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Electromyographically controlled
prosthetic wrist improves dexterity
and reduces compensatory
movements without added
cognitive load

Connor D. Olsen'™, Nathaniel R. Olsen?, Eric S. Stone?, Troy N. Tully?, Michael D. Paskett?,
Masaru Teramoto*, Gregory A. Clark® & Jacob A. Georgel:%:3/*

Wrist function is a top priority for transradial amputees. However, the combined functional,
biomechanical, and cognitive impact of using a powered prosthetic wrist is unclear. Here, we quantify
task performance, compensatory movements, and cognitive load while three transradial amputees
performed a modified Clothespin Relocation Task using two myoelectric prostheses with and without
the wrists. The two myoelectric prostheses include a commercial prosthesis with a built-in powered
wrist, and a newly developed inexpensive prosthetic wrist for research purposes, called the “Utah
wrist”, that can be adapted to work with various sockets and prostheses. For these three participants,
task failure rate decreased significantly from 66% + 12% without the wrist to 39% + 9% with the
Utah wrist. Compensatory forward leaning movements also decreased significantly, from 24.2° +

2.5 without the wrist to 12.6° + 1.0 with the Utah wrist, and from 23.6° + 7.6 to 15.3° + 7.2 with

the commercial prosthesis with an integrated wrist. Compensatory leftward bending movements
also significantly decreased, from 20.8° + 8.6 to 12.3° + 5.3, for the commercial with an integrated
wrist. Importantly, simultaneous myoelectric control of either prosthetic wrist had no significant
impact on cognitive load, as assessed by the NASA Task Load Index survey and a secondary detection
response task. This work suggests that functional prosthetic wrists can improve dexterity and reduce
compensation without significantly increasing cognitive effort. These results, and the introduction of a
new inexpensive prosthetic wrist for research purposes, can aid future research and development and
guide the prescription of upper-limb prostheses.
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Abbreviations

ADL Activities of daily living
CRT Clothespin relocation task
DOF Degrees of freedom

DRT Detection response task
IMU Inertial measurement unit
MAV Mean absolute value

mKF Modified Kalman filter
PLA Polylactic acid

sEMG  Surface electromyography
TLX Task load index
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Transradial amputees have expressed a strong desire for powered wrist prostheses. Indeed, the top five priorities
for transradial amputees, in order of importance, were reported as: wrist rotation, simultaneous movements of
multiple degrees of freedom, wrist deviation, wrist flexion/extension, and reduced cognitive demand. Other
priorities included reduced weight, improved durability, and increased strength!:2. Without a wrist, amputees
are forced to compensate with unnatural movements to complete routine activities of daily living (ADLs)**. The
continual use of these motions causes damage to the musculoskeletal system over time™>®.

Despite end-user desire for functional wrist movements, only a few prostheses incorporate a powered wrist
module, and those that do or either financially unobtainable or unavailable altogether”®. Many prostheses can be
paired with a powered wrist, but commercially available options are few and are often limited to a single active
degree of freedom (DOF)®-!1, Passive wrists often have additional DOFs, but these are unnatural to use, as they
require manual adjustment with the contralateral hand, and manual adjustments are particularly inefficient for
unilateral tasks. Some commercially available hands come with their own powered wrist, but these are often
expensive, heavy, or not widely available.

In response to this, there have been several publications showcasing new 3D-printed wrists*!2-16. 3D-printed
wrists have been designed to enable simultaneous active control of multiple DOFs but have often stopped
short of validation with amputee end-users!>-!* or are limited to only a case study with a single participant™!.
Importantly, many of these 3D-printed wrists are motivated by the desire to reduce compensatory movements®!2,
but they have yet to quantify the impact of using an active wrist on compensatory movements.

Building on these prior works, here we describe the development of a powered, 3D-printed, inexpensive,
and adaptable prosthetic wrist for research purposes, referred to herein as the “Utah wrist” The Utah wrist has
a unique modular design which allows it to easily attach to different sockets and terminal devices, making it a
practical and cost-effective tool to aid future prosthetic wrist research. Importantly, we validate the function of
the Utah wrist with three transradial amputees and show comparable performance of the Utah wrist to that of a
high-end commercially available wrist in a research setting.

More importantly, we introduce several new metrics for validating use of a prosthetic wrist. First, we show
that use of a powered prosthetic wrist reduces compensatory leftward bending and forward leaning motions
using wearable inertial measurement units (IMUs). Second, we show that adding simultaneous myoelectric
control of the wrist does not require more cognitive demand using a survey of subjective workload and a novel
secondary detection response task of cognitive load (DRT). Together, these findings and the development and
validation of a new prosthetic wrist constitute an important step toward addressing amputees’ self-reported
needs and reducing compensatory movements that would otherwise cause musculoskeletal damage.

Methods

Wrist design

The Utah wrist was designed with two degrees of freedom (DOFs) to provide pronation/supination and flexion/
extension (Fig. 1). The second DOF can also be used for deviation depending on how the prosthesis is mounted
to the wrist. The body of the wrist consists of an interlocking rotation mechanism and cap. The interlocking
rotation mechanism was designed to be 3D-printed with dissolvable support material, polyvinyl alcohol (PVA),
between the interlocking parts (Fig. 1a). The two subparts are printed together as a single piece and can freely
rotate once the inner support material is dissolved (Fig. 1b and d) This design and assembly process strengthens
the wrist, resulting in a more robust device that can support the weight of a terminal device. Each of these subparts
houses a servo motor, and the proximal subpart also houses an Adafruit Trinket MO microcontroller (Adafruit
Industries, New York, NY). The two high-power hobby servo motors (Hitec D980TW, Hitec RCD USA, Poway,
CA) were chosen to mimic the strength of a human wrist and a 7.5-V, 20-A power supply (967-CUS200LD7RS5,
TDK-Lambda Americas Inc., National City, CA) was used to provide 4.3 N-m of torque. An Actobotics 525,130
servo hub horn (RobotZone, Winfield, KS) was mounted to the proximal motor, then fixed to the distal part via
four screws. The distal servo motor was responsible for the additional degree of freedom (flexion/extension or
radial/ulnar deviation) and had a servo hub horn mounted to it. The servo hub horn is fixed to the adaptable
hand attachment portion of the wrist using four screws. Actobotics 545,372 servo hub spacers (RobotZone,
Winfield, KS) provided proper spacing between the servo horn and the adaptable hand attachment portion of
the wrist.

The average length of the radius is 24.6 cm (SD=1.25) for males and 22.0 cm (SD=1.03) for females!’. The
Utah wrist measures 11.8 cm (Table 1), making it less than half the average length of a male forearm and only
0.8 cm longer than half the average length of a female forearm. Minimizing the length of the Utah wrist was a
top priority as residual limb lengths can vary. Minimizing the length also constrained the design to two motors
and thus only a 2-DOF wrist. Pronation/supination was included in the design because it is the most frequently
implemented DOF'®. The Utah wrist was designed to operate in series with either flexion/extension or radial/
ulnar deviation: either can be selected by mounting the wrist in its standard configuration or at a 90° offset
to the hand. This configuration is changed by physically removing and remounting the hand to the wrist. For
our validation study, we chose to use the flexion/extension configuration to match the capability of the high-
end commercial wrist we assessed in parallel. Additional details on the commercial wrist are provided in the
“Functional assessment” section.

The Utah wrist was built to accommodate different prostheses and sockets using modular attachments. CAD
design and 3D printing allow for rapid adaptation to the distal and proximal ends of the device (Fig. le) and
to various prosthetic hands (Fig. 1c). The distal hand adaptor was designed with a flat surface to easily print
modified attachments to attach new prostheses to the Utah wrist. Likewise, the proximal end was designed to be
easily modified to fit various sockets. The Utah wrist was 3D printed using polylactic acid (PLA) to minimize the
weight and cost of materials. See Table 1 for the full design specifications.
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Fig. 1. Design of the Utah wrist. a Exploded view of the Utah wrist. The red and green arrows correspond to
the motors associated with pronation/supination and flexion/extension (or ulnar/radial deviation), respectively.
b Photo and dimensions of the assembled wrist with the attachments to connect to a bypass socket. ¢ The wrist
can adapt to various terminal devices by printing a new interface part such as the two shown here. d Expanded
view of the rotary joint mechanism, as highlighted in part b. e The wrist can connect to various sockets by
printing a new interface part, such as the one shown here.

Wrist specifications

Degrees of freedom | Pronation/supination in series with flexion/extension or radial/ulnar deviation
Length 11.8 cm
Weight 360 g

Pronation/supination - 180 Degrees

Range of motion Radial/ulnar deviation or flexion/extension - Up to 175 Degrees

Torque 43 N*m

Cost < $600

Table 1. The wrist specifications fall within the established design criteria.

Participant | Sex | Age | Preferred Prosthesis | Hand Dominance | Years Since Amputation
1 M |60 | Cosmetic Hand Left 20

2 M |44 | Body Powered Hook | Right 12

3 M |55 | Taska Hand N/A N/A

Table 2. Participant demographics.

Human subjects

We recruited three male transradial amputees between the ages of 45 and 60. Residual limb lengths were between
7.6 and 17.8 cm. Due to only left-hand prostheses availability, only left transradial amputees were recruited.
All participants had prior myoelectric control experience, though only one used a myoelectric device for daily
use. The two others preferred a cosmetic hand and body-powered hook respectively. Individual participant
demographics have been included in Table 2. All participants gave written informed consent before taking part
in experiments. All methods were conducted in accordance with the University of Utah Institutional Review
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Board (IRB 00098851), the Department of Navy Human Research Protection Program, and the Declaration of
Helsinki. Written consent was obtained to publish photos.

Functional assessment

The clothespin relocation task (CRT) is a commonly used upper-limb dexterity assessment that involves moving
a clothespin from a horizontal bar to a vertical bar. The clothespin is placed 20 cm down the length of the
horizontal bar and 20 cm up the vertical bar (Fig. 2a & Supp. Fig. S1). Participants completed a modified version
of the clothespin relocation task found in'® where the number of successful completions is recorded as the
performance metric. Participants were instructed to move as many clothespins as possible in a 30-second window.
The total number of attempts and the percentage of successful attempts were recorded. An attempt was recorded
as unsuccessful if the participant removed the clothespin from its initial position but dropped it before placing
it on the vertical bar. The CRT was completed by the three transradial amputee participants with two prosthesis
configurations. The first configuration, herein referred to as the research configuration (Supp. Fig. S2), involved
the new Utah wrist affixed to a commercial prosthetic hand (TASKA Prosthetics, Christchurch, New Zealand).
The research configuration had a total weight of 1100 g, and was ~ 36.9 cm from socket to fingertip. The second
configuration, herein referred to as the commercial configuration, involved a commercial prosthetic arm with
a built-in powered wrist (LUKE Arm, Mobius Bionics, Manchester, New Hampshire, USA). The commercial
configuration had a total weight of 1500 g and was ~31.8 cm from socket to fingertip. The weights provided
for the prosthesis configurations does not include the battery, as both configurations were powered using an
external battery that was not affixed to the arm. The commercial configuration (LUKE Arm) uses a battery
pack attached to the hip; similarly, our research configuration (Utah Wrist+ TASKA Hand) was powered using
an external battery. Participants were given two blocks of 30 s to complete the CRT under four conditions: (1)
commercial configuration with wrist disabled (C-W), (2) commercial configuration with wrist enabled (C+W),
(3) research configuration with Utah Wrist disabled (R-W), and (4) research configuration with Utah Wrist
enabled (R+W). The participants donned both prostheses using a multi-user functional check socket®’, which
is shown with the research configuration in Fig. 2b. Data were collected under a pseudo-randomized counter-
balanced cross-over design to minimize order effects such as learning and fatigue. The failure rate was defined as
the total number of unsuccessful transfers out of the total number of attempts within the 30-second time period.

Myoelectric control

Most commercial prostheses provide only a single DOF that is controlled using conventional dual-site control?!.
Adding a wrist, as done in this study, requires an individual to control three DOFs (i.e., wrist rotation, wrist
flexion/extension, and hand open/close) instead of just one. Traditionally, commercial myoelectric prostheses
with multiple DOFs are controlled using pattern recognition?2. However, prior work has shown that simultaneous
myoelectric control of these three degrees of freedom outperforms sequential pattern recognition control for
tasks requiring multiple degrees of freedom?. Since the CRT requires both hand and wrist movement, we
provided the participants with simultaneous control over the hand and wrist DOFs using high-density EMG?**
and simultaneous regression®®, which has been shown to computationally efficient?® and highly effective for
activities of daily living?’. Details regarding this control strategy are described in the following sections.

A
)

Fig. 2. Methods a The amputee participants were instructed to pick up a clothespin and move it from a
horizontal beginning position to a vertical end position. b The Utah wrist was attached to the amputee
participants using a multi-user functional check socket?’. ¢ IMUs were attached to the amputee participant’s
chest and bicep to measure the compensatory motions when attempting to complete the task. The white blocks
represent the placement of the IMUs and their change in orientation while the participant performed the task.
See Supplementary Figure S1 for a photograph of one participant completing the task.
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Signal acquisition

Surface Electromyographic (SEMG) recordings were sampled at 1 kHz using the Grapevine Neural Interface
Processor (Ripple Neuro LLC, Salt Lake City, UT, USA). Continuous EMG signals (32 channels) were band-pass
filtered with cutoff frequencies of 15 Hz (sixth-order high-pass Butterworth filter) and 375 Hz (second-order
low-pass Butterworth filter). Notch filters were also applied at 60, 120, and 180 Hz. Differential EMG signals
were calculated for all possible pairs of channels, resulting in 496 (32 choose 2) differential pair recordings. The
mean absolute value (MAV) was then calculated for the 32 single-ended recordings and the 496 differential
recordings at 30 Hz. The MAV was smoothed using an overlapping 300-ms window. The resulting EMG feature
set consisted of the 300-ms smoothed MAV on 528 channels (32 single-ended channels and 496 differential
pairs), calculated at 30 Hz, as shown previously in%.

Prosthetic control training

EMG was recorded while amputees mimicked pre-programmed movements of the prosthetic hand and wrist.
The pre-programmed movements consisted of four repetitions of the following motions: opening and closing
a pinch grip, pronating and supinating the wrist, and flexing and extending the wrist. The movements also
consisted of two repetitions of each possible paired sequential combination of hand and wrist motion (e.g.,
pinch followed by pronation, pronation followed by pinch, pinch followed by supination, supination followed
by pinch)?’.

Machine-learning algorithm

The acquired sSEMG data were used to train a modified Kalman filter (mKF)? which provided the participants
continuous, proportional control of the three trained DOFs: pinching, pronating/supinating the wrist, and
flexing/extending the wrist. The mKF provides an efficient recursive algorithm to optimally estimate the
position of the bionic hand when the likelihood model (i.e., the probability of EMG activity given the current
kinematic position) and prior models (i.e., the state model of how kinematics change over time) are linear and
Gaussian®®. The inclusion of prior information about the system state enables an efficient recursive formulation
of the machine-learning algorithm and effectively smooths noisy estimates in a mathematically principled way?.
The same mKF was used for all four experimental conditions. For conditions without a wrist (i.e., C-W and
R-W), the two DOFs associated with the wrist were locked in software, thereby ensuring the participants’ control
remained the same across all conditions.

Body compensation

Joint angles were measured using three Shimmer3 Inertial Measurement Units (IMUs) (Shimmer Sensing,
Dublin, Ireland) attached to the participant’s chest and bicep (Fig. 2c). A third IMU was placed on the table
in a fixed orientation to provide a reference. The IMUs measured acceleration, rate gyration, and magnetic
heading at 64 Hz, which were then used to calculate quaternions and generate rotation matrices for forward
lean and leftward bend at the hip. Compensation was measured as the maximum of the absolute value of the
angle deviation during an attempted movement. Maximum angle deviation for leftward bend at the hip has been
shown to increase for amputees compared to non-amputee controls®.

Cognitive load

While completing the CRT, the participants simultaneously completed a detection-response task (DRT)
to measure their cognitive load*’. The DRT was devised as a method for measuring the attentional effects of
cognitive load in a driving environment**-3* and has recently been shown to measure cognitive load while
operating a prosthesis®*~*¢. The DRT requires the participant to push a button in response to a vibrating stimulus
on their collarbone. The vibration stimulations were delivered randomly every two to four seconds, resulting in
five to eight stimulations during each 30-second window. Both the response miss rate (i.e., how often they failed
to respond to the vibratory stimuli) and response time (i.e., how long it takes to press the button after vibratory
stimuli) were used as measures of cognitive load. Responses over 2.5 s were considered misses and excluded
from further analyses regarding the response time, according to the ISO standard®?. Response rates are bound
by two extremes: (1) a 0% miss rate in which there is enough available cognition devoted to the secondary
task to achieve perfect performance, and (2) a 100% miss rate in which there is no cognition available for the
secondary task. After each wrist configuration, participants also completed the NASA Task Load Index (TLX),
a self-assessment of subjective workload scored between zero (easy) and 100 (difficult). The minimum change
for the NASA TLX score to be attributed to true change (beyond measurement error) has been reported as 15
points®’.

Data analysis

Participants were given two blocks of 30 s to complete the CRT as many times as possible for a given condition.
Thus, the number of attempted clothespin transfers varied per condition and participant. A total of seven
outcome variables were analyzed: (1) Success Rate (dichotomous variable reported as proportion), (2) Leftward
Bend (continuous variable), (3) Forward Lean (continuous variable), (4) Attempted Movements (continuous
variable), (5) Subjective Workload (continuous variable), (6) Response Time (continuous variable), and (7)
Response Accuracy: Accuracy (dichotomous variable reported as proportion). There were two sets of conditions
for comparisons (=independent variables): (1) C+W vs. C-W and (2) R+W vs. R-W. First, unadjusted (raw)
means and standard deviations (SD) were calculated for these variables. Then, an appropriate, multivariate
statistical model was fit to the data on each outcome variable. Specifically, a generalized linear model (GLM)
with binomial distribution and log link*** was used to examine Success Rate and Response Accuracy: Accuracy.
Leftward Bend, Forward Lean, and Response Time were analyzed using alinear model with the robust or sandwich
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estimator of variance to account for the non-normal distribution of residuals*®*!. Further, a permutation test
of mean differences, computed from the coefficient of a linear regression model, with 10,000 Monte Carlo
simulations*2, was used for Attempted Movements and Subjective Workload to make robust inferences from
the smaller number of observations associated with these two variables. For all the statistical models above,
participant and cycle (applicable for some outcome variables), along with condition (C+W vs. C-W or R+W
vs. R-W), were included as covariates to account for correlated observations derived from repeated measures of
the data. An adjusted (predicted) mean and its 95% confidence interval (CI) was calculated after building each
model. All the analyses were performed using Stata/MP 18.0 (StataCorp LLC, College Station, TX), with an a
level of 0.05 for statistical significance.

Results

Amputees required smaller compensatory movements with use of a prosthetic wrist

Moving the clothespin from the horizontal bar to the vertical bar without the wrist required the participant to
compensate by leaning backward and bending leftward at the hip. When the wrist was enabled, participants
adopted a different control strategy and naturally used the wrist to perform the task with movements more
akin to an intact hand. Collectively, the three participants showed a significant difference in the maximum joint
angle when leaning forward, whether using the commercial prosthesis configuration or the research prosthesis
configuration (Fig. 3a & Supp. Figure 3). With the commercial configuration, the maximum forward lean angle
significantly decreased from 23.6° (SD=7.6) with the wrist disabled to 15.3° (SD=7.2) with the wrist enabled
(p<0.001, linear model with robust or sandwich estimator of variance). Under the research configuration, the
maximum forward lean angle significantly decreased from 24.2° (SD=12.1) without the Utah wrist to 12.6°
(SD =5.1) with the Utah wrist (p < 0.001, linear model with robust or sandwich estimator of variance). Adding a
wrist reduced compensatory forward leaning by 35% in the commercial configuration and 48% in the research
configuration.

With the commercial configuration, the maximum leftward trunk bend angle significantly decreased from
20.8° (SD =8.6) with the wrist disabled to 12.3° (SD =5.3) with the wrist enabled (p <0.001, linear model with
robust or sandwich estimator of variance; Fig. 3b). With the research configuration, the maximum hip joint angle
was 14.3° (SD =5.1) without the Utah wrist and 14.1° (SD =8.5) with the Utah wrist (p=0.88, unpaired t-test).
Adding a functional wrist decreased compensatory leftward bending by 41% for the commercial configuration,
while the research configuration remained unchanged.

Task performance improved with use of wrist

In addition to promoting more natural movements, the use of a functional wrist also significantly improved
performance on the CRT (Fig. 3¢). However, this was significant only for the research prosthesis configuration.
For the commercial configuration, the failure rate (i.e., the percentage of dropped clothespins) was 35%
(SD=0.082) with the wrist disabled and 25% (SD =0.088) with the wrist enabled (p=0.196, generalized linear
model with binomial distribution and log link). For the research configuration, the failure rate decreased from
70% (SD =0.096) without the Utah wrist to 40% (SD =0.098) with the Utah wrist (p <0.05, generalized linear
model with binomial distribution and log link). In other words, performance improved by 40% for the research
configuration when using the Utah wrist. Across all participants, the number of attempted movements for each
condition was 34 (C-W), 24 (C+W), 23 (R-W) and 25 (R+W) (Fig. 3d).

Most participants preferred using a prosthetic wrist

Each participant ranked the four prosthesis configurations (C-W, C+W, R-W, R+W) by preference. In general,
prosthesis configurations with the wrist were preferred over their counterpart without the wrist. All three
participants preferred the C+W compared to the C-W. Two of three participants preferred the R+W compared
to the R-W (Fig. 3e). Overall, the commercial configuration was preferred over the research configuration, but
for both configurations, adding a wrist was generally preferred.

Use of a functional prosthetic wrist did not significantly increase cognitive load

Adding two additional controllable degrees of freedom with the wrist did not significantly increase cognitive
load. When using the commercial configuration, the reported subjective workload across participants showed
a decreasing, but non-significant, trend from 62.7 (SD =3.3) with the wrist disabled to 56.6 (SD =5.6) with the
wrist enabled (p=0.453, permutation test of mean differences with 10,000 Monte Carlo simulations; Fig. 3f).
When using the research configuration, participants reported 72.4 (SD=7.2) without the Utah wrist and
69.6 (SD=5.0) with the Utah wrist (p=0.740, permutation test of mean differences with 10,000 Monte Carlo
simulations; Fig. 3f).

Likewise, the objective workload showed no significant increase in response time to the DRT task. Using
the commercial configuration, the participants’ miss rate was 44% (SD = 0.066) with the wrist disabled and 41%
(SD =0.065) with the wrist (p=0.072, generalized linear model with binomial distribution and log link; Fig. 3g).
Using the research configuration, the participant miss rate was 39% (SD=0.065) without the Utah wrist to 25%
(SD=0.059) with the Utah wrist (p=0.142, generalized linear model with binomial distribution and log link,
Fig. 3g).

Response time to the randomly delivered vibration stimuli also showed no significant increase when a wrist
was enabled. When performing the trial with the commercial configuration, response time showed a decreasing,
but non-significant, trend from 1.24 s (SD=0.696) with the wrist disabled to 1.001 s (SD=0.520) with the
wrist (p=0.073, linear model with robust or sandwich estimator of variance; Fig. 3h). Under the research
configuration, response time was 0.919 s (SD =0.545) without the Utah wrist and 0.898 s (0.605) with the Utah
wrist (p=0.921, linear model with robust or sandwich estimator of variance; Fig. 3h).
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Fig. 3. Experiment results. a Compensatory movement for forward lean was significantly reduced with

the wrist compared to without the wrist. b Compensatory movement for leftward bend at the hip (i.e., the
maximum angle deviation) was significantly reduced with the wrist compared to without the wrist while
using the commercial prosthesis configuration only. ¢ Failure rate for the clothespin relocation task (CRT)
using the research prosthesis configuration decreased when the task was performed with the Utah wrist. d
Average number of attempted movements under each condition. e Participants preferred to use the prostheses
with the wrist enabled compared to without the wrist enabled. Note that the error bars are not present in the
commercial condition, because every participant ranked the commercial condition the same. No variance
between participant response is seen for the C+W and C-W condition. f No significant differences were seen
in the subjective workload with the wrist vs. without. g No significant differences were seen in the DRT miss
rate with the wrist vs. without. h No significant differences were seen in the DRT response time with the wrist
vs. without. Data show mean + standard error. Bars show aggregate data across all participants and all sessions,
and lines show individual participant performance averaged across their own sessions. * p <0.05. Generalized
linear model with binomial distribution and log link used for Failure Rate and Secondary Task Response
Accuracy. Linear model with robust or sandwich estimator of variance used for Leftward Bend, Forward

Lean and Secondary Task Response Time. Permutation test of mean differences with 10,000 Monte Carlo
simulations used for Subjective Workload. (N=3).

Discussion

The results presented here show that using a functional prosthetic wrist decreases compensatory movements
and can also improve the task rate for some prostheses. In the R+W case, the failure rate dropped significantly,
though there were no significant effects for the C+W case. We speculate that one cause of this was that the
research condition hand was built with fingers that could passively splay outward. This would at times cause
the fingers to slip laterally when grasping the clothespin. Because the commercial condition hand had rigid
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fingers, it likely made the CRT easier to complete overall than the research condition, resulting in non-significant
results in the C+W case over the C-W case. Compensatory movement at the hip decreased significantly for both
prosthesis configurations when the wrist was enabled. Participants generally preferred to have an active wrist,
regardless of which prosthesis configuration they were using. Despite the added complexity of controlling a
2-DOF wrist with electromyography, subjective and objective measures of cognitive load did not significantly
increase with the added functional wrist.

Several 3D-printed prostheses with at least two DOFs have been previously develope . For example, '°
shows a 2-DOF wrist that is both low profile and commercially available. Wrists have also been developed that
are short in length to allow for attachment to the hand and not to be overly long and cumbersome®!°. High-
torque designs have also been introduced to complete more demanding ADLs!*!6. The Utah wrist builds on
these previous designs by incorporating each of these key features into a single unified design that can adapt to
many different sockets and terminal devices. Importantly, we also go a step further to validate the functional and
cognitive benefits of the Utah wrist with amputee participants.

Joint angles have been used extensively as a measurement of compensatory movements*~#. Similar to
we calculated compensatory movements by affixing IMUs to the participant’s body. For the leftward bend, our
results found that the maximum joint angle deviation for the no-wrist condition ranged on average between
14 and 20 degrees. These joint angles are consistent with a previous study that measured 15-25 degrees of
compensatory movement in amputees performing a similar task®. The same study also measured 10-12 degrees
of compensatory movements in healthy, non-amputee participants performing the same task®. In comparison,
here we measured on average between 12 and 14 degrees of compensatory movements in amputee participants
using a prosthetic wrist. The similarity in compensatory movements between healthy, non-amputee participants
and amputee participants using a prosthetic wrist suggests that the Utah wrist can reduce compensation to that
of a healthy, non-amputee level. An additional study involving prosthesis users and able-bodied participants
compares the joint angles for a similar task involving pouring liquid from a carton on the contralateral side of
the body”. In that study, both the lateral and forward trunk flexion was reduced significantly when performed
by an able-bodied user, further indicating that the decrease in compensation from using the wrist allows users
to move more naturally.

We observed a 41% reduction in compensatory leftward bending for the commercial configuration, but no
change in compensatory leftward bending for the research configuration. We speculate two factors may be at play
here. First, we note that participants 2 and 3 had minimal compensatory leftward bending to begin with using
the research configuration without the wrist (R-W). This may be attributed to differences in the prosthetic hands,
as the TASKA hand used in the research configuration has a resting hand position that is slightly more conducive
to grasping objects at an angle (see Supp. Fig. S1 for an example). Second, participant 3 experienced an increase
in compensatory leftward bending when using the research configuration with the wrist (R+W). Factors such
as socket fit or residual limb length are unlikely to cause an increase in compensation with the wrist active;
socket fit should impact both conditions (R+W and R-W) equally, and residual limb length would more likely
impact forward leaning than leftward bending. Instead, we suspect participant 3’s increase in compensation may
be due to poor grasping control. Informal observations of participant 3’s movements suggest worse grasping
control, that when coupled with the ability of the TASKA hand to grasp objects at an angle, may have resulted in
suboptimal positioning of the clothespins within the prosthesis. A clothespin that partially slips from the grip of
the prosthesis would likely require additional corrective compensatory movements.

The clothespin relocation task is designed to assess upper-limb dexterity. One advantage of the CRT is that
it requires the participant to use more than one joint to complete, which elicits compensatory movements when
those degrees of freedom are unavailable!®. Other studies have adapted the CRT to fit their own experiments,
as shown in*®. We chose to record the success and failure of all attempts during a given time window to make
full use of the DRT. Due to this choice, we are unable to make direct comparisons to the CRT scores in the
literature. However, our results are still consistent with prior work that also showed that CRT performance
improves with added DOFs*’. We recognize that the control algorithm used is very specific to the CRT described
herein. We had three DOFs completing a 2-DOF task, and it is unclear how EMG control of these multiple
DOFs would extrapolate to more complex tasks requiring a greater number of degrees of freedom. Performance
of EMG control of simultaneous degrees of freedom degrades as the number of DOFs increases?®’. In the case
that there’s a bottleneck in the number of controllable DOFs, mode switching could be utilized for effective
control to provide maximum capability. The results presented here suggest that it's more efficient to control
the hand and wrist simultaneously, which is consistent with prior work?. Our results expand upon prior work
to also show that, at least for this control algorithm, controlling a wrist does not require additional cognitive
burden and reduces compensatory movements that have been shown to cause musculoskeletal problems long
term>®. Though the CRT primarily required the user to use supination/pronation of the wrist to complete the
task, users also used a substantial amount of wrist flexion/extension to position the hand properly to grasp the
clothespins (Supp. Fig. S4). In fact, the participants on average used more flexion and extension of the wrist than
supination and pronation (Supp. Fig. S5). The differences in the total range of motion between the C+W and
R+W conditions may be attributed to prosthesis length and fit.

Because the objective of this study was to explore how having a wrist impacts cognitive and functional
performance, we selectively created a single algorithm for all three to eliminate variability in the controller
between conditions. That said, we recognize that having a controller specific to a lesser number of DOFs could
result in better performance for the 1-DOF condition and 2-DOF configurations. However, given that the
participants were able to complete the task successfully under the 3-DOF condition, and the primary differences
were in cognitive load and joint angle compensation, we don’t suspect that minor increases in control algorithm
function for the subset of degrees of freedom would outweigh the benefit of not having to compensate.
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NASAs TLX survey has been used extensively to subjectively measure cognitive load when working with
prostheses and EMG control®!~3. We expanded on this idea by adding an objective measure of cognitive load via
the DRT. This combination is designed to give a more holistic view of the cognitive workload experienced by the
participants. Our NASA-TLX scores ranged from 60 to 76 on a hundred-point scale on the no-wrist condition.
A similar study using the TASKA hand for a pinching grasp reported numbers between 60 and 80. This suggests
a base level of cognitive weight for simple myoelectric control of a prosthesis®*. Though our TLX scores decrease
only slightly when the wrist is enabled, Hansen et al. showed that more intelligent and autonomous control
strategies can reduce TLX scores to as low as 20-30°%. Thus, there is still considerable room to improve the
cognitive demands of functional wrists.

Amputees have expressed a strong desire for prostheses with a functional wrist!®. The Utah wrist introduced
here constitutes an important step towards meeting the needs of amputees as it demonstrates that low-cost
systems can provide comparable benefits to high-end wrists. As a research tool, it will provide insight to the
development of future prosthetic devices. The Utah wrist is inexpensive, adaptable to a variety of different
terminal devices and prosthetic sockets, and, most importantly, was capable of significantly improving task
performance when combined with a commercial prosthesis. Furthermore, the functional gain associated with
adding the Utah wrist to the commercial prosthetic hand was similar to the functional gain seen enabling the
commercial prosthetic arm’s embedded wrist.

Interestingly, not all participants preferred the research prosthesis configuration with the Utah wrist enabled
over the research prosthesis configuration without the Utah wrist. This is despite the fact that they had a lower
task failure rate and less compensation when using the Utah wrist. We speculate that one contributing factor to
this discrepancy may be due to the fact that participants were blinded to the measurements of compensatory
movements and were unaware that they produced substantially fewer compensatory movements with the
research configuration with the Utah wrist enabled relative to the research configuration with the Utah wrist
disabled. If participants were told to report preference outside the framework of an experimental test, preference
may have favored the wrist conditions as in'. For example, the individual who rated R+W worse than R-W
showed similar failure rates (37.5% and 40% respectively), but significantly less compensatory leftward bend (R-
W: 19.0° vs. R+W: 10.3°, p <0.05, unpaired ¢-test) and significantly less forward lean (R-W: 20.0° vs. R+W: 11.1°,
Pp<0.05, unpaired t-test). Because the participants had no feedback related to their compensatory movements,
we speculate they simply selected the configuration with which they had the most attempted movements. Future
work should consider providing amputees with real-time monitoring of compensatory movements, as the results
presented here suggest prosthesis users are unlikely to be aware of their own compensatory movements during
tasks. Within-task feedback may influence other subjective metrics as well, such as the TLX score.

The long-term user perception of an added wrist remains unknown. One confound of the present study is
that simply disabling the wrist is not equivalent to removing the wrist, and weight is a critical priority for long-
term use of a prosthesis’. Prior surveys of upper-limb amputees suggest they prioritize wrist function and hand
function over weight!. However, the relative standard for weight was likely lower to begin with, as the survey
respondents actively prioritizing wrist function are likely using lighter weight prostheses without a functional
wrist. The added battery weight and/or reduction in battery life associated with a powered wrist may also limit
long-term adoption of powered wrist prostheses. Similarly, the added length associated with a wrist may be
prohibitive for individuals with long residual limbs; a lengthy prosthesis can make a prosthesis feel heavier and
have a poorer socket fit.

An appropriate perceived length of the residual limb is also a critical aspect of embodiment®. Though
embodiment was not specifically evaluated in this paper, future work could benefit from including a questionnaire
to assess how well the inclusion of the wrist contributes to the embodiment of the device, or if embodiment
played a role in the differences among the prostheses. The relationship between compensatory movements and
embodiment is also unclear and should be investigated in the future.

Although use of a wrist here showed functional benefits, we note that addition of a wrist adds length and
weight as well, which may impact overall performance and acceptance in real-world scenarios. Indeed, prior
work has shown that weight and length are among top priorities among amputees!, and appropriate length has
also been attributed to embodiment®®. This study only explored use of a wrist in males with a left transradial
amputation; future work should explore the impact of a wrist on females, who have shorter forearms than males
on average, and the impact of hand dominance.

The results presented here highlight that the addition of a 2-DOF wrist does not significantly increase cognitive
demand - and often trended towards reducing cognitive demand. This finding is substantial because it suggests
that current myoelectric control strategies, such as the Modified Kalman Filter?>, can readily accommodate
additional controllable degrees of freedom. This in turn implies that the control strategies are not necessarily the
primary bottleneck towards more widespread use of a functional prosthetic wrist. Instead, the bottleneck is more
likely attributed to the slow translation of these new control strategies into the commercial space and mechanical
and financial challenges associated with lightweight, compact, and robust designs. As noted previously, the Utah
wrist is intended strictly for a research setting and is not intended to be a commercially used device.

Lastly, it is important to recognize that the modified CRT is a relatively simple task that does not fully capture
the complexity of movements performed during activities of daily living. Nevertheless, we suspect that the added
complexity of activities of daily living only further supports the need for a functional prosthetic wrist. As the
number of take-home trials for advanced prostheses increases®’~%, future work should explore the impact of a
wrist on activities of daily living and broader quality of life metrics. There are a number of daily tasks that require
wrist functionality®!, and loss of wrist function has a major impact on quality of life®2. Restoring functional wrist
motion, as presented here, could have a positive impact on activities of daily living and quality of life.

Although the total unique participants in this study was rather small (N=3), the data were collected in a
repeated-measures design, increasing the reliability of the data and statistical power®. Further, an appropriate,
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multivariate statistical model was employed to analyze each outcome variable, accounting for the distribution
of the variable and residuals, as well as for the correlated observations of the data. As a small-sample study
is an important part of research in medicine and health®®>, we believe that the current study has uncovered
important findings, with carefully designed study and analysis.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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