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Abstract

Background: High cervical spinal cord injuries result in significant functional impairments and affect both the
injured individual as well as their family and care givers. To help restore function to these individuals, multiple
user interfaces are available to enable command and control of external devices. However, little work has been
performed to assess the 3D performance of these interfaces.

Methods: We investigated the performance of eight human subjects in using three user interfaces (head
orientation, EMG from muscles of the head and neck, and a three-axis joystick) to command the endpoint position
of a multi-axis robotic arm within a 3D workspace to perform a novel out-to-center 3D Fitts’ Law style task. Two
of these interfaces (head orientation, EMG from muscles of the head and neck) could realistically be used by
individuals with high tetraplegia, while the joystick was evaluated as a standard of high performance. Performance
metrics were developed to assess the aspects of command source performance. Data were analyzed using a mixed
model design ANOVA. Fixed effects were investigated between sources as well as for interactions between index
of difficulty, command source, and the five performance measures used. A 5% threshold for statistical significance
was used in the analysis.

Results: The performances of the three command interfaces were rather similar, though significant differences
between command sources were observed. The apparent similarity is due in large part to the sequential command
strategy (i.e., one dimension of movement at a time) typically adopted by the subjects. EMG-based commands were
particularly pulsatile in nature. The use of sequential commands had a significant impact on each command
source’s performance for movements in two or three dimensions.

Conclusions: While the sequential nature of the commands produced by the user did not fit with Fitts’ Law, the
other performance measures used were able to illustrate the properties of each command source. Though pulsatile,
given the overall similarity between head orientation and the EMG interface, (which also could be readily included
in a future implanted neuroprosthesis) the use of EMG as a command source for controlling an arm in 3D space is
an attractive choice.
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Background
High cervical spinal cord injuries result in significant
functional impairments and affect both the injured indi-
vidual as well as their family and care givers. There are
an estimated 250,000 individuals with spinal cord injury
(SCI) in the U.S., with approximately 11,000 new occur-
rences each year [1]. Of this population, roughly 18% are
classified as having high-tetraplegia (spinal cord injury at
cervical levels 1 to 4) with significant impairment from
the shoulders and below [1]. To help restore function to
these individuals, multiple user interfaces are available to
enable command and control of external devices. The aim
of this paper is to investigate the relative performances of
several voluntary actions available to an individual with a
high cervical SCI that could be used to command the pos-
ition of a point in three-dimensional space.
Currently, object manipulation in this population can

be restored in two ways – service robots or through
Functional Electrical Stimulation (FES). Service robots
range from workstation based devices (Such as the Handy
I [2]), to wheelchair mounted arms like the MANUS [3], to
semi- or fully autonomous mobile robots [4,5], acting as
“mechanical care givers” reaching, grasping, and moving
objects as commanded by their user [3,6]. These robots re-
place the function of the user’s paralyzed arm and can as-
sist in performing a variety of activities of daily living [3]. It
has been found that the use of a service robot can save
approximately 2 hours of care-giver time per day in indi-
viduals with upper extremity impairment as the user can
more readily perform simple tasks independently [7].
Functional Electrical Stimulation is another approach

for restoring upper limb function in individuals with a
SCI [8] that uses stimulation of paralyzed muscles below
the level of injury in a coordinated manner to produce
functional movements such as grasping objects [9] and
reaching [8]. The use of FES for restoration of hand grasp
in individuals with C5-C6 tetraplegia (i.e. individuals that
can move their arms, but have no voluntary hand func-
tion) has been shown to provide significant improvements
in functional ability, independence, and overall quality of
life [9,10]. Recent work by Kirsch [11] is developing a FES
system to restore full arm function in addition to hand
grasp to allow individuals with high tetraplegia to regain
some degree of arm movements.
One challenge that both of these solutions share is the

need to specify (or command) a point in the workspace
where the user desires the end-effector (whether it be a
robot gripper or their hand) to be appropriately placed
to perform a desired task. Service robots use a variety of
means to control the end-point from conventional user
interfaces (joystick, keyboard, or 3D mouse) [6,7,12], voice
commands [6], graphical user interfaces (either as a key-
board as in [13] or along with object recognition [12]),
touch-screens [5], or laser pointers [5]. Many of these
interfaces are either not applicable to individuals with
tetraplegia because they cannot be operated due to the
paralysis or require a complex stereo-camera system at-
tached to the wheelchair, looking over the user’s shoul-
der and an onboard computer for image processing
[5,12]. Other means to command a point in space come
from the area of virtual reality and other 3D computer
interfaces, such as the Space Mouse or optical-based
gesture recognition, but these approaches require the
use of the hands and are thus not applicable to individ-
uals with high tetraplegia.
Based on the requirements of the SCI population, the

user interface for controlling a portable 3D device (rehab
robot or FES system) must 1) remain under voluntary
control following high cervical spinal cord injury (C3) or
lower, 2) not interfere with common activities of daily
living such as eating, grooming, or conversing, 3) not
encumber the user with an over abundance of worn
equipment, 4) be portable on a conventional electric
wheel-chair in terms of size and weight, and not require
sensor arms extending from the chair, rear-facing
cameras or other apparatuses that would interfere with
common activities such as sitting at a restaurant table
or using public transportation, 5) use small, discrete, or
preferably unseen sensors, and 6) be easy to activate and
operate by a lay-person (non-clinician or technician) and
their care-givers.
One emerging field that does meet many of these cri-

teria is that of brain-computer interfaces (BCIs). While
BCIs do represent an intriguing potential new user inter-
face for individuals with severe neurological deficit, they
are not yet proven as a clinically viable alternative given
the amount of equipment, technical support, and system
training involved [14]. However, BCI approaches are often
focused on the same user interface need, and their per-
formance in this role should be evaluated using the same
types of metrics described here.
The first quantification of human motor performance

was in 1954 by the work of Fitts [15]. Based on Shannon’s
original work in communication theory [16], the Fitts
study showed that any motor task conveys a finite amount
of information that is limited by the capability of the sys-
tem to perform a task both rapidly and accurately. The
tradeoff between these two aspects of motion is a relation-
ship that became known as Fitts’ Law. The same relation-
ship has been found to hold for human commanded
cursor motion whether using computer mice, joysticks,
cursor keys [17,18], or trackballs [18]. While a number of
conventional 2D computer interfaces have been critically
and quantitatively evaluated, little rigorous assessment has
been performed on 3D user interfaces. The robotic control
studies described above typically used a timed functional
task (e.g., the time required to pick up an object) as the
performance metric. In the case of VR interfaces, the task
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is often navigating a maze [19,20]. These evaluations are
often focused on the robot or VR system per se rather
than on the performance of the command interface. Two
studies that have critically analyzed 3D input devices pri-
marily measured the tracking performance of a moving
virtual object. The work of Klocheck [21] compared the
performance of a standard mouse to a game-pad in tasks
related to “first person shooter” video games, with a num-
ber of time-based performance measures related to target
acquisition, tracking, and leading. A study by Zhai [22]
investigated the effects of coordination of control of
multiple degrees of freedom on the performance of a 6
DOF input device in a docking task using both time and
movement efficiency as performance measures. Other
than these, little other quantitative analysis has been per-
formed on 3D user interfaces to command motion through
a workspace. In particular, no interfaces that would be us-
able by individuals with a high cervical spinal cord injury
have been evaluated.
This study developed a quantitative 3D command

source analysis tool and used it to compare the perform-
ance of two command interfaces (head orientation and
the EMG of the muscles of the neck and face). Both of
these interfaces are somewhat artificial for controlling
arm-like movements, as neither has a physical relation-
ship to arm movements. Although neither of these user
interfaces are optimal for controlling arm movements,
they are one of the very few interfaces currently available
to individuals with high tetraplegia for controlling an ob-
ject in 3D space (i.e., the end-point of a robot arm). Spe-
cifically, both of these actions remain under voluntary
control following a high cervical spinal cord injury (C2
and below), and execution of these actions do not sig-
nificantly interfere with activities of daily living such as
eating, grooming and communication [23]. As a stand-
ard of comparison, we also evaluated the performance of
a three-axis joystick. This is an appropriate standard be-
cause joystick control is also somewhat physically unre-
lated to the whole arm movements we intend to control,
but it does engage some upper extremity motions and is
likely to be slightly more intuitive to the users. The study
explored the performance of these three 3D interfaces
across 1, 2 and 3 dimensions, and expanded upon previ-
ous work by the authors [24] which investigated similar
command sources as 2D user interfaces.

Methods
Subjects performed an inverted Fitts’ Law style “out-to-
center” task, commanding the robot to move to a com-
mon center point from a number of randomly presented
starting locations located in various directions within a
400 mm diameter sphere centered in front of the subject
(Figure 1A). Movements were commanded using one of
three command inputs (head orientation, EMG, or three-
axis joystick) via custom control software implemented
under Matlab (The MathWorks, Inc.). Performance was
assessed using seven metrics related to movement accur-
acy, stability, and speed. These techniques are detailed in
the following sections.

Task
A novel out-to-center task was employed (Figure 1B),
with a single final target location and starting locations
radially distributed in 26 directions and at three distances
(50, 100, and 200 mm) from the center (target) location.
In addition, three different target widths (25, 50, and
100 mm) were used, for a total of 156 out-to-center trials.
As target width could not be greater than target distance,
the shortest distance (50 mm) used only the smallest
targets (25 mm), the middle distance (100 mm) used the
two smaller target sizes (50 and 100 mm), while the lon-
gest distance (200 mm) used all three target widths. The
out-to-center task was used because it simplifies target
presentation in that only a single central target needs to
be presented, while the effect of various directions of
movement can be evaluated by varying the starting
location. Starting locations were presented in random
order within the 400 mm sphere centered approxi-
mately 500 mm in front of the subject. This volume rep-
resents the expected reaching space of an individual
with a high cervical SCI using an assistive device. Locating
the center point at 500 mm in front of the participant kept
the endpoint of the robot a comfortable distance from the
face and torso of the participant while still keeping the far-
ther starting location within reach of the robot. Starting
locations were located on 26 different 45° radial lines, as
illustrated in Figure 1C. A Cartesian coordinate system
was used as it was found to yield the best performance
(compared to cylindrical or spherical coordinate systems)
in initial pilot experiments as it was the most intuitive for
users to control.
A two second target dwell time within the target vol-

ume was used to indicate successful target acquisition.
Upon target acquisition the subject was alerted by a
buzzer and the robot arm was automatically moved to
the next starting location after a 1 second pause. Upon
reaching the new starting location, the trial was initiated
and the user alerted with a buzzer to commence a new
target acquisition. This task included a wide range of
movement directions and, depending on the spatial rela-
tionship between the starting position and the center
point, required the users to give commands for 1D, 2D,
and 3D motions of the robot endpoint. This experimental
structure was well tolerated by our subjects in terms of at-
tention requirements and experiment duration. Each com-
mand source was tested over three blocks of 156 starting
locations and lasting approximately 45 minutes each, with
a five minute break between blocks.



Figure 1 Robot used in experiments. (A) Photograph of subject seated next to robot arm. (B) Example of typical out-center task. (C) Rendering
of all starting locations with end-point in the center location.

Table 1 Target widths (W) and distances (D) and the
resultant Indices of Difficulty

D (mm)

W (mm) 50 100 200

25 1.58 2.32 3.17

50 1.58 2.32

100 1.58
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The target was indicated by a physical, open-framed
sphere suspended from the ceiling and subjects com-
manded the robot end-point into the space defined by
the target sphere. Spherical targets were used to eliminate
the effects of approach angle on target width, similar to
the use of use of circular targets in 2D human-computer
interface studies [25]. The Shannon form of the Index of
Difficulty (Equation 1) was used to compare different
combinations of target distance and width, consistent with
current literature and human-computer interface evalu-
ation standards [25].

ID ¼ log2
D
W

þ 1

� �
ð1Þ

Table 1 details the distances, widths, and correspond-
ing Indices of Difficulty (ID) used in the experiment.
Three different distances (D) and target sizes (W) were
used for a total of 9 distance-target size combinations
that produced Indices of Difficulty ranging from 1.58 to
3.17 bits. The selected distances and target sizes were dic-
tated by the available workspace of the robot arm used in
the study.
Subjects were instructed to move the end-point from
the randomly presented starting location to the central
target as quickly and accurately as possible. Subjects were
not specifically told what speed or path to take, and thus
self-selected trajectories and speeds.

Command sources
Given the criteria for SCI user interfaces described earl-
ier, three command sources were evaluated: head orien-
tation, EMG of the muscles of the face and neck, and a
three-axis joystick (as a control). These command sources
(other than the joystick) are useable by individuals with
tetraplegia as they are controlled using voluntary actions
that are above the level of injury. Head orientation angles
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were measured using a three degree of freedom orienta-
tion sensor (MicroStrain 3DM) attached using an elastic
headband to the back of the subject’s head (Figure 2A),
similar to other studies [7,12,24]. The sensor did not en-
cumber the subject as its size and weight (89 mm ×
64 mm × 25 mm, ~75 g) were small enough to not sig-
nificantly affect head movements. Head pitch angle was
used to command up-down (z-axis) motion of the robot,
head yaw angle commanded left-right (y-axis) motion of
the robot, and head roll angle was used to command
in-out (x-axis) motion of the robot. The sensor commu-
nicated with the controller PC hardware via RS-232 ser-
ial communication (9600 bps, 8 N1), transmitting a 7
byte packet - 1 status byte and 2 bytes each for roll,
pitch, and yaw.
Surface EMG signals were recorded from one facial

muscle and three muscles of the neck (Figure 2B) using
disposable, self-adhering, pre-moistened silver/silver chlor-
ide electrodes. Electrodes were placed on the muscle belly
of each muscle used, parallel to the action of the muscle
and spaced approximately 40 mm apart (center to center)
such that they fit on the muscle but were not touching.
Skin surface preparation included a vigorous scrub with an
alcohol wipe at each electrode location to remove oil and
lightly debride the skin. Once the electrodes were placed,
they were further secured to the subject with a strip of
surgical tape. Signals were recorded from the left and right
platysma (left and right motion commands), the left
Figure 2 Command sources and experiment system architecture. (A)
of muscles used for the EMG command source. (C) Diagram of the experim
trapezius (for upwards motion commands), and the fronta-
lis (downwards motion commands). Depth commands (in
and out motions relative to the subject) were computed
based on co-contraction patterns: simultaneous contrac-
tions of the left and right platysma were used to command
outward motion and simultaneous contractions of the
trapezius and frontalis were used to command inward mo-
tion. Subjects were told to contract and maintain the con-
traction of these muscles and were shown an example of
these muscles contracting by the experimenter. Practice to
control the contraction of these muscles and their use as
command inputs was performed as described later in the
Protocol sub-section of the Methods. These particular
muscles were selected because they remain under volun-
tary control following cervical spinal cord injury, generate
independent voluntary actions, are in locations that are not
subject to significant motion artifact, and are not important
contributors to head motions. Four muscles were used as
command sources because this is the number of EMG
recording channels available in an existing implantable
neuroprosthesis for high tetraplegia [11]. We did not inves-
tigate alternative muscle sets or include different numbers
of EMG signals, because of limitations in experimental ses-
sion duration, and because preliminary testing indicated
that the selected set was more natural and had higher
performance than other muscle combinations. Differential,
bipolar surface EMG signals were high pass filtered at
0.16 Hz to knock out DC and eliminate most movement
Photograph of subject wearing head orientation sensor. (B) Illustration
ental system architecture.
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artifacts, amplified with a gain of 3300 using CED 1902
amplifiers, anti-alias low pass filtered at 1000 Hz, sampled
by an AD converter at 2 kHz, and rectified. These signals
were then passed through a 1 Hz digital low pass filter for
smoothing and signal amplitudes less than 5% of max-
imum were set to zero to remove baseline noise. For vol-
untary contractions, virtually all information is dominated
by low frequency components and the 1Hz filter was found
to produce a smooth EMG envelope pattern and resulting
in a relatively noise free command signal. The 1 Hz low
pass filter was used as it was a good compromise between
smoothness and responsiveness of the command signal.
Higher cutoff frequencies were found in earlier pilot stud-
ies to produce unusable velocity command fluctuations
that prevented reasonable performance of the task.
The joystick used in this study consisted of a three-

axis mounting for the same MicroStrain sensor used to
measure head orientation. The same action commands
and data transmission described for head orientation
above were used with the joystick. The user held the joy-
stick at the top and an elastic mechanism re-centered
the joystick when released, providing tactile feedback to
the user as to the degree of deviation from center and
allowing users to keep their eyes on the workspace. The
joystick was used as a control to represent the perform-
ance of a 3D command source used by an able-bodied
individual by which the command sources intended for
use by individuals with SCI can be compared.

Hardware
The central controller used in the study consisted of a
single board computer running a custom control system
programmed using xPC Target (The Mathworks, Inc.).
This controller (Figure 2C) received and processed sig-
nals from the user, converted these into robot end-point
velocity commands, and (using an inverse kinematic
model), calculated and delivered joint position commands
to the robot. The control system operated at 100Hz. The
system operated in real-time, with all signal processing
and transmission steps occurring during the 10 ms step-
time such that no lag in end-point motion was noticeable
by the subject. The central controller also received pos-
ition information back from the robot and transmitted all
collected data (user signals, commands, and actual robot
position) to a separate PC for later analysis
The Staubli RX-60 robot arm used in this study

(Staubli Inc., Pfäffikon, Switzerland) has dimensions
similar to those of a human arm. The arm was mounted
with the base at the top and the rest of the arm sus-
pended below, with the shoulder located at about shoul-
der height for a seated individual (Figure 1A). The role
of the robot arm was to serve as a proxy for a paralyzed
arm actuated by an FES system – similar to a system
that could be used by an individual with a spinal cord
injury. The robot was programmed to accept joint pos-
ition commands from the central controller and return
actual joint positions. The end-point of the robot was
indicated by a pointer attached to the wrist that approx-
imated an extended index finger.

Velocity algorithm
A proportional velocity-gated ramp algorithm converted
user signal levels into end-point velocity commands. Above
a command source-specific threshold, user signals were
converted into an end-point velocity command that was
proportional to the square of the ratio of the amplitude
above threshold to the overall range of the user signal, as
described in earlier work by the authors The maximum
command velocity was set to 300 mm/sa value, (and the
range from 0 to maximum speed), that was determined in
preliminary testing to be the highest gain that could be
commanded in a stable manner to maximize performance
while minimizing movement time. For head orientation,
the maximum command signal was generated for a neck
angle of 30°, such that subjects could still see the entire
workspace comfortably. For the EMG command source,
the maximum user signal was calculated to be about 70%
of the maximum voluntary contraction (MVC) EMG, a
level that was repeatable and sustainable for subjects with-
out producing undue fatigue (during calibration, subjects
were asked to contract a “moderately strong, but repeat-
able” amount which generally measured around 70% of
their MVC). The joystick used the same 30° limit as head
orientation, keeping the required hand motion distances
consistent with similar devices.
For head orientation and joystick, the threshold for

movement was 10° off-center, which allowed for natural
drift within a command “dead zone” [24,26], and accounted
for small natural head movements unrelated to controlling
the arm and any minor user error in centering the
joystick. The threshold for EMG was set at 20% of max-
imum voluntary contraction (MVC) but also included
compensation for changes in electrode impedance due to
perspiration over the course of the experiment. A floating
threshold algorithm was used to maximize the dynamic
range of the EMG signal by adjusting the baseline of the
EMG signal every 10 seconds to account for any drift that
may occur [24]. These methods and thresholds for move-
ment initiation were based on earlier pilot studies and
were found to be “functionally optimal”, reducing effort
and Overshoot while reducing lag in starting endpoint
movement compared to other threshold values. As such,
the thresholds selected are a compromise between con-
trollability and swift movement. Lower thresholds often
resulted in more unintended movements and increased
Overshoot, while higher thresholds required greater head
movement and a greater amount of muscular effort, redu-
cing overall robot controllability.
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Performance metrics
Several measures of command source performance were
used. These include traditional performance metrics used
to assess user interfaces, but also include measures that
look more closely at the individual performance aspects
that affect overall command source performance. This
work expands into three dimensions the 2D performance
measures previously published by the authors [24].
Throughput. The Throughput (TP) for each individual

target trial was computed by dividing the Index of Diffi-
culty (Equation 1) by the movement time to reach the
target for each trial and then averaged across all factors
(trials, locations, and indices of difficulty) for each com-
mand interface and for each subject [24,25]. This yielded
a single value summary of command source perform-
ance as it incorporates the individual effects of each as-
pect of target acquisition (direction, size, and distance)
and individual subject differences.
Path Efficiency (PE) is a measure of the straightness of

the end-point path to the target. It is computed by dividing
the straight-line distance by the actual distance traveled.
Overshoot is the number of occurrences of the robot

end-point being in the target space and then leaving the
target before the end of the 2 second dwell time (across
all targets), divided by the total number of targets.
Reaction Time (RT) is the time between the trial start

buzzer and initiation of robot movement commanded by
the user. It is a measure of the time the participant takes
to recognize the start prompt, plan, and initiate execu-
tion of the movement command and is indicative of the
“responsiveness” of the user interface.
Average Speed is the average non-zero speed of the

end-point over the course of the trial.
Dimension Ratio. A Dimension Ratio (DR) was calcu-

lated for each of the three command sources and each
of the performance measures described above. This metric
is similar to the Direction Ratio previously published by
the authors [24], but with the expansion of the work to a
3D task. Each DR illustrates the effect of moving in mul-
tiple dimensions (which requires the generation of mul-
tiple commands simultaneously) versus moving along a
single Cartesian axis (which requires only a single com-
mand) on the performance measures. It is defined as the
average performance when moving in either two or three
dimensions divided by the average performance when
movement to the target required only a 1D motion (i.e.,
along the x, y, or z axes). The greater the deviation from
unity (identical single dimension and multi-dimension
performance) the greater the effect of moving in multiple
degrees of freedom has on command source performance.
An additional DR is calculated to illustrate how perform-
ance is affected when moving in three dimensions com-
pared to two by dividing the average 3D performance by
2D performance.
X,Y,Z Commands. We quantified the ability of a com-
mand source to provide a smooth, continuous command
to the target versus an intermittent, multi-component
command by summing the number of times the X, Y, and
Z commands transitioned from below to above threshold
during the acquisition of a target. The greater the number
of commands issued, the more pulsatile the command
source, indicating that the command source achieved
the target via a sequence of small-amplitude commands,
which is presumably less natural and has a higher cogni-
tive burden.

Protocol
All subjects were recruited from the graduate student
population of Case Western Reserve University and were
healthy in regards to their ability to voluntarily control
facial and neck muscles, head orientation, and operate a
joystick. None of the subjects had a spinal cord injury.
Given that the command sources to be tested are avail-
able and under voluntary control for individuals with an
SCI, able-bodied subjects served as an appropriate model
for the intended target population. Proper informed con-
sent was obtained and pertinent human subject protec-
tions observed, including approval by the Louis Stokes
Cleveland VA Medical Center Institutional Review Board.
Eight subjects participated in the head orientation and joy-
stick experiments. Of those eight subjects, two were dis-
qualified from the EMG portion of the study because they
were unable to independently control the left and right
platysma muscles. Thus, data from six subjects were used
to summarize EMG-based performance and the perform-
ance of all eight subjects was used to assess the head
orientation and joystick command sources. Appropriate
steps were taken in the statistical analysis to account for
the difference in population sizes.
Subject performance using each of the three command

sources was evaluated on different days, with each ex-
perimental session focusing on a single command source
(randomly determined). The experiment consisted of a
5 minute practice with the command source being tested,
followed by the three blocks of 156 trials. The first block
served as a recorded practice. Blocks 2 and 3 were used to
calculate individual subject performance. In preliminary
testing, it was shown that while some improvements in
performance were seen by some subjects between blocks
1 and 2, no statistical performance difference (p = 0.15,
0.38, and 0.28 for head orientation, EMG, and joystick, re-
spectively) was observed across blocks 2 and 3 indicating
a performance plateau. The total length of an experimen-
tal session (including set-up, practice, three experimental
blocks and rest periods) was approximately three hours.
Overall performance measures (performance across all

subjects), across target dimensions (1, 2 or 3 DOF to the
target), and across directions (i.e. moving forward vs.
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backward) for each command source were tested for
normality and having been found to fit a normal distribu-
tion, were analyzed using a mixed model design ANOVA.
Fixed effects were investigated between sources as well as
for interactions between index of difficulty, command
source, and the five performance measures previously
described. A 5% threshold for statistical significance was
used in the analysis.

Results
Figure 3 illustrates the user commands and resulting 3D
end-point trajectories generated by a single subject using
different command interfaces to move from the same
starting location and ending at the same target. The tar-
get width is represented by the shaded bar across the
center of each plot (Figure 3A, (C) and (E)). Figure 3(A)
and (B) were generated using head orientation command
signals, Figure 3C and (D) using EMG command signals,
and Figure 3E and F using joystick command signals. In
general, commanded motions to 3D targets did not fol-
low straight-line paths (despite being possible with each
command source), but rather tended to move along one
axis at a time. This can be seen in the lower panels of
Figure 3a, (C), and (E) as z-axis (vertical) commands
preceding the other two axes, and in Figure 3B, (D), and
(F) as initial vertical movement that is then followed by
movements long the other two axes. EMG showed the
most irregular, intermittent command structure, with
more numerous, smaller steps (Figure 3C and (D)) to
the target compared to head orientation (Figure 3A and
(B)) or joystick (Figure 3D and (E)). The joystick showed
some oscillation in the user signal, but because this was
primarily below the threshold for activation, it did not
significantly affect the number of commands issued (dis-
cussed below) or the overall smoothness of the end-
point path.
Figure 4 shows the cursor motions and velocity histo-

grams for all targets and all subjects. Each column indi-
cates a different command source, with the top row
showing the end-point movements and the bottom row
illustrating the velocity histograms. The head orientation
and joystick-commanded end-point movements (Figure 4A
and (E)) were more contained within a smaller volume,
with a flatter overall profile than that of the EMG end-
point traces (Figure 4C). Figure 4B, (D), and (F) show the
histograms of the user-commanded velocities for head
orientation, EMG, and joystick commands, respectively.
These histograms indicate the preferred velocity ranges
for each of the command sources. Across command
sources, lower velocity commands were more common,
with a progressively declining number of occurrences of
higher speeds. This trend does not hold for the highest
velocity bin, indicating that subjects were somewhat
limited (by the maximum robot velocity we set) during
certain portions of movement. In Figure 4B, very little
speed limiting can be seen in head orientation forward/
backward (x-axis) and lateral (y-axis) commands at max-
imum speed. The histogram of EMG command velocities
(Figure 4D) shows some speed limiting across all direc-
tions. Figure 4F, the joystick command velocity histogram,
shows some speed limiting, in forward/backward (x-axis)
and lateral (y-axis) issued commands and none in the
vertical (z-axis).
Figure 5 illustrates the relationship between movement

time (MT) and index of difficulty (ID). For all three com-
mand sources, MT increased as the ID increased. Joystick-
commanded end-point movements displayed the most
linear (i.e., Fitts’ Law-like) relationship (R2 = 0.70) between
ID and MT (Figure 5C). Head orientation and EMG com-
mand sources (Figure 5A and (B)) had lower overall linear
correlation between ID and MT (R2 = 0.45 and 0.46, re-
spectively), and the relationship depended more strongly
on target width (W).
Figure 6 and Table 2 summarize the performance of

each command source across the various performance
metrics. For all comparisons, statistically significant differ-
ences were seen across all performance measures (p ≤
0.0048 or less). Head orientation had a significantly lower
Throughput than EMG (p = 0.004) while no difference was
observed between EMG and the joystick (p = 0.122). No
significant difference was seen between head orientation
and EMG Path Efficiencies (p = 0.107) and both were
significantly less efficient than the joystick (p < 0.001). A
similar trend is seen in terms of Overshoot where no de-
tectible difference in seen between head orientation and
EMG (p = 0.162), while the joystick exhibited significantly
less Overshoot that the other two command sources
(p < 0.001). Significant differences were seen between all
command sources for Reaction Time, with head orienta-
tion being the slowest (p < 0.001), EMG the fastest, and
the joystick in the middle (p = 0.025). This trend is also
seen in Average Speed, where head orientation is the
slowest (p < 0.001), EMG the fastest, and the joystick
again in the middle (p = 0.002).
Table 3 details the other significant interactions be-

tween index of difficulty and performance measures and
index of difficulty combined with command source.
Significant effects of index of difficulty were seen for
head orientation (p = 0.043) and the joystick (p = 0.020)
Throughput, while ID did not significantly impact Through-
put while using the EMG command source (p = 0.164).
Across all sources, Overshoot and Reaction Time were
impacted by index of difficulty (p < 0.001 and p = 0.004
respectively).
The effect on performance of moving simultaneously

in multiple dimensions was quantified by the various Di-
mension Ratios. Overall summary averages of the various
Dimension Ratios are listed for each command source



Figure 3 (See legend on next page.)
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(See figure on previous page.)
Figure 3 Example of a single user’s performance from an identical starting location across command sources. The left column (A, C, & E)
shows the user signals and resulting end-point position. The highlighted band across the middle of the plots represents the target width (changing
color and becoming wider for emphasis when the arm end-point is inside the target space). The right column (B, D, & F) illustrates the end-point
traces through the 3D workspace. Note that most of the motions are sequential, with few diagonal motions.
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and each performance measure in Table 4. Note that a
Dimension Ratio of less than 1.0 for all but Overshoot
means that performance declined as the number of di-
mensions of control increased, while a Dimension Ratio
of greater than 1.0 for Overshoot meant lower perform-
ance as the number of control dimensions increased.
Across command sources, as the number of dimensions
needed to move to the target increased, the Dimension
Ratio significantly deviated farther from unity for all
performance measures except Average Speed (p > 0.059)
Figure 4 End-point traces (left column, A C & E) and command veloci
command sources.
and Joystick Reaction Time when moving from 2D to 3D
movements (p = 0.141).
In moving from 1D to 2D movements (DR 1,2), both

2D Throughput and Path Efficiency are about half that
of 1D movements with significant differences between
command sources present in the Path Efficiency, Over-
shoot, and Average Speed (Table 4). Within these perform-
ance measures, Head Orientation exhibited a significantly
different effect on Overshoot due to dimension of move-
ment than EMG (p < 0.001) and Joystick (p = 0.003) and
ty histograms (right column, B, D, & F) for all subjects across



Figure 5 Regression plots of end-point Movement Time to
Index of Difficulty for each command source (A-C).

Figure 6 Comparison of command source performance measures acr
Comparisons that are significantly different (p ≤ 0.05) within the marked gr
the Overshoot in this graph is the Overshoot divided by 2 in order to make
presented in the figure.
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less effects on Average Speed compared to EMG (p =
0.003). Compare to EMG, thee joystick exhibited signifi-
cantly less impact due to increased dimension of move-
ment (going from 1 to 2 dimensions) on Path Efficiency
(p = 0.021) but a greater effect on Overshoot (p = 0.003).
The trend of reduced performance due to increased

dimension of movement continued when comparing 1D
and 3D motions, particularly in Throughput and Path
Efficiency across command sources (Table 4). The Di-
mension Ratio between 1 and three dimensions (DR 1,3)
showed significant differences only in Throughput and
Path Efficiency (Table 4). All command sources exhibited
a different Throughput DR 1,3 (p = 0.001) while only a
significant difference between the EMG and Joystick
Path Efficiencies DR 1,3 was observed (p = 0.001).
Significant differences between command sources were

seen in all Dimension Ratios when moving from 2 to 3
dimensions (DR 2,3) except Reaction Time (p < 0.05)
(Table 4). Both the Head Orientation Throughput and
Overshoot DR 2,3 were significantly greater (p < 0.026)
than those for EMG. In this Dimension Ratio, the joy-
stick was significantly less impacted by the increased di-
mension (p < 0.05) than EMG or Head Orientation in all
performance measure except Average Speed.

Discussion
This study investigated the performance of three user in-
terfaces for controlling a robot arm in three dimensions,
two of which (head orientation and face/neck EMG)
could serve as an effective command source for individ-
uals with a high cervical spinal cord injury, and one
(three axis joystick) that served as a standard of com-
parison. While all three interfaces exhibited somewhat
oss sources. Pair-wise comparisons are noted with brackets.
oups are denoted with a star. Given the overall high level of Overshoot,
the magnitude more consistent with the other performance measures



Table 2 Command source performance, ANOVA results, and fixed effects between sources

Performance Command source ANOVA Fixed effects, p

Measure Head Or. EMG Joystick p HdOr. Joystick

Throughput (bits/s) 0.27 ± 0.09 0.33 ± 0.13 0.38 ± 0.12 <2e-16 0.004 0.122

Path Efficiency 33% ± 7% 30% ± 8% 40% ± 9% 1.603e-9 0.107 6.94e-5

Overshoot 127% ± 56% 119% ± 74% 74% ± 47% 3.131e-8 0.162 4.83e-4

Reaction Time (s) 0.42 ± 0.14 0.32 ± 0.13 0.34 ± 0.07 0.004344 6.34e-5 0.025

Average Speed (m/s) 0.95 ± 0.22 1.17 ± 0.12 1.03 ± 0.17 4.83e-7 1.19e-4 0.002

Boldface values denote statistical significance.
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similar performance and operation, the joystick was mar-
ginally superior to head orientation and EMG, exhibiting
slightly better accuracy and faster speed and response
time. This was expected given the familiarity of the inter-
face and the highly dexterous nature of the hand and arm,
however, the fact that head orientation and EMG control
(both of which can be used by individuals with high cer-
vical SCI) were only slightly inferior in performance in-
dicates that such an individual should be able to use
these interfaces to operate a service robot or their own
arm that has been reanimated using a FES-based neuro-
prosthesis almost as capably as an able-bodied individ-
ual using a joystick.
To address whether fatigue or learning effects were

present during the trials, command source performance
was assessed using experimental blocks two and three of
the three block experiment. The performance was found
to be consistent between these blocks with no statistical
difference in performance (p > 0.05) for all subjects dem-
onstrating that no learning or fatigue effects were ob-
served over this portion of the experiment.
Effect of dimensionality
The relative similarity in performance between head
orientation and EMG (and the joystick as well) is largely
due to the manner in which subjects used the interfaces in
our multi-dimensional task. Subjects adopted a sequential
mode of operation, moving first along one axis, then an-
other, and then another to the target, with few “diagonal”
Table 3 Fixed effects between performance measures and ind
source

Performance Fixed effects, p

Measure ID ID*Source

Throughput (bits/s) 0.050 0.040

Path Efficiency 0.840 0.846

Overshoot 1.704e-11 0.410

Reaction Time (s) 0.004 0.272

Average Speed (m/s) 0.090 0.846

Boldface values denote statistical significance.
movements requiring simultaneous control of both move-
ment directions. This is particularly true given the low
Path Efficiencies observed. Subjects exhibited some simul-
taneous two-axis movements as seen in Figure 3, but
never simultaneous motion of all three movement di-
mensions. This behavior was seen for all three com-
mand sources, and probably reflects the requirement to
control a set of three movements with three different
and mechanically unrelated movements. This matches
the performance seen by both Tijsma [7], and Zhai [22]
who showed that users rarely operate 3D user input de-
vices in multiple degrees of freedom to complete a 3D
task and when expressly told to do so, will sacrifice time
to improve coordination between degrees of freedom.
While this study controlled for short-term learning ef-

fects with the initial practice block, it is not known if
simultaneous control of command actions (and hence,
performance) would improve with long-term practice. No
studies (this one or those previously mentioned) have
explored the effects of long-term practice on 3D user in-
terfaces. It is possible that, similar to other motor tasks,
users will become more accustomed to the interface and
the actions required will become more “natural”, and that
simultaneous control will thus also improve.
EMG interface limitations
It should be noted that given the number of muscles (four)
and algorithm used, true 3D motion using EMG was not
possible because some commands would counteract others.
ex of difficulty (ID) and ID combined with command

ID*HdOr ID*EMG ID*Joystick

0.043 0.164 0.020

- - -

- - -

- - -

- - -



Table 4 Summary of the Direction Ratios for each performance measure across command sources, ANOVA results, and
fixed effects between sources

DR 1,2

Performance Command source ANOVA Fixed effects, p

Measure Head Or. EMG Joystick p HdOr. Joystick

Throughput (bits/s) 0.49 ± 0.11 0.47 ± 0.18 0.51 ± 0.13 0.247 0.391 0.094

Path Efficiency 0.54 ± 0.11 0.53 ± 0.19 0.59 ± 0.14 0.039 0.571 0.021

Overshoot 0.84 ± 0.34 1.14 ± 0.40 1.39 ± 0.57 0 0.000 0.003

Reaction Time (s) 0.77 ± 0.48 0.81 ± 0.39 0.84 ± 0.57 0.687 0.543 0.739

Average Speed (m/s) 1.01 ± 0.09 0.96 ± 0.11 0.97 ± 0.09 0.005 0.003 0.561

DR 1,3

Performance Command source ANOVA Fixed effects, p

Measure Head Or. EMG Joystick p HdOr. Joystick

Throughput (bits/s) 0.34 ± 0.09 0.30 ± 0.12 0.36 ± 0.08 0.001 0.040 0.001

Path Efficiency 0.39 ± 0.09 0.38 ± 0.14 0.45 ± 0.10 4e-04 0.473 0.001

Overshoot 1.24 ± 0.52 1.38 ± 0.46 1.36 ± 0.66 0.262 0.087 0.814

Reaction Time (s) 0.73 ± 0.53 0.85 ± 0.38 0.82 ± 0.58 0.333 0.111 0.729

Average Speed (m/s) 0.98 ± 0.08 0.96 ± 0.15 0.94 ± 0.10 0.111 0.194 0.341

DR 2,3

Performance Command source ANOVA Fixed effects, p

Measure Head Or. EMG Joystick p HdOr. Joystick

Throughput (bits/s) 0.69 ± 0.11 0.64 ± 0.16 0.70 ± 0.10 0.002 0.026 0.003

Path Efficiency 0.72 ± 0.11 0.71 ± 0.20 0.76 ± 0.10 0.04 0.744 0.050

Overshoot 1.48 ± 0.46 1.21 ± 0.45 0.98 ± 0.30 0 0.000 0.000

Reaction Time (s) 0.95 ± 0.40 1.05 ± 0.39 0.98 ± 0.41 0.208 0.082 0.244

Average Speed (m/s) 0.98 ± 0.09 1.00 ± 0.08 0.97 ± 0.09 0.05 0.053 0.009

Boldface values denote statistical significance.
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For example, it would be impossible to simultaneously
move outward, down, and to the right. The initial decision
to use four muscles was set by the number of EMG chan-
nels available in the clinical device this work was support-
ing, as well as the number of distinct muscles/actions
available to an individual with a cervical spinal cord injury.
This was not a likely limitation to performance, however,
given how the command source was used in a sequential
manner. It is possible that an expanded muscle set would
improve EMG performance by not requiring the use of
co-contraction for forward/backward control, e.g., if six
muscles were available. This may also reduce the differ-
ences noticed between the forward and backward EMG
performance. At the same time, by having more options,
the cognitive load on the user might increase, particu-
larly for a signal like EMG with its coarse resolution of
control. Another possibility with an expanded muscle
set would be to use EMG to estimate head motions
from head actuator muscles. This approach has been in-
vestigated in the past with mixed results [27,28] largely
due to the need to use relatively large (>45°) head rota-
tions for classification. The use of implanted electrodes,
however, may improve performance as the electrodes
will be attached to the muscles themselves, and will not
be affected by skin movement as in the case of neck
surface EMG.
The fact that two of the eight subjects participating in

the EMG experiments could not independently control
the left and right platysma muscles followed the trend
seen in previous work by the authors [24]. Other sets of
candidate muscles were not tested here to determine if
this effect is peculiar to the platysma muscle, but that
would be an obvious next step. If such lack of independ-
ent control is found in other sets of control muscles, this
could limit the use of face and neck EMG signals as a
command source in some individuals.
The processing methods used in this study were similar

to the standard techniques currently in use by EMG con-
trolled prosthetic systems (e.g., functional electrical stimu-
lation and upper extremity prosthetics). While additional
features can be extracted from EMG signals using other
signal processing techniques, many features of the EMG
signal are generally correlated to the rectified, windowed,
average EMG amplitude. Additional pattern recognition
techniques may be employed in future studies to further
enhance the performance of this command source.
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Impact of limiting command velocity
Figure 4C shows that some speed limiting occurred in
EMG commanded movements as a result of the command
speed being limited to 300 mm/s. Some minor speed lim-
iting was also observed in the head orientation and joy-
stick command sources, but this was generally negligible.
In preliminary testing, subject performance dropped sig-
nificantly when the EMG command speed limit was raised
above 300 mm/s, largely due to increased Overshoot and
reduced velocity control. For this reason, the maximum
command speed was set to limit Overshoot to a reasonable
level while still providing sufficient speed to reach far tar-
gets in a timely manner. While allowing higher command
velocities may have allowed a higher overall Throughput
for EMG-commanded end-point motions, it is more likely
that a corresponding increase in Overshoot would have re-
duced performance to an even greater extent. It is also
possible that, with experience though long term practice,
that the speed limit could be increased for clinical users. It
is not believed, however, that limiting command velocity
significantly impacted the computed measures of perform-
ance in our study. The high amount of velocity limiting is
also due to the command algorithm mapping maximum
endpoint speed to sub-MVC (~70% MVC) levels of con-
traction. While this was done to reduce the overall effort
of using the interface and prevent fatigue, it did allow par-
ticipants to produce brief EMG commands that “spiked”
the velocity to its maximum. While this does occur, the
bulk of the commands from the user interfaces were con-
trolling slow movements such that low velocity commands
dominated the overall performance measures. Subjects
tended to start with a high velocity burst to move toward
the target volume and then smaller, low speed commands
to reach the target. This afforded better control and mini-
mized the amount of maximum or near maximum muscle
contractions required to perform the task.

Fitts’ Law for head orientation-commanded and
EMG-commanded 3D end-point movements
From Figure 5A and (B), it can be seen that the linear fit
between the index of difficulty (ID) and movement time
(MT) of the head orientation and EMG data to a Fitts’
Law model was certainly not perfect, with R2 values of
0.45 and 0.46, respectively. The joystick followed an
ideal Fitts’ Law model somewhat better, with an R2 of
0.70 - due primarily to its higher Path Efficiency and
lower Overshoot compared to the other two command
sources. However, this does not rule out the use of the
Fitts’ Law based Throughput performance measure. In
previous 2D studies by the authors and others, it was
observed that the smallest diameter targets resulted in
disproportionately long movement times that did not al-
ways follow a Fitts’ Law model of movement [24,26].
This was also seen in this study in the significant effect
of index of difficulty on Overshoot (Table 3), with more
Overshoot requiring an increased time to re-acquire the
target. When these targets were removed from the re-
gression for our data, the linear fit achieved a significant
(p < 0.05) R2 of 0.69, 0.83, and 0.91 for head orientation,
EMG, and joystick commanded motion, respectively.
The deviations we observed are thus most likely a result
of the original characterization of Fitts’ Law to directed,
continual, position commanded movement. When the
command source is a velocity command (as in the case
of the command sources used in this and other human-
computer interface studies) and some targets are too
small to acquire in a single trajectory due to excessive
Overshoot, a strict fit to Fitts’ Law is often not observed
[17,26,29]. Furthermore, the use of sequential dimension
commands seen in all three command sources contrasts
with the smooth, ballistic trajectory to the target seen in
classic Fitts’ Law tasks, and limits the interpretation of
Throughput as an overall summary performance meas-
ure. However, the use of additional performance mea-
sures such as Path Efficiency, Overshoot, Reaction Time
and Average Speed, provide ample detail concerning the
finer aspects of command source performance in a way
that does not depend on the Fitts’ Law model [18,24].
While it is understood that a Fitts’ Law model does not
describe the motion as observed, it was included in the
analysis for comparison to other user interface studies
and to highlight the importance of the utility of using
additional, non-summary performance measures to bet-
ter assess command source performance.

Head orientation versus EMG as a command source
Overall, the performance of the robotic command inter-
face based on neck-face EMG was marginally better than
that of head orientation in commanding 3D motions.
While Path Efficiency and Overshoot may be similar be-
tween the two command sources, EMG had a significantly
higher Throughput, faster Reaction Time, and faster Aver-
age Speed than that of head orientation. However, EMG
also exhibited a much higher number of Z Commands as
a result of subjects using several bursts of activity to
command movement in that direction rather than a sin-
gle smooth command, i.e., users employed a more bin-
ary (on/off ) operation for vertical end-point control via
the EMG interface.
The difference in performance of the head orientation

and EMG-based interfaces in the 3D control of a robot
arm is in contrast to that seen in 2D computer cursor
control with the same command sources [23], where head
orientation was shown to be superior in terms of Path
Efficiency (88 ± 2% vs. 61 ± 10%) and Overshoot (32 ± 8%
vs. 83 ± 40%) and with no significant differences in
Throughput or Reaction Time. The Direction Ratios’s of
head orientation in the earlier 2D cursor control study
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were also much closer to unity (i.e., fewer directional ef-
fects) than EMG control – which typically exhibited the
one-direction-at-a-time command structure observed in
the current study for a 3D task. It seems likely that the
EMG interface (even for the 2D task) is moderately
more demanding on the user than the head orientation
interface and that a typical user strategy for addressing
more complex interfaces is to revert to a sequence of
single dimension commands. Thus, EMG control may
have been largely sequential for even the 2D cursor task
because it had already reached the threshold for com-
plexity, whereas head orientation did not reach this
threshold until the task increased from 2D to 3D tasks.
Given that EMG performed similar or better than head

orientation as a user interface for controlling 3D end-
point for many of our performance measures, EMG is
an intriguing choice as a command source because of
other, potentially more practical reasons. In particular,
EMG recording systems are already are being implanted
in human subjects for the control of neuroprosthesis
[9,11,30] and are being investigated for control of pow-
ered prostheses following amputation [31-33], and the
durability and repeatability of such systems have already
been demonstrated [9,33]. On the other hand, no implant-
able orientation sensor currently exists. In operation, an
implanted EMG command source could be nearly invis-
ible to outside observers and controlled using subtle and
non-fatiguing muscle contractions. Considering that both
obtrusiveness and the amount of worn equipment are re-
lated to abandonment rates of prosthetic systems [34], an
implanted EMG interface may be an attractive and viable
means of commanding systems for restoration of 3D arm
function for the foreseeable future.

Conclusion
This project investigated the performance of head orien-
tation and EMG commanded robot end-point motions,
both of which are voluntary actions that are typically
available to individuals with a high-cervical SCI and could
be used to command a rehabilitation robot or their own
paralyzed arm (via an FES-based neuroprosthesis). A
three-axis joystick was also evaluated for baseline compar-
isons. Both head orientation and EMG command sources
typically exhibited sequential control of individual move-
ment dimensions rather than simultaneous control of two
or three movement directions. The joystick interface had
marginally better performance overall in terms of move-
ment times, accuracy, and stability. The EMG interface
was faster (higher Average Speed, lower Reaction Time)
and had a higher information transfer rate (Throughput)
than head orientation, but was similar in terms of
straightness to target (Path Efficiency) and terminal con-
trollability (Overshoot). Given these differences and the
ability to be readily implanted, EMG is a practical
choice for a 3D command source for controlling an
implanted neuroprosthesis or other multi-dimensional
assistive devices. The evaluation approach used here
should be useful for future evaluations of other 3D user
interfaces, including brain-computer interfaces.
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