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Abstract— The ability to measure functional performance of
a prosthesis is hindered by the lack of an equalized mechanical
platform to test from. Researchers and designers seeking to in-
crease the pace of development have attempted novel mounts for
prostheses so these can be used by able-bodied participants.
Termed “bypass sockets”, these can increase the sampling pool
during prosthetic evaluations. Here, we present an open-source,
3D printable prosthetic bypass socket for below-elbow (transra-
dial) amputations. Methods to quantify the effectiveness of by-
pass sockets are limited and therefore we propose the use of a
validated and clinically relevant evaluation tool, the Assessment
of Capacity for Myoelectric Control (ACMC). We performed the
ACMC in six able-bodied subjects with limited experience with
myoelectric prostheses and found the participants to be rated
from “non-" to “somewhat capable” using the ACMC interpre-
tation scale. In addition, we conducted a secondary evaluation
consisting of a subset of tasks of the Cybathlon competition
aimed at eliciting fatigue in the participants. All participants
completed said tasks, suggesting that the bypass socket is suita-
ble for extended use during prosthesis development.

Clinical Relevance— The design and validation of the bypass
socket presented here can facilitate the development of upper
limb prosthetic systems.

I. INTRODUCTION

Development of upper limb prostheses has accelerated
with access to rapid prototyping, and therefore means to meas-
ure the performance of these devices has become increasingly
important. Prosthetic system should be evaluated by their tar-
get users, but these are not always available for rapid iterative
testing. In such cases, a potential substitute would be the con-
struction of a mount for abled-bodied individuals (hereto after
referred to as a “bypass socket”). While these bypass sockets
will always differ from the target population, they can still pro-
vide valuable information in the early design of prostheses and
their control system.

Until recently, bypass socket designs were unique to the
design group who created them and often unreproducible by
others. This has changed with a series of 3D printed bypass
sockets proposed over the last few years, with one being offi-
cially open-source [1], [2]. The validations of these bypass
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sockets have been conducted using the Box and Block Test
and the Nine-hole Peg Test [ 1]-[3], which are relevant tests for
repetition and fine motor skills, with the caveat of assessing a
narrow spectrum of functionality.

In this article, we introduce an open source, 3D printed by-
pass socket design [4] based on previous work by the Univer-
sity of Utah [1]. We validated the usability of our design using
a clinically relevant test for upper limb prosthesis control,
namely the Assessment of Capacity for Myoelectric Control
(ACMC), as this is a less abstract test of functionality of the
prosthesis and its control scheme. The bypass socket design
files are freely available in the Open Science Framework plat-
form [4].

II. METHODS

Six volunteers with varying levels of experience with pros-
thetics participated in this study: a seventh volunteer was una-
ble to successfully control the prosthesis and was therefore ex-
cluded. We gauged their experience via a brief survey that also
asked questions related to factors that could impact electromy-
ographic (EMG) recordings (e.g., soreness from work or
sport). All participants were inexperienced in both the bypass
socket and the prosthetic control scheme. All participants pro-
vided informed consent for their de-identified data to be used
in this study.

We recorded EMG data from four bipolar differential sur-
face electrodes placed in an equidistance ring around the prox-
imal part of the forearm. The bypass socket was used with a
conventional myoelectric hand and wrist rotator (VariPlus
Speed and 10S17 Electric Wrist Rotator, both by Ottobock,
Germany).

The control scheme utilized a conventional feedforward
Multi-Layer Perceptron (MLP) trained to recognize intuitive
hand open and close, and wrist pronation and supination.

A. Evaluation

1) Assessment of Capacity for Myoelectric Control
The ACMC (3.1) is a clinically validated method to evalu-
ate the functional ability of upper limb myoelectric prosthetic
users [5]. While bypass sockets were not in mind in the

Sweden, and with the Institute of Neuroscience and Physiology, Department
of Clinical Neuroscience, Rehabilitation Medicine, Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden (e-mail: maria.munoz.no-
voa@yvgregion.se).

M. Ortiz-Catalan is with the Center for Bionics and Pain Research, M6l-
ndal, Sweden, with the Department of Electrical Engineering, Chalmers Uni-
versity of Technology, Gothenburg, Sweden, with the Operational Area 3,
Sahlgrenska University Hospital, MéIndal, Sweden, and with the Department
of Orthopaedics, Institute of Clinical Sciences, Sahlgrenska Academy, Uni-
versity of Gothenburg, Sweden (e-mail: maxo@chalmers.se).

4611



y ' ? Upper arm

“ )g—— mount
.
Wrist

7 mount

‘ _Bf’“ Extendable
Jomt forearm rod

Control hardwa

EOe @c

Figure 1. (a) The previous University of Utah Design [8]. (b) The proposed design. Note: the control hardware is custom to this control scheme. (c) The

previous design’s free/band-restricted wrist ring design [8]. (d) The proposed design’s fixed wrist ring design.

evaluated population, the only requirement for the test is that
the participant is able to operate an upper limb myoelectric
prosthesis. Additionally, capacity for myoelectric control is
defined by the ACMC as both functionality of the prosthesis
(or in this case bypass and prosthesis) components and how
the user uses the hand. Therefore, an effective bypass should
be one that is unimpeding (if not enhancing) to prosthesis con-
trol by the user which is reflected by a higher score.

The participant performed an activity that demonstrates six
functionality aspects: arm support, appropriate grip force, dif-
ferent positions, re-adjusting the grip, coordination, and vis-
ual feedback. The raters grade these facets on a scale of zero
to three throughout the activity either in person or via record-
ing. The rater instructs the participant throughout the test, of-
fering guidance on order of tasks and giving encouragement
to use their prosthesis.

We chose a single Activity of Daily Live (ADL) task for
all the participants to perform: the luggage packing task. We
tasked participants with packing a suitcase with common eve-
ryday items stored in various containers and locations. To mit-
igate inter-rater bias, two raters scored the ACMC separately
before discussing to decide the final scores.

2) Cybathlon Tasks

As a supplemental evaluation, the participants performed a
wide variety of additional tasks to gauge further performance.
These tasks were selected from the Cybathlon 2020 Global
Edition Powered Arm Prosthesis Race [6], which offers a num-
ber of ADLs that are well codified. These tasks represented a
challenge to the participants to gauge their capacity for ADLs.
Secondarily, we used these tasks to assess fatigue over time,
as the participants did these tasks after the ACMC, and with
little rest between each task. Hereafter, these tasks are referred
to as “Cybathlon tasks”. The Cybathlon tasks and each partic-
ipant’s performance are available in Supplementary Tables I1I-
VI [4].

After each Cybathlon task, we asked each participant to in-
dicate their perceived exertion regarding fatigue and overall
difficulty along a standard physical Visual Analog Scale
(VAS). This method was chosen as it has been validated for
fatigue measurement [7]. These tested tasks were all done un-
der a time limit of three minutes (ten minutes for the tactile
task) to function as a tertiary measure of performance.

B. Bypass socker design

To assess the framework to evaluate prosthesis bypasses,
we updated a bypass designed at the University of Utah to

address challenges encountered during its recreation [1], [8].
The biggest issue was the weight bearing capability of the by-
pass socket. While freeing up the forearm for more surface
electrodes, the original design mountings caused the prosthe-
sis to be generally unsteady when carrying or holding higher
weight objects. Another issue was due to the nearly free wrist
motion. This was unideal for EMG motion artifacts and it al-
lowed for more isotonic rather than isometric contractions [9].
This also increased the complexity of the design. The last is-
sue we addressed was the requirements for manufacture; the
original design required hardware that would have to be cus-
tom ordered and most likely must be locally re-sourced for
international use.

The intention of the design modifications was thus to re-
duce the load on the wrist, improve stability of the bypass
socket, increase range of motion, and maximize EMG quality.
The ball and joint required by the Utah design limited the for-
mer three issues (see Fig. 1a). While this mounting scheme
allowed more access to the forearm, the ball and joint limited
the range of motion and gave limited prosthesis carrying sup-
port. Replacing the upper arm mounting piece of the original
design with a forearm ring piece like that of the wrist mount
rectified all these issues (see Fig. 1b). This change had the
added benefit of removing the custom-made region-specific
hardware in the upper arm segment.

The last goal involved the complete removal of the con-
structed ball bearing system of the wrist piece, in favor of a
stiff ring (see Error! Reference source not found.c & 1d).
While the original design cited concerns that the change in the
palmar radial position would hinder the user, this did not ap-
pear to cause a serious issue with our participants. Particular
to our test of our bypass socket design, a wrist brace was used
to minimize motion artifacts from wrist movements. Addi-
tionally, the weight of the prosthesis offered an inherent min-
imizer of motion, as the extra weight made rotation more dif-
ficult.

III. RESULTS

A. Performance Evaluation with ACMC

Reviewing the average score among all participants per
item (Fig. 2 and Supplementary Table I [4]), we observed
wide variation between and within individual items. This is
most notable with the worst item scoring 0 while the best be-
ing over 2.5.
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Figure 2. Average score of each task in ACMC. Blue tasks are related to grasping; red to repetitive use; yellow to holding; and green to releasing.

The ACMC classifies participants based off their cumula-
tive ACMC scores (see Table I). The overall scores of each
participant were as expected from a relatively inexperienced
group. Two participants were classified as “somewhat capa-
ble” and the rest were “non-capable”. This was expected
given the naivete of all the participants.

The abilities rated on the ACMC were grouped into four
major areas: grasping, repetitive use, holding, and releasing.
As depicted in Fig. 3, the participants showed the largest dif-
ference in holding and repetitive use, however, we found no
statistical significance (Wilcoxon signed-rank test with
Holm-Bonferroni Correction, p = 0.1875).

B. Performance Evaluation with Cybathlon Tasks

We did not observe a strong correlation in fatigue through-
out the Cybathlon tasks (Fatigue R? = 0.30, see OSF Fig. I
[4]). No participant reached fatigue to such a point they either
had to stop because of general fatigue or because the prosthe-
sis would not respond to their actions. No participants were
able to perform the two tasks replicating a full cup and the
paper cutting task. Interestingly, the participant with the
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Figure 3. Averages of the four ACMC functional areas

longest total time reported in the survey to have played a sport
that require hand use. We observed no other factors related to
the survey as relevant.

IV. DISCUSSION

Participants consistently found it difficult to perform wrist
rotation throughout the entire study. Typically, one rotational
direction would be easier to actuate than the other. This re-
sulted in an inadvertent “fidgeting” in the easier direction.
While the ACMC did not directly measure these motions,
they played an essential role in doing many of these tasks.
This also may have lowered the scoring on average, because
even the tasks that would not require rotation, required the
participant to actively manage the rotational “fidgeting” by
repositioning the hand angle. The grasping functional area,
which had the second lowest average area score, best demon-
strates this.

We found the best ACMC performance was in the holding
functional area (Fig. 3 and Supplementary Table II [4]). This
can reflect both the stability of the bypass socket as well as of
the control scheme; as at a minimum, the prosthesis must re-
ceive either no classified action or a continuous “close” clas-
sified action. This confirms that the stability goal was met ei-
ther from the original bypass design or may have been im-
proved by the updated design.

TABLE L. OVERALL SCORE OF EACH PARTICIPANT
Subject Average Cumulative Interpretation
Score Score
Subject 1 1.6+0.9 35 Non-capable
Subject 2 1.8+£0.8 40 Somewhat capable
Subject 3 0.9+0.6 20 Non-capable
Subject 4 1.5£0.9 34 Non-capable
Subject 5 2.0+0.7 44 Somewhat capable
Subject 6 0.9+£0.6 19 Non-capable
Total 1.5+0.8 32 Non-capable
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Releasing was the second highest scoring ACMC func-
tional area. This is intuitively consistent because releasing an
item did not require lining up the hand to targets, as grasping
would (i.e., the participant could drop the item at any wrist
angle). However, the difference between both releasing and
grasping proved statistically insignificant.

The worst scoring ACMC items were all without visual
feedback. This is to be expected given the inexperience of the
participants; they would not have developed a compensation
ability to make assumptions on where the hand was as when
grasping. However, this poor scoring did not necessarily cor-
relate with in the Cybathalon blind shape identification task
(referred to as the “haptic box” in supplemental). For exam-
ple, subject 2 was able to identify all the shapes by aggres-
sively knocking the box and shapes with their prosthesis.
While their score among nonvisual ACMC items remains un-
remarkable (subject 6 received the same scoring), it is note-
worthy that they had the highest familiarity with prosthetics
according to the survey.

The holding area scoring better even without visual feed-
back can be related to the continual aspect of the function.
That is, once the participant initiated the hand position, the
hand will stay in that position until another hand position con-
tradicts the first.

Comparing results of the Cybathlon tasks to the ACMC,
there seemed to be little relation between the best or worst
performing individuals. Of note, however, is that the highest
VAS fatigue rating and longest total time was by participant
2, who also had the second highest ACMC score and fell into
the “somewhat capable” range. Unfortunately, the intention to
elicit fatigue such that the myoelectric prosthesis was unusa-
ble was not achieved. To better achieve this, it may be neces-
sary to assess with a fatigue-specific motion not necessarily
considered to be an ADL. Regardless, almost all tasks proved
to be achievable across different participants. No participants
were able to achieve the full cup carry Cybathlon tasks as the
rotation control issue caused them to spill the contents. We
also observed the participants lacked enough control over
hand close and open to align the fingers into the scissor grips
for the paper cutting Cybathlon task. This task is a particularly
interesting evaluator to observe because it was a unimanual
task for the prosthesis requiring high precision. Such a task in
the ACMC would likely be relegated to bimanual control as
the ACMC only expects tasks to be done as the most “natural”
or “efficient”.

Overall, it appears that the bypass socket may have had less
impact as other variables on the participants’ performance.
From the participants’ comments, the biggest contributors to
use-fatigue were repetitive failure attempts and overall weight
of the prosthesis. The former issue is multifaceted, including
bypass socket obstruction, electrode positioning and reading,
and correct motion classification. The bypass socket may
have contributed to the deficit in wrist rotation as it utilized
an arm mounting ring over the area where muscles responsi-
ble for this movement are more superficial [10]. Ideally to fol-
low up this study, a test of electrodes embedded in the cuff is
warranted to consider the effect of the cuff (similar to [2]).

Perceived weight is a major issue that is unlikely to be re-
solved in bypass sockets. The weight of the bypass socket it-
self was already minimal given it was semi-hollow and plas-
tic, however, the infill of the print could be lowered if neces-
sary. This would come at a drawback of integrity and durabil-
ity. Regardless of the bypass socket design, the largest con-
tributor to the weight would be the prosthesis and this is im-
mutable without offering a suspension system. Said suspen-
sion system (similar to [11]) would reduce usable workspace,
but may be a suitable tradeoff depending on what function is
being assessed.

V. CONCLUSION

We introduced an upgraded design of an open-source by-
pass socket for upper limb prosthesis that proved functional
on conducting ADLs based on the ACMC. To better assess
the ACMC as a bypass socket evaluation tool, additional stud-
ies using other prosthetic bypass sockets are warranted. These
would ideally be able to recognize the strengths and weak-
nesses of any design and possibly serve as a selection tool for
future prosthesis designers pursuing functional prosthesis
testing. The Cybathlon tasks offered a less distinct result.
Nevertheless, reapplying it to future works may have merit,
especially with a more comprehensive survey and a consider-
ation for physical attributes of the subjects.
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