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INTRODUCTION

There are currently around 41,000 individuals in the United States living with major upper limb amputation, and this
number is expected to double by 2050 [1]. Many individuals with upper limb amputation reject their prostheses due
to dissatisfaction with the devices [2-3]. Most existing myoelectric prostheses use dual-site surface
electromyography (sEMG) to implement direct control of a terminal device. Achieving reliable proportional position
control with sEMG is difficult due to random fluctuations in the SEMG signal leading to low signal to noise ratio [4—
7]. As a result, the sEMG signal is typically thresholded to drive joint velocity, rather than position. One way to
implement velocity control is with a fixed velocity paradigm, in which the user activates the flexor or extensor
muscles to initiate opening or closing of the terminal device and relaxes to stop the terminal device. Thus, the user
achieves a target position of the terminal device by maintaining flexion or extension for a given period of time. This
strategy can make it challenging to achieve a desired target position, e.g., to rotate the wrist to a desired angle.

Prior work from our laboratory has shown that real-time ultrasound imaging of forearm muscle deformations during
volitional motor activity can be used for real-time classification of multiple degrees of freedom in able-bodied
individuals [8,9] and individuals with transradial amputation [8]. This method, called sonomyography, offers a
reliable way to measure muscle deformation, as opposed to electrical signals from deep musculature. Some of the
problems associated with sEMG control are overcome by using sonomyography, since it gives direct access to
muscle movements deep below the skin. Sonomyography has improved signal to noise ratio compared to sEMG,
thereby enabling the possibility of direct position control. Recently, we have proposed a proportional position control
paradigm using ultrasound sensing [10], and shown feasibility in able-bodied subjects and prosthetic users. In
position control, users are able to directly achieve a target position by controlling the extent of muscle deformation.

The aim of this study is to compare the position and velocity control modalities to determine which would be more
efficient to use in the development of future prosthetic devices. In this work, we compared between velocity control
and position control paradigms for a virtual cursor control task using sonomyography. We hypothesized that
compared to velocity control, more targets would be acquired in position control, and the time taken to acquire those
targets would be reduced.

METHODS

A total of ten naive, able-bodied individuals (mean age: 29 + 4 years; five male) were recruited and provided written
informed consent for this study. Nine of the participants reported being right-handed. All experiments in this work
were approved by the George Mason University Institutional Review Board.

Participants were asked to sit upright with their elbow below their shoulder and the forearm comfortably secured to
a platform on the armrest of the chair, which was positioned at a fixed distance from a computer monitor. Participants
were instrumented with a clinical ultrasound system (Terason uSmart 3200T) connected to a low-profile, high
frequency, linear, 16HL7 transducer. The imaging depth was set to 4 cm and the gain was set to 60. The transducer
was manually positioned on the volar aspect of the dominant forearm in order to access the deep and superficial
flexor muscles of the forearm. The transducer was secured in a custom designed probe holder and held in place
with a stretchable cuff. In order to ensure that participants were relying on their proprioceptive sense to perform
each task, they placed their hand in an opaque enclosure to prevent direct observation of the wrist and hand
movements. A USB-based video grabber (DVI2USB 3.0, Epiphan Systems, Inc.) was used to transfer ultrasound
image sequences in real time to a PC (Dell XPS 15 9560). The acquired image frames were processed in MATLAB
(The MathWorks, Inc.) using custom-developed algorithms that we have described previously elsewhere [10].
Following probe placement, the participants were randomly selected to perform either the position or velocity control
task first. They were given a one-minute break and then tested on the second technique.

Position control:

Prior to position control testing, participants underwent a training procedure in which they performed repeated wrist
extension and flexion. These movements were timed to a metronome such that the participant was cued to transition
from full extension to full flexion within one second, hold the position for one second, return to full extension within



one second, and hold the position for one second. This process was repeated five times. The ultrasound images
corresponding with the full extension and flexion phases were averaged into a single representative image and
added to a training database with a corresponding "extension" or "flexion" label.

During the position control task, the participant controlled an on-screen cursor that could move horizontally in
proportion to the degree of muscle activation in the forearm (i.e., the cursor moved left in response to wrist flexion
and right in response to wrist extension for right-handed subjects and opposite for left-handed subjects). The
objective was to reach a vertical target line as quickly as possible and retain the cursor at the target line until the
next target was presented. The interface presented the target position at random from a set of nine predefined,
equidistant positions. The target remained at each position for 10 seconds and then moved the next position until
all nine target points were presented. For each target position, the participant was prompted, via an automated
audio cue, to move the cursor to the extend position before the task began. After the nine targets were presented,
the participant would rest for one minute and then repeat the task. They completed a six-task block, with the first
block for practice, and rest five blocks were used for analysis.

Velocity control:

Prior to velocity control testing, participants underwent a training procedure that was similar to the one used for
position control. Participants transitioned between rest and full wrist extension for a total of five times, then repeated
the procedure to transition between rest and full wrist flexion instead. Thus, the training database contained
ultrasound images for "rest", "extension”, and "flexion."

The objective of the velocity control task was identical to that of the position control task. The only difference was
that the cursor moved horizontally at a fixed velocity in response to muscle activity in the forearm (i.e., the cursor
moved left in response to wrist flexion, right in response to wrist extension, and remained stationary when the wrist
was in a neutral position for right-handed subjects). A fixed velocity of 79.4% (of the full range of target positions)
per second was selected based on an average of commercially available prosthetic hands [11].

Data analysis:

During post-hoc analysis, the trials were marked as completed if the user held the cursor inside the target bound
for a stipulated amount of time. There were no bounds imposed during data acquisition, but a number of different
possible target bounds were imposed post-hoc. We quantified the target acquisition rate and time needed to reach
the target under a range of bound sizes (+5% to + 15% of the target) and imposed hold times (1 to 3 seconds).

RESULTS

A complete data set was available for analysis from only nine of the participants due to a technical error during data
collection.

At the small target thickness of + 5%, subjects completed 82% more trials in position control (87.58 + 3.44%) as
opposed to velocity control (48.10 + 2.38%) across all hold times (Figure 1). As the target thickness was increased,
the difference between the two control modalities decreased. At the largest target thickness of + 15%, subjects
completed 12% more trials in position control (96.08 + 0.66%) as opposed to velocity control (78.91 + 5.62%)
across all hold times. Velocity control never outperformed position control in terms of target completion rate. A
paired t-test revealed that the target completion rate for position control was significantly higher than for velocity
control across all hold times and target thicknesses (p < 0.05).

At the small target thickness of + 5%, subjects acquired the target faster using velocity control (3.15 + 0.93
seconds) as opposed to position control (4.69 + 1.26 seconds), across all target locations. At the largest target
thickness of + 15%, subjects acquired the target faster using velocity control (2.52 + 1.10 seconds) as opposed to
position control (3.16 + 1.34 seconds) across all target locations. A paired t-test showed that the time to target for
position control was significantly higher than that for velocity control across all target locations and thicknesses
except one target location (50%) and target thickness (15%) (p < 0.05).

DISCUSSION

In the current experiment, we implemented a virtual target acquisition task in which the cursor position was
manipulated using sonomyographic control. We tested for the effect of hold time, target location, and target
thickness on the target completion rate and the time taken to acquire the target. Our main finding is that for all
investigated values of target thickness and hold time, position control had a higher target completion rate as
compared to velocity control, while it also had a higher time to target for nearly all values of target location and
target thickness.
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Figure 1: Surface plot showing the target completion rate (%) as a function of the imposed target thickness (+ %)
and hold time (seconds) values. The target completion rate of position control was higher than that of velocity
control for all the investigated values of target thickness and hold time.
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Figure 2: Surface plot showing the time to target (seconds) as a function of the target thickness (+ %) and target
location (%).The time to target for position control was higher than that of velocity control for all the investigated
values of target thickness and target location, except for one combination of target thickness (15%) and target
location (50%).

This finding suggests that in the context of prosthesis control, it may be faster to attain a certain hand pose using
velocity control, but position control may be preferred where fine manipulation is required to reach a specific target.
During velocity control, a user may just maintain a maximal flexion of their muscles so the hand moves towards the
given pose as fast as possible, so the position may be acquired quickly. Once they are close to the required hand
pose, it is very hard to acquire it exactly. During position control, the user can manipulate the position of the
prosthetic hand more finely since the position correlates with the intensity of the biosignal used for control. While
our experiment evaluated only target position, we believe the results would also hold for grip force, which will be
evaluated in a future study.

To the best of our knowledge, this is the first study using ultrasound as the signal to compare position and velocity
control. Previous studies have used a force sensor to compare between them, and found similar results. Our results
are partially in contradiction of their results. We found that the target completion rate was higher whereas the time
to target was worse for position control as opposed to velocity control. In terms of maximum overshoot, our results
are similar.



This study was limited by a small sample size of 9 subjects. The fixed velocity used in this experiment was based
on a survey of the literature [11]. We took the average closing time for the prosthetic hands whose specifications
were given in the literature, and used that as the time taken to move the cursor from one end of the screen to
another. In future work, we will implement a variable velocity approach, to make the experiment as analogous to a
real-world prosthetic hand as possible.

CONCLUSION

Traditional myoelectric prosthesis direct control systems utilize velocity control to achieve target position of a
terminal device. Sonomyography, an emerging biosignal sensing method that has improved signal to noise ratio
compared to electromyography, can enable robust proportional positional control. In this study, we utilized
sonomyography to investigate the advantages of position and velocity control using a virtual cursor control task.
Position control outperformed velocity control in terms of target completion rate for all the investigated values of
target thickness, target location, and hold time. At the same time, velocity control outperformed position control in
terms of time to target for all but one of the values investigated values of target thickness (15%) and target location
(50%).
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