SD) Z M (SD) Z M (SD) Z

Younger ToT 1.85
(0.47) −0.62 1.49

(0.43) −0.74 1.68
(0.36) −0.65 1.21

(0.25) −0.67

NoM 52.20
(19.27) −0.41 40.10

(15.66) −0.50 42.30
(15.95) −0.48 33.40

(9.78) −0.59

Older ToT 4.16
(2.07) 0.69 3.02

(1.06) 0.72 3.32
(1.54) 0.56 2.58

(1.28) 0.62

NoM 93.35
(50.77) 0.60 64.70

(23.29) 0.64 73.15
(33.77) 0.60 59.85

(24.86) 0.66

SCI ToT 2.65
(0.90) −0.17 2.32

(0.62) 0.21 2.85
(1.29) 0.22 2.07

(0.50) 0.14

NoM 49.63
(13.09) −0.47 43.00

(6.48) −0.36 47.38
(14.69) −0.30 42.25

(8.29) −0.17

CS ToT 3.91
(2.09) 0.55 2.93

(0.96) 0.64 3.57
(1.68) 0.74 2.68

(1.41) 0.71

NoM 82.13
(49.73) 0.34 59.94

(23.65) 0.42 74.56
(37.32) 0.65 57.50

(26.39) 0.55
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Table 2. Cont.

TASK 1

B1 OH SNO E1

GROUP M (SD) Z M (SD) Z M (SD) Z M (SD) Z

SCI-CS 1 ToT 4.18 0.70 2.63 0.35 5.53 2.19 2.43 0.48

NoM 60 −0.22 51 0.01 77 0.74 50 0.19

WM ToT 3.99
(2.31) 0.59 2.90

(1.18) 0.61 3.31
(1.57) 0.55 2.32

(1.02) 0.37

NoM 83.94
(55.79) 0.37 58.39

(25.94) 0.35 69.56
(37.25) 0.48 52.78

(27.72) 0.32

SCI-WM 2 ToT 3.43
(1.06) 0.28 2.87

(0.33) 0.58 4.60
(1.32) 1.50 2.61

(0.25) 0.65

NoM 55.00
(7.07) −0.34 50.50

(0.70) −0.02 64.00
(18.38) 0.28 49.00

(1.41) 0.15

PS ToT 2.84
(1.90) −0.06 2.03

(0.92) −0.23 2.37
(0.99) −0.13 1.79

(0.85) −0.12

NoM 73.18
(57.07) 0.10 48.18

(27.40) −0.12 58.47
(35.35) 0.09 45.77

(26.17) −0.01

SCI-PS 3 ToT 2.23
(0.46) −0.41 2.19

(0.79) −0.07 2.58
(0.94) 0.02 2.07

(0.63) 0.14

NoM 46.00
(9.64) −0.56 40.67

(8.08) −0.47 42.67
(7.37) −0.47 39.67

(8.02) −0.29

SO ToT 4.05
(2.34) 0.62 2.90

(1.25) 0.61 3.43
(1.83) 0.64 2.55

(1.44) 0.59

NoM 79.80
(52.15) 0.27 57.20

(25.92) 0.29 60.40
(31.76) 0.15 54.13

(26.76) 0.39

SCI-SO 3 ToT 2.83
(1.17) −0.06 2.21

(0.40) −0.06 3.26
(1.97) 0.51 1.89

(0.47) −0.03

NoM 51.00
(14.73) −0.44 43.00

(7.00) −0.36 52.00
(22.91) −0.14 41.00

(8.19) −0.23

SV ToT 2.85
(1.01) −0.05 2.36

(0.83) 0.09 3.37
(1.85) 0.60 2.25

(1.36) 0.31

NoM 60.80
(19.76) −0.20 47.60

(12.37) −0.15 66.00
(30.88) 0.35 48.20

(19.47) 0.11

SCI-SV 4 ToT 2.68
(0.87) −0.15 2.28

(0.58) 0.02 3.09
(1.53) 0.39 2.02

(0.55) 0.09

NoM 51.20
(10.47) −0.44 43.00

(7.00) −0.36 49.40
(17.04) −0.23 40.60

(8.11) −0.25

To assess whether one perceptual (contrast sensitivity) or four cognitive (working
memory, processing speed, spatial orientation, and spatial visualization) domains, as well
as age, had any effect on the overall participants’ performance with each task and compen-
sation, the variables were regressed with each task/compensation’s time and number of
moves as the dependent variables. As shown in Table 4, age was the primary factor affecting
performance with the WMRA. Age was a significant regressor for all measurement points,
except for the second baseline. Generally, as the age of participants went up, time-on-task
and the number of moves increased. Contrast sensitivity, processing speed, and working
memory differences had no significant effect on participant performance. However, spatial
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orientation had a significant effect on B2 time, all task 1 compensations time, and E1 time,
while spatial visualization had a significant effect, as shown in Table 2.

Table 3. Mean, standard deviation, and Z-score for total time and number of moves in task 2 across
participant groups.

TASK 2

B2 MS 1C E2

GROUP M (SD) Z M (SD) Z M (SD) Z M (SD) Z

Younger ToT 1.10
(0.36) −0.62 1.06

(0.19) −0.72 1.07
(0.24) −0.55 0.88

(0.20) −0.60

NoM 34.65
(14.56) −0.18 28.55

(10.45) −0.45 23.10
(9.34) −0.30 25.00

(9.31) −0.36

Older ToT 1.69
(0.64) 0.32 1.96

(0.69) 0.72 1.79
(0.78) 0.60 1.66

(0.76) 0.65

NoM 37.40
(14.56) 0.01 41.85

(15.14) 0.53 30.35
(11/78) 0.39 36.75

(17.69) 0.46

SCI ToT 1.96
(0.58) 0.76 1.49

(0.30) −0.02 1.34
(0.24) −0.13 1.17

(0.21) −0.14

NoM 43.50
(14.34) 0.42 32.25

(7.21) −0.18 24.00
(5.76) −0.22 26.63

(7.27) −0.25

CS ToT 1.72
(0.72) 0.38 1.84

(0.70) 0.52 1.59
(0.53) 0.28 1.55

(0.67) 0.48

NoM 38.63
(14.44) 0.09 37.50

(14.56) 0.21 27.69
(11.54) 0.14 34.69

(19.53) 0.32

SCI-CS 1 ToT 2.30 1.30 1.50 −0.02 1.57 0.24 1.50 0.40

NoM 46 0.59 30 −0.35 29 0.26 35 0.34

WM ToT 1.69
(0.74) 0.33 1.82

(0.78) 0.51 1.76
(0.83) 0.56 1.50

(0.83) 0.40

NoM 38.39
(17.01) 0.08 37.94

(17.20) 0.24 29.78
(13.09) 0.34 32.83

(19.76) 0.19

SCI-WM 2 ToT 2.29
(0.65) 1.29 1.64

(0.20) 0.21 1.55
(0.02) 0.22 1.27

(0.33) 0.02

NoM 49.50
(4.95) 0.82 30.00

(0.00) −0.35 31.00
(8.00) 0.45 26.00

(12.73) −0.29

PS ToT 1.49
(0.72) 0.01 1.44

(0.57) −0.10 1.33
(0.32) −0.14 1.28

(0.68) 0.05

NoM 34.94
(17.08) −0.16 32.77

(15.49) −0.14 24.18
(9.77) −0.20 32.12

(20.21) 0.14

SCI-PS 3 ToT 1.94
(0.53) 0.73 1.57

(0.27) 0.10 1.46
(0.23) 0.66 1.17

(0.17) −0.13

NoM 41.00
(13.11) 0.25 31.33

(2.31) −0.25 26.33
(7.64) 0.01 25.33

(9.71) −0.34

SO ToT 1.83
(0.70) 0.55 1.90

(0.71) 0.62 1.78
(0.89) 0.58 1.60

(0.85) 0.57

NoM 38.00
(17.49) 0.05 38.27

(13.69) 0.26 26.87
(13.34) 0.06 35.07

(19.85) 0.35
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Table 3. Cont.

TASK 2

B2 MS 1C E2

GROUP M (SD) Z M (SD) Z M (SD) Z M (SD) Z

SCI-SO 3 ToT 1.90
(0.38) 0.66 1.60

(0.09) 0.15 1.34
(0.30) −0.11 1.24

(0.23) −0.02

NoM 42.00
(6.08) 0.32 36.67

(6.11) 0.14 23.33
(5.51) −0.28 30.00

(4.36) −0.01

SV ToT 1.58
(0.48) 0.14 1.66

(0.56) 0.24 1.53
(0.36) 0.19 1.39

(0.46) 0.22

NoM 37.40
(8.51) 0.01 36.93

(11.00) 0.16 28.40
(6.59) 0.20 31.07

(9.15) 0.06

SCI-SV 4 ToT 2.04
(0.33) 0.88 1.65

(0.10) 0.23 1.44
(0.25) 0.04 1.22

(0.20) −0.05

NoM 44.40
(6.47) 0.48 34.80

(5.22) 0.01 26.20
(5.81) −0.01 28.60

(7.64) −0.11

Younger, older, and SCI include all participants within those groups. All other groups include only the lowest-
performing tercile in each perceptual or cognitive test. CS = contrast sensitivity, PS = processing speed,
WM = working memory, SO = spatial orientations, SV = spatial visualization. Among SCI groups: 1 n = 1,
2 n = 2, 3 n = 3, 4 n = 5.

Table 4. Linear regression model and coefficient statistics.

Variable TASK 1 B1 OH SNO E1 TASK 2 B2 MS 1C E2

Age ToT 0.56 *** 0.60 *** 0.47 *** 0.53 *** 0.71 *** 0.57 *** 0.59 ***
NoM 0.49 *** 0.54 *** 0.58 *** 0.62 *** 0.48 *** 0.36 * 0.37 **

SO ToT −0.27 * −0.32 * −0.28 * −0.33 *

SV NoM −0.31 *

F ToT 19.95 *** 23.04 *** 19.33 *** 22.14 *** 8.81 ** 45.56 *** 21.71 *** 24.63 ***
NoM 14.53 *** 19.14 *** 22.93 *** 28.59 *** 4.98 * 14.02 ** 6.99 * 7.38 **

R2 ToT 0.45 0.59 0.44 0.47 0.25 0.49 0.31 0.34
NoM 0.22 0.28 0.32 0.37 0.08 0.22 0.11 0.12

Backwards linear regression results. Only significant standardized beta coefficients are shown, as well as model F
and adjusted R2. No significant results for contrast sensitivity, working memory, or processing speed. Baseline 1
(B1), object highlight (OH), slowing near object (SNO), endline 1 (second baseline for task 1; E1), baseline 2 (B2),
move suggestions (MS), one-click (1C), and endline 2 (second baseline for task 2; E2). Spatial orientation (SO) and
spatial visualization (SV). * p < 0.05, ** p < 0.01, *** p < 0.001. Model: ToT or NoM = Age(X) + CS(X) + WM(X)
+ PS(X) + SO(X) + SV(X) + Constant.

Weak effect on the B2 number of moves. In all relevant cases, as spatial skills increased,
the time or the number of moves decreased.

The importance of both spatial skills in B2 is likely due to participants’ first use of
the arm without the requirement to look at the camera. This requires understanding the
orientation of the arm in space without a first-person point of view between arm and target,
as well as the position and angle of the gripper. Neither spatial orientation nor visualization
was a significant variable in the linear models for the move suggestions and one-click
compensations, and no significant differences were present across the means of the change
in time or number of moves beyond the effects presented by age.

Spatial orientation skills impacted the results of the two compensations in Task 1
(which were not designed to assist with spatial deficits). However, by eliminating the
significant and negative association between spatial orientation or visualization groups
and performance, the two automatic compensations present in task 2 appear to provide a
benefit to participants challenged by these spatial individual differences.
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4. Usability and User Experience Evaluation
Usability evaluations examine how easy a system component is to use, taking into

account differences such as user task performance, number of errors, and learnability. In
contrast, user experience (UX) research concerns itself with all the experiential aspects of a
user’s interaction with the component, including affective and user perception elements.

Two methods assessed the usability of the compensations. First, an overall assess-
ment of the WMRA system, including all compensations, was conducted using the SUS.
Scores range from 0 to 100, with higher numbers indicating better user-perceived usability.
Generally, a score of 0 to 49 is considered unacceptable usability, 50 to 69 is marginally
acceptable, and above 70 is acceptable [48]. Second, the usability and UX of each individual
compensation was assessed through the three-item questionnaire administered after each
compensation and the final six-item questionnaire.

4.1. Grounded Theory Analysis

Given an interest in assessing usability and UX information without limiting par-
ticipant answers with pre-specified topics, a data-driven grounded theory approach [49]
was utilized to analyze all interview answers. Rather than use an a priori hypothesis, a
grounded theory approach involves using open coding of any emergent themes in the
interview answers. In this way, the data drives the generation of themes leading to a more
naturalistic analysis. The open codes are then related to each other using a framework of
relationships (see Figure 5) and grouped into overarching codes, a process known as axial
coding. In the final stage of analysis, selective coding, core relationships in the grouped
codes are identified, and study-relevant hypothetical assertions about the data are created.
These hypothetical assertions were then verified against the data to create the usability and
UX result narratives.

Figure 5. Framework for grounded theory analyses, based on open coding. User interactions may be
affected by cognitive and perceptual limitations as well as the research setting. The interaction with
the robotic arm, mediated by learnability and trust, leads to perceived usability and user experience.

In the present study, and based on the proposed framework of relationships for axial
coding [49], categories were grouped as related to the phenomena under study, causal
conditions, context conditions, intervening conditions, human–robot interactions (HRI),
and consequences (usability and UX). The framework is shown in Figure 5.

The phenomena under study are the WMRA’s compensations and features, as well
as the corresponding improvement or hindrance of the HRI. The compensations them-
selves are developed as a result of causal conditions, which are the users’ cognitive and/or
perceptual limitations, including any HRI difficulties that result from them. Compensa-
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tion is developed to lessen the impact of such HRI difficulties. As such, the main areas
of focus are the HRI that occur while participants operate the WMRA. These include
user action preferences, as well as the feedback and assistance users receive from the
compensations themselves.

During open coding, two major intervening conditions were identified: learnability
and trust in automation. Intervening conditions directly affect HRI by altering user behavior
during the interactions. Specifically, learnability refers to how easy, effective, and satisfying
learning to use a new system is [50]. Trust in automation refers to how a user “feels”
about a particular automated technology, specifically to how these feelings relate to the
technology’s reliability, robustness, familiarity, understandability, transparency, usefulness,
and dependency [51]. Both learnability and trust in automation often affect participants’
interactions with the robot.

The outcome of the HRI between the user and the compensations, referred to as
consequences under the grounded theory framework [49], is the task performance measures
delineated in III above, as well as users’ perception of usability and their individual user
experiences. Finally, it should be noted that at all times, the participants took part in the
study while under a specific research context. These contextual conditions include research-
specific limitations and inherent HRI properties of the WMRA without compensation.
These were taken into account when coding the data.

4.2. Usability: Results and Discussion
4.2.1. SUS Scores

Given the characteristics of the three samples and the ordinal nature of the survey
data, the Kruskal–Wallis rank-based nonparametric test was used to compare across the
participant groups. Additionally, all pairwise comparisons have been adjusted using the
Bonferroni correction due to multiple tests.

Although OA reported a lower mean score than YA and SCI participants, there were
no significant differences among participants in whether they would like to use the WMRA
and compensation system frequently (χ2(2) = 3.74, p = 0.15, with a mean rank score of
20.08 for OA, 27.28 for YA, and 28.63 for SCI). Mean scores represent a positive desire
across all groups to use the WMRA system frequently, with the highest scores among SCI
participants. This is important, as it shows that among our SCI participants, the desire
to use the arm and compensation systems is high. Similarly, although OAs reported a
higher mean score than YA and SCI, no significant differences were present in whether
participants found the system to be unnecessarily complex (χ2(2) = 3.00, p = 0.22, with a
mean rank score of 28.35 for OA, 22.03 for YA, and 21.06 for SCI). Most participants did not
find the WMRA system to be unnecessarily complex.

Significant differences were present in user perception of the system’s ease of use
(χ2(2) = 9.88, p = 0.007, with a mean rank score of 17.55 for OA, 30.15 for YA, and 27.75 for
SCI). This effect appears to be primarily driven by age. Pairwise comparisons show
significant differences are present only between OA and YA participants (p = 0.007). A linear
regression of age’s relationship to SUS scores for this item was significant, F(1,46) = 16.27,
p < 0.001, R2 = 0.26. Based on the findings of Paperno et al. [44], important differences exist
in the strategies employed by younger and older robotic manipulator users. OA use a
larger set of cognitive information processing and spatial skills when operating a robotic
arm. This higher mental skill utilization, as well as greater requirements in learning how to
use the arm, may be the primary drivers of lower ease-of-use scores among older adults.
This difficulty in use may account for OA’s performance on the experimental tasks, as
delineated in III above. Importantly, SCI participants found the system easy to use.
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Although OA, in general, typically require additional help from others when inter-
acting with new technology and their mean score was higher (meaning higher need for
assistance) than YA and SCI participants, no significant differences were present between
participant groups in perceived need for technical support (χ2(2) = 1.56, p = 0.46, with a
mean rank score of 26.60 for OA, 24.15 for YA, and 20.13 for SCI). Mean scores for all three
groups indicate that most participants do not feel they will need support from a technical
person to use the robotic arm.

Significant differences were present between groups regarding whether they thought
the features in the WMRA system were well integrated (χ2(2) = 11.00, p = 0.004, with a mean
rank score of 16.95 for OA, 29.18 for YA, and 31.69 for SCI). Pairwise comparisons showed
significant differences between OA and YA (p = 0.01), as well as OA and SCI participants
(p = 0.03). SCI participants felt, in general, that the features of the arm were well integrated.

Significant differences were also present in how participants perceived consistency
in the operation of the WMRA system (χ2(2) = 9.43, p = 0.09, with a mean rank score of
30.90 for OA, 21.75 for YA, and 15.38 for SCI). Higher scores indicate greater perceived
inconsistency. Pairwise comparisons show significant differences only between OA and
SCI (p = 0.005). However, most participants across all groups felt that the system was
consistent, with SCI participants perceiving the most consistency. Differences also existed
between groups when considering the learnability of the system (χ2(2) = 18.36, p < 0.001,
with a mean rank score of 15.23 for OA, 33.08 for YA, and 26.25 for SCI), with older adults
again scoring the usability of the system lower. In general, and as will be detailed below,
OA participants expressed a greater need for practice and adapting to the features of the
system than YA and SCI participants. Pairwise comparisons show significant differences
between OA and YA (p < 0.001), as well as OA and SCI (p = 0.046).

No differences were present among groups in how awkward participants felt the
WMRA was to use (χ2(2) = 3.68, p = 0.16, with a mean rank score of 28.90 for OA, 21.50 for
YA, and 21.00 for SCI). Although the mean score for OA was higher than the scores for YA
and SCI, most participants did not find the WMRA system awkward to use.

Two other significant differences were present among SUS scores. First, significant
differences existed in user confidence (χ2(2) = 10.41, p = 0.005, with a mean rank usability
score of 18.05 for OA, 26.85 for YA, and 34.75 for SCI). Although most users exhibited posi-
tive confidence in using the system, pairwise comparisons showed significant differences
between OA and SCI participants (p = 0.007). SCI participants were very confident in their
ability to use the system. Second, differences were present between groups in perceived
need to learn things before using the WMRA system (χ2(2) = 10.17, p = 0.006, with a mean
rank usability score of 30.88 for OA, 22.43 for YA, and 13.75 for SCI). Pairwise comparisons
again showed differences only between OA and SCI participants (p = 0.007), indicating a
higher perceived need for learning among the older participants.

Overall, significant differences exist across participant groups in SUS scores (χ2(2) = 16.50,
p < 0.001, with a mean rank usability score of 14.98 for OA, 30.08 for YA, and 34.38 for SCI).
OA participants perceived the usability of the system as lower (M = 60.13, SD = 23.68) than
both YA (M = 81.36, SD = 9.58, p = 0.002) and SCI (M = 85.31, SD = 8.91, p = 0.003) participants.
Based on Bangor, Kortum, and Miller’s interpretation of usability scores [52], OA participants,
on average, considered the WMRA system to be on the lower end of marginally useful (i.e.,
fair usability), while YA and SCI participants ranked usability as well into the acceptable range
(i.e., good to excellent). The lower SUS scores among older participants are primarily driven by
lower user confidence and perceived ease of system use, lower perceived positive integration
of system components and consistency, and lower perceived learnability of the system.

For the purposes of the present research, the main takeaway from the SUS results is
that SCI participants found the WMRA system to have excellent usability.
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4.2.2. Participant Interviews: Overall

Most major difficulties in operating the WMRA system did not relate specifically to
the compensations themselves but dealt with overall WMRA operation concerns. For exam-
ple, a considerable portion of participants (27.1%) indicated that spatial orientation when
using the camera view was very difficult for them. No significant differences were present
between participants who expressed this difficulty and those who did not in terms of scores
on spatial orientation, t(45) = 1.47, p = 0.15, and mental rotation, t(45) = 0.77, p = 0.44. While
over a third of older adult participants (35%) indicated difficulties orienting in camera
view, only 20% of younger adults had similar difficulties. A total of 25% of SCI partici-
pants indicated difficulty with camera view. No significant differences existed between
participants who expressed this difficulty and those who did not in regard to overall SUS
scores, t(45) = 1.78, p = 0.08. However, the prevalence of this difficulty among participants’
answers may be reflected in the task performance scores, since spatial orientation and
visualization are the only other factors that have an effect on any of the target variables,
apart from age (see Section 3).

Slightly over one-fifth (22.9%) of study participants expressed the most difficulty
learning and operating the controls in the robotic arm. Specifically, participants struggled
with differentiating between controls that operated general arm movement and those that
controlled the gripper tilt and pan. This learnability element of WMRA operation did not
appear to affect perceived overall SUS scores, t(45) = 0.92, p = 0.36. Older adults had the
greatest percentage of participants with difficulty learning the WMRA controls (30%), while
only 15% of younger adults struggled with it. A total of 25% of SCI participants indicated
difficulty with learning the controls.

Another major difficulty for participants (22.9%) was dealing with the WMRA’s op-
erating limits. This difficulty was expressed by younger (30%) participants more than by
older participants (20%). Only one SCI participant indicated having difficulty with limits.
No clear discernible pattern or association was identified in the data, which indicated
why younger participants struggled with the limits more. A potential reason may be
that younger users could be more comfortable using the entire movement range of the
robotic arm, rather than a limited movement range, which keeps the arm clear of the limits.
However, while older participants made significantly more moves (M = 54.68, SD = 17.19)
than younger (M = 34.91, SD = 10.70, p < 0.001) and SCI (M = 38.58, SD = 7.07, p = 0.02)
participants (χ2(2) = 16.73, p <0.001, with a mean rank score of 34.15 for OA, 16.50 for YA,
and 20.38 for SCI), our data does not relate these movements to user spatial movements or
limit proximity. Previous research [42] showed that navigation strategies are similar across
different age groups when using a similar WMRA system (i.e., same UCF MANUS robotic
manipulator with different control inputs).

Participants also expressed difficulty with the responsiveness of the robotic arm
controls (20.8% of participants), including an input to movement lag, inconsistency in
controls (e.g., “tilting of the gripper as I tried moving the arm only”), sensitivity of controls
to inputs, and difficulties with precision. These difficulties were expressed as causing
difficulty in operations by 30% of older adults, 20% of younger adults, and 12.5% of SCI
participants. The responsiveness difficulties did not result in significant differences in SUS
scores, t(45) = 0.92, p = 0.36.

4.3. User Experience (UX) and Usability of Compensations

Figure 6 shows the percentage of participants who felt that each compensation changed
their experience of using the robotic arm by improving the interaction.
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Figure 6. Percentage of participants who stated that the use of the compensation improved their
interaction with the WMRA. Compensations: slowing near object (SNO), object highlight (OH), move
suggestions (MS), and one-click approach (O-C).

4.3.1. Slowing near Object

Only 43.8% of participants (30.0% OA, 65.0% YA, 25.0% SCI) reported experiencing
a change in their WMRA interactions as a result of using slowing near objects. Of these,
only 42.9% (18.8% of the total participant sample, 10.0% OA, 35.0% YA, 0.0% SCI) reported
having a positive or useful experience with slowing near objects. SCI participants either
did not find that slowing near objects changed their experience of the WMRA or felt that it
did so in a negative manner. The positive improvements cited by participants for using
slowing near objects included smoother movement, collision avoidance, and ease of arm
control. The negative aspects of using the compensation included greater difficulty of arm
control, frustration with the arm’s slow speed, and lack of control responsiveness.

The utility of slowing near an object was affected by the base WMRA characteristics.
The UCF Manus robotic manipulator was perceived as too slow by 31.3% of all participants
(50% SCI, 35% YA, and 20% OA), even before the slowing near the object was employed in
the research tasks. As a result, participants expressed frustration with the reduced speed of
the WMRA with the compensation.

4.3.2. Object Highlight

A slight majority of participants found object highlight changed their experience
using the robotic arm in a positive way (52.1% of participants, 35% OA, 60% YA, 50%
SCI). These participants reported that the compensation provided improved brightness,
as well as a clearer image and an improved target outline. These features made the
compensation helpful and increased confidence in some participants. However, a small
number of participants reported that the compensation changed their experience in a
negative way (4.2%, 0% older, 10% Younger, 25% SCI). Mainly, these participants felt the
brightness change caused problems with depth perception, since it eliminated shadows
and natural lighting.

A major concern with object highlight was that many participants never noticed a
difference in the improved contrast (41.7% of participants). This effect was strongest among
older adults (60%), as compared to younger adults (30%). However, the effect was least
present in our target population of SCI participants (25%). The mean age of participants
who did not notice a difference was 53.35 years old (SD = 24.39), while those who did notice
the difference were on average 39.56 years old (SD = 25.31). However, a Mann–Whitney
U test revealed no significant age differences exist between the groups, U = 186, p = 0.07.
Given that twice as many older than younger users reported no difference when experienc-
ing object highlight, age-related usability difficulties should be considered when creating
contrast-increasing compensation. In previous research, older participants assigned less
value to automatic brightness adjustments in screens than younger participants [43]. Given
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age-related changes in vision, older users may benefit less and see less value in a compen-
sation that changes the brightness of colors, as compared to younger users.

4.3.3. Move Suggestions

Less than half of all participants felt that move suggestions changed their experience
using the WMRA (45.8% of participants, 30% OA, 55% YA, 62.5% of SCI). Of these, 68%
felt the compensation improved the HRI (83% OA, 63.6% YA, 80% SCI). These participants
stated that the compensation made the interaction easier by providing suggestions when
the user was unsure or stuck, as well as providing reaffirmation of the user’s own choices.
A total of 52.1% of participants (65% OA, 45% YA, 37.5% SCI) reported no change in the
interaction, while 27.1% (15% OA, 35% YA, 37.5% SCI) of participants reported a negative
experience with the compensation. Two predominant concerns led to these experiences.
First, the compensation took too long to make a suggestion, so most users had already
moved on or decided not to wait for a suggestion. Participants often reported not receiving
a suggestion or receiving too few suggestions. SCI participants found the compensation
mostly useful, as they expressed a general preference for both automatic compensations.

A second problem relates to trust in automation. A total of 27.1% of participants
(40% YA, 20% OA, 12.5% SCI) stated that they did not believe the suggestions provided
by the arm were correct or provided the best alternative for a path. Participants with low
trust in the compensation were more likely to report having a negative experience with
the WMRA task (χ2(2) = 15.98, p < 0.001), especially among younger participants. These
participants preferred making their own decisions regarding movement direction.

Older adults described move suggestions as being distracting and requiring them
to remove attention from the task at hand. Older adults have reduced ability to divide
attention among two tasks [44]. Participants indicated a preference for focusing on the
primary task, which led to the auditory suggestions in the move suggestions being ignored.

4.3.4. One-Click

Most participants liked one-click, with 93.8% of participants stating that the compen-
sation changed their experience of using the WMRA, and 97.9% of participants reporting a
positive experience with the compensation. In general, participants felt the compensation
lowered mental workload, was easy to use, helpful, faster, and required less thinking. Only
two older adults and one younger adult reported not liking the compensation. One of these
participants reported that the compensation felt like it malfunctioned, while the other two
were worried about the WMRA object collision.

4.3.5. Level Indicator

Only the older adult group used the level indicator. Of these, only two participants
found the compensation useful as an alternative source of information regarding the orien-
tation of the arm. A total of 90% of older adult participants did not like the compensation,
preferring to circumvent it by using the crosshairs as a reference instead, or being unable to
understand what the compensation was indicating. This latter problem was substantial
and is indicative of the low learnability of the compensation.

4.3.6. Most Useful and Least Useful Compensations

Participants ranked one-click as the most useful compensation (68.8% of participants,
85% YA, 50% OA, 75% SCI). The compensation was a clear favorite among most participants,
especially the younger adult participant group and the SCI group. In earlier research,
Kim et al. [12,13] suggested that robotic manipulators allowed individuals with spinal cord
injuries to reassert their ability to interact with the world. In their study, participants
indicated that while automatic features in the manipulator provided a benefit, users had
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greater satisfaction being in charge of controlling the arm. In the present study, we did not
specifically evaluate differences in user satisfaction between manual control and automatic
processes. However, during interviews, SCI participants reported feeling that one-click
allowed for easier operation of the arm, helping them complete tasks in less time and with
lower effort.

Participants ranked slowing near an object as the least useful compensation (31.3%
of participants, 55% YA, 5% OA, 37.5% SCI). This is likely due to the aforementioned
perception of both the arm and compensation as excessively slow. Users reported the
compensation as annoying and frustrating. Object highlight and the level indicator (used
only by OA) were both ranked as the next least useful compensations, with 18.8% (25% YA,
10% OA, 25% SCI) and 18.8% (45% OA), respectively. Overall, the level indicator provided
a negative usability and user experience, leading to confusion and dissatisfaction among
participants who used it. Although some participants expressed utility in object highlight,
most reported that there was no experienced difference in using the WMRA when the
compensation was active, with many participants failing to notice any difference between
the active compensation and regular manipulator operation.

4.4. User Suggestions

Participants were asked about ways to improve the compensations, arm, and
feedback options.

4.4.1. WMRA Movement

Participants, including SCI, expressed interest in a faster WMRA system. This was a
persistent problem with the arm and was particularly evident in participant answers related
to slowing near objects. Additionally, participants wanted more fluid movements from
the arm and a greater range of movement. The latter was especially important to younger
adult participants, who felt the limited range of the arm (i.e., limits) made operation of the
arm difficult and required adjustment.

4.4.2. Automation

Given participants’ positive experiences using one-click, it was no surprise that par-
ticipants expressed an interest in additional automatic functions. Mostly, participants
wanted automatic grasping of the object and a one-click to automatically “retrieve” the
object as part of the process, bringing the object back to the person. In its current iteration,
one-click stops once it is ready to grasp the object, with some minor adjusting of the gripper
often required.

The UCF Manus control interface is equipped with a “Bring to Me” automated function,
which allows the arm to bring the object to the participant, and a “Lower Arm” function,
which moves the arm down and the gripper to face the ground. However, as these were
not part of the one-click compensation, they were not tested as part of the research tasks.

4.4.3. Controls

Participants’ desires for new control options were varied. Some SCI participants
expressed an interest in voice control. Paperno et al. [28] identified decrements in dexterity
as one of the factors that can result in difficulty interacting with a robotic arm, increased
time-on-task, added user frustration, and decreased feelings of autonomy. Individuals
with SCI often have deficiencies in motor dexterity [5], as well as processing speed, motor
speed, and working memory [46], which creates difficulties in operating manual control
interfaces. Voice control interfaces reduce or eliminate the need to depend on physical
interactions with the WMRA’s control system, improving accessibility and potentially
reducing frustration among SCI users when interacting with the WMRA.
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Related to complaints by users of control lag and lack of responsiveness, participants
also stated a need for better control responsiveness to input commands, especially when
using slow controls near objects.

4.4.4. Feedback and Indications

In general, with the exception of some older users who felt distracted by the direc-
tional instructions made by the move suggestions compensation, participants expressed
liking feedback from the arm. However, two important needs were highlighted by most
participants. Given that lining up the gripper to the object correctly required practice and
most participants were not fully comfortable with this in the short time the experiments
were conducted, many highlighted a need for a gripper-to-object alignment indicator. Sug-
gestions for implementing this varied system, including a laser light which indicated the
gripper’s position relative to the object, distance to object verbal notifications, placement
on object confirmation, and a specialized digital gripper to object indicator.

The second need expressed by participants was related to the difficulties many young
and older participants had with both arm movement limits (younger adults) and collisions
of the arm and its components with objects (older adults). Participants indicated a desire
for limited earcons that warned users of proximal limits and contact/hit warnings. Younger
users also indicated a need for movement suggestions to include movement prompts
related to recovering from unusual or potentially WMRA-damaging situations.

4.5. Usability and UX: SCI Discussion

One important aspect of the usability and UX analysis must be considered. Grounded
theory’s data-driven approach presupposes that themes missing from the structured inter-
view answers cannot be incorporated into the analysis unless there are sufficient grounds
or bases to do so [41]. The target users of our WMRA and its compensations are users with
SCI. Among our SCI participants, none of them mentioned motor difficulties or any other
SCI-related difficulties in their interview answers. As such, while our analysis represents
the usability and UX perspectives of individuals with SCI, motor difficulties or impairments
related to SCI are not discussed in the UX analysis, given that the participants themselves
did not provide this information. However, to the extent that previous research provides
enough guidance, some elements relating to SCI-specific difficulties were discussed, such
as a preference for automation.

As established in the frameworks and explanations above, the compensations were
designed to address any potential cognitive and perceptual limitations that may hinder
a participant’s HRI with the WMRA. For example, deficiencies in contrast sensitivity are
known to cause difficulties seeing objects on a display screen, especially when the contrast
between elements in the display or scene is low [45]. Object highlight attempts to reduce
these difficulties by increasing the contrast between objects in the visual scene and the
target object.

Among SCI participants, six out of eight participants reported benefiting from at least
one compensation related to cognitive and perceptual measures in which they scored in
the lowest performing half. With the exception of slowing near objects, which was rated
as annoying, least useful, and too slow by SCI participants, all remaining compensations
were found to provide positive experiences to some degree. In SCI participants with low
contrast sensitivity scores, object highlight was found to be useful by some participants,
while others did not see any difference in the contrast. Some of these participants felt
the compensation improved the target outline, while others expressed that the overall
visual quality was improved. These participants felt that the compensation improved
depth perception and provided them with increased confidence in the use of the arm.
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This highlights the importance of visual image quality on user self-efficacy. Regardless
of participant perceptions, object highlight did not improve performance for people with
contrast sensitivity difficulties above and beyond improvements seen across participants.

Move suggestions are a compensation aimed at helping those with working memory,
spatial visualization, and spatial orientation difficulties. These problems can lead to difficul-
ties maneuvering the arm towards and away from the target object. As the name suggests,
move suggestions offer users a suggested direction of movement in order for the arm to
reach the target. While some users liked the compensation, its usefulness was not evident.
Still, SCI participants who needed the compensation expressed that it provided helpful
alternatives to users’ planned movements, provided suggestions for slow users, and was
useful if the object was not visible either by the participant or on the screen. However, as
mentioned above, a large percentage of all participants did not receive a suggestion from
the compensation or felt that the suggestion was incorrect or inefficient, suggesting low
trust in the compensation.

One-click was by far the compensation users perceived as most useful. In general,
SCI participants preferred this compensation to others. Specifically, the participants stated
that the compensation was easier, faster, most useful, provided a lower workload, and
was helpful.

5. Conclusions and Future Work
The present study sought to evaluate the potential benefit of interface features intended

to compensate for specific visual, cognitive, and physical abilities that impact proficiency in
using a WMRA. Four compensations were used by YA, OA, and SCI participants: slowing
near objects, object highlighting, move suggestions, and one-click to approach. OA also
used the level indicator compensation, but due to the poor user feedback, this compensation
was not used by the other participant groups.

Generally, performance metric results, defined as time-on-task and the number of
moves, mirrored SUS ratings of perceived usability of the WMRA system. SCI efficiency
was only slightly behind that of YA participants, and both rated the system as having good
to excellent usability. Overall, this indicates that the WMRA system used in the study,
along with the associated compensations, was found to have high usability among our SCI
participants. OA showed significantly less efficiency in using the robot, requiring more
time and a higher number of moves per task. They also rated the system as having only
fair usability. This finding is important because the use of wheelchairs increases tenfold
(10×) among older adults [47]. Furthermore, the aging of the baby boomer generation will
bring with it a significant number of older users, especially those with SCI, who would
benefit greatly from using a WMRA. Finding ways to increase efficiency of use and usability
ratings for older users, such as with improved compensations, could help with the adoption
of such technology and improve the lives of older people with SCI. While individuals with
SCI were the target subgroup of this particular study, it should be noted that a wide range
of wheelchair users can benefit from WMRAs.

The one-click approach feature was far and away the most positively rated compensa-
tion. Aside from developing and implementing additional automatic WMRA processes,
future research should also venture to determine what types of human–robot and human–
computer interaction models users can benefit from in terms of increased task efficiency
while also preserving user satisfaction. One potentially beneficial technology is adap-
tive automation, which changes the degree of user involvement based on task needs and
participant use preferences.

Given the exploratory nature of this study, all participants used all compensations
regardless of scores on the individual difference measures. The poor user feedback for cer-
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tain compensations, such as move suggestions, may likely have resulted from participants
using compensations that did not match their needs. Auditory and visual suggestions can
be a distraction and interfere with the conceptual model of users who do not need the
assistance. Participants who had more difficulty navigating the arm, especially among SCI,
reported the compensation to be more useful and beneficial. Future studies should further
test compensations with participants who may benefit most from such features.

Based on our research results, future work should also aim to refine WMRA compen-
sations to better match individual user needs. For example, slowing near objects could be
optimized with adaptive speed control, allowing users to adjust responsiveness according
to preference and task context. Object highlight could be personalized based on users’
contrast sensitivity and age-related visual differences to maximize perceived benefit. Move
suggestions should incorporate timing improvements and enhanced reliability to build
trust, possibly through predictive modeling of user movement paths. Moreover, providing
participants with extra time to repeat tasks with each compensation can help control for
learning effects in future studies. Additional time to practice with and use the WMRA can
also reduce some of the difficulties reported by the participants, including confusion with
the controls and in learning the limits of the robot arm movements. In addition, further
research should be conducted with a larger SCI cohort to strengthen the generalizability of
the findings.

Overall, participant feedback indicated spatial visualization and spatial orientation as
the most important individual differences affecting the operation of the arm. As shown in
task efficiency as well as qualitative feedback, participants with spatial ability difficulties
benefited the most from the two automated compensations: move suggestions and the
one-click approach. While further incorporating automated features will increase usability
for a wider range of users, developers should continue to leave space for individualization
of the interface. Any integrated compensations should be easily activated or deactivated to
allow users to choose the level of automation for optimal individual control.
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