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Abstract

Introduction: A challenge in the engineering of auto-adjusting prosthetic sockets is to maintain stable operation of the
control system while users change their bodily position and activity. The purpose of this study was to test the stability of a
socket that automatically adjusted socket size to maintain fit. Socket release during sitting was conducted between bouts of
walking.

Methods: Adjustable sockets with sensors that monitored distance between the liner and socket were fabricated. Motor-
driven panels and a microprocessor-based control system adjusted socket size during walking to maintain a target sensed
distance. Limb fluid volume was recorded continuously. During eight sit/walk cycles, the socket panels were released upon
sitting and then returned to position for walking, either the size at the end of the prior bout or a size 1.0% larger in volume.

Results: In six transtibial prosthesis users, the control system maintained stable operation and did not saturate (move to
and remain at the end of the actuator’s range) during 98% of the walking bouts. Limb fluid volume changes generally
matched the panel position changes executed by the control system.

Conclusions: Stable operation of the control system suggests that the auto-adjusting socket is ready for testing in users’
at-home settings.
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Introduction

Prosthesis users report that socket fit is the single-most
important issue related to use of their prosthesis.1,2 A pri-
mary source of socket fit problems is a change in residual
limb volume. A socket that automatically adjusts its size in
response to residual limb volume change and maintains fit
may benefit people using a lower limb prosthesis. Unlike
traditional methods to accommodate volume fluctuation
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(e.g., changing sock ply; manually adjusting socket panels;
and hand pumping bladders), an auto-adjusting socket re-
lieves users of the burden of continually sensing their socket
fit and determining if and how much adjustment is needed.
An auto-adjusting socket may improve satisfaction and limb
health and reduce the risk of a fall, particularly for people
with poor limb sensation who have difficulty sensing their
socket fit.

The first commercial auto-adjusting prosthetic socket
was a purely mechanical system that used a series of
bladders and mechanical valves to adjust socket size.3

Several research groups extended from this work to pur-
sue electronic automatic size-adjusting sockets that used a
powered actuator to change socket size and a pressure
sensor for feedback control.4–14 A handful achieved a
closed-loop control system,5–7,10,13 but only Pirouzi et al.5

tested a system on people with lower limb amputation.
Pirouzi et al.5 demonstrated that vertical limb displacement
at the posterior brimline of the socket varied linearly with
actuator pressure during standing with cyclic weight
bearing, suggesting that actuator pressure could be used to
control vertical limb displacement. However, no walking
tests were conducted. In testing on a participant with
transhumeral amputation, Razak et al.’s10 control system
was unstable and had to be changed to open-loop operation
to avoid saturation, that is, the actuator moving to and
staying at the end of its range. More recently, Gu et al.’s13

transhumeral control system, tested on an able-bodied
participant, was shown to maintain consistent limb con-
tact pressures during lifting.

We extended from this work to create an automatic
movable-panel socket that adjusted the socket size for
people with transtibial amputation based on liner-to-socket
distance data collected using sensors embedded within the
surrounding socket wall. We term the measurement “sensed
distance.” We used inductive distance sensing rather than
pressure sensing because it has better sensitivity and res-
olution, and during testing on participants with transtibial
amputation consistently demonstrated a linear relationship
with socket size.15–17 The linear relationship between the
actuator variable (panel position) and the sensed variable
(distance) overcame at least part of the control system in-
stability problem experienced by Razak.10 In clinical testing
on 10 people with transtibial amputation, when socket size
was gradually increased or decreased, the sensor picked up
the initial degradation of fit sooner than a practitioner vi-
sually inspecting the participant’s gait or the participant
sensing a need for socket adjustment.18

Towards the objective of developing a socket capable of
automatically adjusting socket size before the user detects a
change in socket fit, we integrated sensors into a motor-
driven adjustable panel socket operated using a
microprocessor-based control system.19 The microproces-
sor was programmed to adjust the radial position of the

socket panels to maintain a target sensed distance during
walking. In this previous study, the target distance was
specified by the researcher based on results from interactive
fitting sessions with each participant. The feedback variable
used in the control system, termed the “socket fit metric
(SFM),” was the sensed liner-to-socket distance at a pos-
terior mid-limb location. The control system adjusted panel
position to maintain the SFM at the target distance. The
integral of absolute error (IAE) was used as a metric for
characterizing how well the control system performed. IAE
is a standard measure in control system engineering.20 It
indicates how well a closed-loop control system maintains
the feedback variable (i.e., SFM) at its target value (i.e., the
target distance specified by the researcher). Results from 10
transtibial prosthesis users walking on a treadmill for bouts
of at least 4 min demonstrated that the automatic-adjusting
system achieved an IAE in socket panel position of
0.001 mm–0.005 mm19. The control system maintained the
SFM at its target within about 1.1% of the thickness of a 1-
ply cotton sock,21 which would be adequate for this
application.

While the control system performed well and was stable,
it did not account for disturbances to the limb-socket system
that would be introduced during clinical use. In their free-
living environments, prosthesis users do not walk contin-
uously. Instead, their walking is interrupted by bouts of
sitting and standing. Bodily position and activity changes
may perturb and destabilize the control system. Conducting
socket release between walking bouts would also be ex-
pected to accentuate instability since it has been shown that
releasing socket pressures on a transtibial residual limb by
partially or fully doffing the socket, or by releasing socket
panels increases limb fluid volume.22–24 An increase in limb
fluid volume would be expected to disturb the sensed
distance and challenge the control system at the outset of the
next walking bout.

The primary objective of this study was therefore to
determine if, in a group of participants with transtibial
amputation, conducting socket release during sitting and
then retightening in preparation for walking destabilized the
control system for a socket that automatically changed size
during walking to maintain fit. If the socket demonstrated
good stability in a group of prosthesis users, it would be
considered ready for at-home testing.

Methods

Participants

People were included in this study if they were at least 18
years old, had a transtibial amputation at least 6 months
prior, were using a definitive prosthesis, and were capable of
walking on a treadmill for one 5-min bout and then multiple
2-min bouts separated by 10-min sits. Their residual limb
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needed to be at least 9 cm long from themid-patellar tendon to
the distal end of the limb (for bioimpedance analysis). Ex-
clusion criteria included presence of skin breakdown and use
of a walking aide (e.g., cane or walker). Participants were
required to have locking pin suspension in their traditional
socket. We also required participants had few or no pads
inside their socket so that we could accurately scan and
duplicate the socket. A University ofWashington Institutional
Review Board approved all study procedures (IRB
#00001779), and written informed consent was obtained from
each participant before study procedures were initiated. Given
the objective to determine if the auto-adjusting socket was
ready for take-home testing, we elected to study a sample of
six individuals. If the socket demonstrated stable performance
on all six participants, then we would consider it appropriate
to continue testing in user take-home environments.

Socket fabrication

Each participant’s traditional socket was scanned so that we
could duplicate its shape for the investigational prosthesis.
The investigational prosthesis was fabricated with three
adjustable panels located on load-tolerant areas of the re-
sidual limb (anterior medial, anterior lateral, and posterior
midline) (Figure 1). Panel size was maximized so as to
impact socket volume change while avoiding bony prom-
inences at the anterior distal tibia, fibular head, and tibial
crest—areas that may be sensitive to compression. Sensors
that measured the distance between the liner and
socket,16,25–27 termed socket fit sensors, were positioned
within the socket wall during fabrication at the posterior
medial mid-limb, the posterior lateral mid-limb, and the
anterior distal limb (Appendix 1). The stance phase minima
from the two posterior channels were used in the automatic,
panel position adjustment algorithm. The anterior distal
channel was used to detect walking, implemented the same
way as in our previous study.16 All sockets were made with
tether suspension.

To adjust the socket size, we placed direct current (DC)
micromotors in frames that spanned over each panel. Each
frame was affixed to the outside of the socket using custom
threaded mounts positioned within the socket wall during
fabrication (Figure 1, right panel). Each motor included an
encoder and gearhead and weighed 26 g (model 1717006SR
1EH2-4096 15A152:1+MG03, Faulhaber (Micromo),
Clearwater, Florida). The motor unit was of diameter
17.1 mm and length 40.8 mm. The frames and motors added
865 g to the overall weight on the socket. The motor drove
gearing and a winch assembly that translated the motor’s
rotation into radial displacement of the panel, as described
in our prior work.28 Unlike cabled-panel sockets, this design
allowed the panel to be pulled radially outward beyond the
surrounding socket and relieve panel contact with the re-
sidual limb. Further, a universal joint at the connection of

the panel to the winch minimized stress concentrations at
the edge of the panel. Because of these design features, no
cushioning material needed to be placed on the inside
surface of each panel as with a traditional cabled-panel
socket. A cable connection to a PC ran a virtual instrument
(VI) (LabVIEW National Instruments) that adjusted the
panels in 1-step increments.28 Each step induced a 0.25-mm
radial displacement in each of the three panels. A panel
position of 0.00 mm was defined as the position where the
panels were flush with the surrounding socket. When the
socket was put in auto mode, which was activated using the
VI, the control scheme described below was implemented.

Auto-adjustment algorithm

The auto-adjustment algorithm operated during all walking
bouts. It started when continuous walking was detected. It
operated using the VI, implementing a custom program
similar to that described in our previous work.19 The dia-
gram in Figure 2 illustrates how the auto-adjusting socket
operated. Consider a user who starts with a comfortable
socket fit at point “A” in the diagram. The socket fit metric
(SFM) value at this proper fit is termed the “set point.” The
user then gains limb volume during walking and the limb
shifts closer to the socket wall, moving to position “B” on
the diagram. The auto-adjusting socket reacts by increasing
socket size to return the user to the SFM set point, traveling
along the blue line to arrive at position “C.” The SFM is now
the same as at the start, but the socket is larger because of the
person’s increase in limb volume. Later, the user sits for an
extended period (without socket release), moving to posi-
tion “D” on the diagram. The person starts walking, and the
auto-adjusting socket reacts by decreasing socket size to
return the user to the SFM set point, traveling along the
green line to arrive at position “E.” The user is now again at
the same SFM as at the start, but the socket size is smaller
because of the decrease in limb volume during sitting. The
auto-adjusting socket sampled at 32 Hz. The maximum
adjustment rate was 1 change per second.

To program the auto-adjusting socket for an individual
user, we first executed a test in the lab to characterize the
user’s plant gain, the change in SFM induced by a change in
socket volume (slope of the red, blue, and green lines in
Figure 2). The participant walked at a self-selected speed on
a treadmill while the researcher adjusted the socket in 0.25-
mm increments across the user’s tolerated socket size
range.16 The plant gain is the slope of the least-squares fit to
SFM (in counts) plotted against panel position (in mm).
Programmed into the socket’s microcontroller, the plant
gain is used to calculate in real time the change in panel
position the auto-adjusting socket should make when the
user’s SFM deviates from its set point.

As described in the testing protocol below, the researcher
operated the VI via a computer interface to adjust socket size

Weathersby et al. 3

https://journals.sagepub.com/doi/suppl/10.1177/20556683221093271


during sitting between bouts of walking. In addition, a motor-
driven system mounted beneath the socket, similar to that
described in our prior publication,29 was used to draw in and
release a tether to the liner.

Testing protocol

Once the investigational prosthesis was fabricated and in-
strumented, the participant visited the lab for a fitting and

evaluation session. The research prosthetist evaluated the
participant’s gait and adjusted alignment of the foot and
length of the prosthesis if needed. The participant walked on
the treadmill at different panel positions (socket sizes) to
ensure the socket was comfortable and to ensure the in-
strumentation performed properly.

On a separate day, the testing protocol was conducted.
After arriving at the lab, participants sat for at least 10 min
with their traditional prosthesis donned to achieve a ho-
meostatic condition. Participants then doffed their pros-
thesis, and their residual limb was instrumented with thin
surface electrodes that are part of a bioimpedance system
which was used to monitor limb fluid volume as described
in detail in prior publications.23,30 The electrodes were
configured to monitor the anterior region and the posterior
region of the residual limb. Data collection from the limb
fluid volume monitoring system and the socket fit sensors
was initiated. A plant gain test was conducted, then the
socket was returned to the participant-preferred socket size.
The researcher then used the VI to put the socket in the auto-
adjustment mode.

A series of eight sitting and walking cycles was con-
ducted (Figure 3). At the beginning of each sit, the panels
were loosened, and the locking pin tether was released 5 cm.
The participant then sat for 10 min in a relaxed position with
his or her thighs horizontal, knees positioned at roughly the
same level as the hips, and feet touching the floor. At the end
of the 10-min sit, the researcher drew in the tether using the
motor-driven system mounted beneath the socket. The
participant stood, then the researcher tightened the panels to
the preferred socket size recorded after the plant gain test.
The participant stood briefly (5 s) and then walked on the

Figure 1. Instrumented investigational prosthesis. Left: Inside view of socket showing sensors at two posterior mid-limb and one
anterior distal location (white arrows). The tether (yellow arrow) connects to a short pin (not shown) that provides suspension. The
red and green buttons at the top right are for operation of the powered tether system. Right: Motors supported to frames mounted to
the socket move the panels radially inward and outward based on socket fit. The mechanism to control tether length (gray cylinder) is
mounted beneath the socket.

Figure 2. Diagram illustrating the design of the control system.
The socket fit metric (SFM) is the mean of the measurements
from the two posterior mid-limb sensors. Slopes of the green,
red, and blue lines are the plant gain. Deviations from the set point
reflect changes in socket fit. An increase in limb fluid volume
(“A” to “B”) causes the controller to increase socket size to
return to the set point (“B” to “C”). A decrease in limb fluid
volume (“C” to “D”) causes the controller to decrease socket
size to return to the set point (“D” to “E”). A goal of socket
release/relock is to reduce volume loss during sitting, that is, retard
the change from “C” to “D.”
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treadmill at a self-selected walking speed for 2 min, ac-
tivating the control system on the auto-adjusting socket.
This sit/walk cycle was repeated, except that at the end of
the sit the researcher returned the socket to its size at the
end of the prior walk rather than that recorded at the outset
of the session. The cycles were repeated until the fifth
cycle, where the socket was returned to a size of +1.0%
volume larger than that at the end of the prior walk. The
appropriate panel adjustment to achieve a +1.0% change
was determined using a geometric model of the socket
shape.31 The sixth through eighth cycles were identical to
the earlier second through fourth cycles. After the session,
participants were returned to their traditional socket and
left the lab.

As a subjective measure of the effect of the intervention,
participants were asked to provide a relative socket comfort
rating (RSCR) at the end of each walking bout in cycles 5–8.
RSCR has been used previously in prosthetics research to
study relative changes in socket comfort within a
session.32,33 The RSCR query was phrased, “Compared to

the end of the prior walk, is your socket comfort a lot better,
a little better, the same, a little worse, or a lot worse?”

Data processing and analysis

Data collected across the test session, including the SFM,
set point, and panel position, were downloaded from the
auto-adjusting socket and plotted over time for visual in-
spection. The walking portion of each cycle was extracted
for further analysis. For each session, the range of panel
position was calculated. For each bout, the absolute error of
the auto-adjusting socket control system (SFM minus set
point) was plotted over time and the IAE calculated as

IAE ¼ 1

N

XN

i¼0

jSFMi � SFM0j

where SFMi is the measured SFM of the ith temporal index,
SFM0 is the SFM set point, and N is the number of data
points in the analysis. Thus, N for an IAE calculated during
the first 30 s of a bout included all data points up to 30 s,
while N for an IAE calculated during a whole bout included
all points in the bout.

Limb fluid volume data from the bioimpedance system
were downloaded and converted to extracellular fluid
volume using de Lorenzo’s form of the Cole model.34 The
data were time-synchronized with the SFM data. The
minimum fluid volume during stance phase of each step was
determined for both the anterior and posterior limb regions
and a mean calculated for each bout. The means for a
session were expressed as a percentage change relative to
the mean fluid volume during cycle 4, the cycle before the
1.0% relock socket size increase. This strategy allowed a
consistent reference across participants for the percent fluid
volume change between cycle 4 and subsequent cycles, a
variable of interest in this study.

Relative socket comfort rating data were expressed as a
change relative to cycle 4, the cycle before the relock socket
size increase was executed. “A little better” and “a little
worse” were defined as a plus one-unit change and a minus
one-unit change, respectively. No participants responded
with “a lot better” or “a lot worse,” so no unit change was
defined for them.

Results

Participants

Six people with transtibial amputation (5 males and 1 fe-
male) participated in this study. All participants had their
limb amputation as a result of trauma. Median age was 44
years (range 36–76), median time since amputation was 14
years (range 2–40), and median body mass index35 (BMI)
was 23.6 (range 21.9–26.5) (Table 1). Median residual limb

Figure 3. Test protocol. Eight cycles of sit and walk were
conducted. The protocol used for cycles 1–4 and 6–8 is shown
in the upper figure. The protocol used for cycle 5 is shown in the
lower figure. During cycle 5 after the sit, the panels were tightened
to the pre-sit socket volume plus 1.0% socket volume. S = Sit,W
= Walk.
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length was 15.2 cm (range 11.8–18.5) and median mid-limb
circumference was 28.2 cm (range 26.1–32.3). Descriptions
of prosthesis componentry are listed in Appendix 2.

Participants’ median plant gain was 5977 counts/mm
(range 737–8693) (Table 1). The higher the plant gain the
more sensitive the person’s socket fit was to changes in
socket size.

Control system error

Integral of absolute error increased right after the auto-
adjusting socket became active and then, in general, de-
creased over time for the rest of the bout (Figure 4). Out of
the 48 bouts, 4 of them (bout 6 for participant #1; bouts 6
and 8 for participant #2; bout 5 for participant #4) did not
demonstrate this result and instead showed a gradual in-
crease in IAE over time that did not stabilize until late in the
bout (Appendix 3, lower panels). The maximum IAE during
the first 30 s of a bout (median 0.008, range 0.002–0.058)
was greater than the IAE at the end of the bout (median
0.006, range 0.001–0.034) by a median of 1.4 times (range
0.5–5.0) (Appendix 4). In 77% of the bouts, IAE was greater
during the first 30 s than later in the bout.

Comparing IAE before to after the 1.0% relock socket
size increase, three participants (#1, #2, #4) demonstrated an
increase in IAE for cycle 5 compared with cycle 4, and three
participants (#3, #5, #6) demonstrated a decrease for cycle 5
compared with cycle 4 (Figure 5). For participant #2, IAE
for all cycles after the 1.0% relock socket size increase was
greater than that for all cycles before the 1.0% relock socket
size increase. No other participant showed this trend.

In one bout, cycle 7 for participant #2, while the auto-
adjusting socket was active, the control system at the outset
of the bout held the panels at their maximum distance and
needed to be reset 1 min into cycle 7 using the VI. This
happened because at the end of the preceding cycle 6, the
panel position maximized (Appendix 3). Per the defined
protocol, the panels started at that position at the start of

cycle 7. No other cases of control system saturation oc-
curred during the study.

We note from the analysis above that IAE at the end of a
bout was not of a consistent magnitude across all partici-
pants (Figure 5). As an exploratory effort, we investigated if
end-of-bout IAE was related to participant characteristics.
Plots of limb length, plant gain, age, height, years since
amputation, limb circumference, and the quotient of limb
circumference divided by diameter demonstrated a weak
correlation (Pearson) with participant median end-of-bout
IAE (R < 0.4 for all variables). Body mass index (BMI) was
moderately correlated (R = 0.6). In some bouts for some
participants, the IAE oscillated about the set point (e.g.,
Appendix 5). This hysteresis may have contributed to the
inconsistent IAE for some participants.

During some bouts, there were intermittent connection
issues, typically less than a few seconds, between the VI and
the controller, causing the controller to briefly turn off and
restart, resetting the set point. These instances are shown as
discontinuities in figures of controller error (IAE) plotted
over time (Appendix 3). These events were later demon-
strated to be a result of an issue in the VI software, not the
control system.

Participant panel positions, limb fluid volume,
and pistoning

For 5 of the 6 participants, the range of panel position
(maximum–minimum) during walking across the test ses-
sion was between 2.26 mm and 6.01 mm (Appendix 6). For
the remaining participant (participant #2), the control sys-
tem saturated at the maximum panel radial distance
(10.00 mm) for part of one walking bout, contributing to a
higher range, 8.75 mm. Panel position range was not well-
correlated with plant gain (R = 0.38).

From visual inspection of the data, we note that panel
position reduced from cycles 1 to 4 and from cycles 5 to 8
for three participants (#1, #3, #4) and increased from cycles

Table 1. Participant characteristics and plant gains.

Participant Gender
Age
(y)

Height
(cm)

Weight
(kg)

BMI
(kg/
m2)

Time since
amputation (y)

RL
Lengtha

(cm)

RL
Circumf.b

(cm) Shape
Co-
Morb.

Plant gain
(counts/mm)

1 M 44 175.0 72.9 24.6 5 12.5 32.3 Cylindrical HBP 737
2 F 36 160.0 58.2 23.4 13 14.0 26.1 Bulbous None 2470
3 M 58 188.0 77.3 22.5 34 18.5 28.2 Conical None 5621
4 M 42 162.5 60.6 23.7 2 11.8 27.3 Cylindrical Smoker 6332
5 M 43 182.9 71.2 21.9 15 16.3 28.2 Conical Smoker 7456
6 M 76 180.3 83.2 26.5 40 18.1 28.6 Conical HBP 8693

afrom the mid-patellar tendon to distal end.
bat 4 cm distal of mid-patellar tendon, 170° knee flexion.
BMI= body mass index, RL= residual limb, M= male, F= female, HBP= high blood pressure.
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1 to 4 and from cycles 5 to 8 for three participants (#2, #5,
#6) (Figure 6). Per the specified protocol, the panel po-
sition was increased during cycle 5 when the 1.0% relock
socket size increase was executed. Panel position data
were back onto their trajectory from earlier cycles 1 to 4
by cycle 6 for participants #4 and #6 and by cycle 7 for
participants #2 and #3. Participant #1 did not demonstrate
this behavior and instead maintained a larger panel po-
sition (larger socket size) compared with cycles 1–4.
Panel position for participant #5 stabilized to a consistent

distance during cycles 5–8 that was larger than that during
cycles 1–4.

Limb fluid volume change over time followed a similar
pattern to the panel position data, that is, the patterns of
change in Figure 7 are similar to those in Figure 6. The
shapes of the plots for anterior and posterior regions were
similar to each other for each participant except for par-
ticipant #5 who after the intervention experienced a much
greater percent limb fluid volume increase in the anterior
region than the posterior region.

Figure 4. Example plots illustrating control system performance during the eight walking bouts. Upper panel: SFM data (black) and
control system set point (orange), both in mm. A consistent scale is not used across bouts so that the shapes of the curves are clearly
visible. The SFM is closer to the set point at the end of the bout than at the outset, demonstrating that the control system is performing
well. Lower panel: IAE in mm plotted over the course of each bout. The shape of the IAE curves over time, a rise and maximum followed
by a decrease to a stable value, is typical for a properly functioning engineered control system.
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SFM was controlled during walking bouts thus it did
not follow trends similar to those for panel position or
limb fluid volume. As an exploratory effort, we inves-
tigated if there was a trend in the change in peak-to-
trough SFM (pistoning) from before to after the 1.0%
relock socket size increase. For the participants who
experienced a loss of limb fluid volume from cycle 1 to
cycle 4 (#1, #3, #4), peak-to-trough SFM increased from
before to after the 1.0% relock socket size increase (cycle 4
compared to cycle 5) (Appendix 7). For the participants who
experienced a gain of limb fluid volume from cycle 1 to cycle
4 (#2, #5, #6), peak-to-trough SFM decreased from before to
after the 1.0% relock socket size increase.

While enlarging the socket by +1.0% after cycle 4 increased
limb fluid volume, 4 of 6 participants reported a worsened
socket comfort right after it was executed (Figure 8). Only
participant #4 reported an improvement in socket comfort,
stating that his socket felt a bit more tightly coupled to his
residual limb. Participant #2 reported feeling rubbing on the
proximal brim line, participant #3 reported pistoning, and
participant #6 reported looseness at the distal end and back part
of his limb. Despite the decrease in socket comfort while
walking after the 1.0% relock socket size increase, none of the
participants decreased their socket comfort score in cycle 8
compared with cycle 5.

As an exploratory effort, we investigated the rela-
tionship between percent limb fluid volume change from
before to after the 1.0% relock socket size increase (cycle
5–cycle 4) and RSCR (Figure 9). The four participants
with percent fluid volume changes greater than 1.0% (#

1,2,3,6) all reported reduced RSCR, while the participant
with a small increase (#4) (0.6%) reported an increased
RSCR. The participant with essentially no percent fluid
volume change (#5) (�0.1%) reported no change in
RSCR.

Discussion

In this study, conducting socket release during sitting be-
tween bouts of walking was shown to have the intended
effect of changing participants’ limb fluid volume. In
general, the auto-adjusting socket responded well to these
perturbations and maintained stable performance and low
error. We believe the results warrant advancing to testing on
prosthesis user participants in their at-home environments,
increasing the number of participants and determining the
long-term clinical outcomes in terms of comfort, prosthesis
use, skin health, and other related outcomes.

Part of the reason the control system demonstrated
stable performance and low error was because fluid
volume change followed panel position change as shown
by the similarity of curve shapes in Figures 6 and 7. Our
prior work and the plant gain tests in the present study
showed that, when socket size adjustments were made,
the distance sensed by our custom sensors changed lin-
early with socket size.16,17 Taken together, these results
suggest that the control system operated as intended for
all participants—adjusting panel position based on in-
formation from the distance sensors served to adjust limb
fluid volume.

It is recognized that clinically it may not be desirable to
increase limb fluid volume over time, as occurred for
participants #2, #5, and #6 (Figure 7). However, what is
relevant to note (and was the purpose of the present study) is
that the auto-adjusting socket is capable of being used to
control limb fluid volume. The auto-adjusting socket
worked in harmony with the residual limb to take advantage
of the limb’s capability for fluid volume change to ac-
complish this result. In clinical practice, the auto-adjustment
algorithm would be programmed to maintain a consistent
sensed distance over the day.

We expect that the use of distance sensing and the practice
of not placing the sensing elements on the actuators are two
key reasons the auto-adjusting socket in this study performed
better than other systems described in the literature.4–13

Distance sensing may be more effective than pressure
sensing because the measurement is very sensitive to small
changes in socket fit, and presence of the sensors does not
disrupt the regular limb-socket interface.18 We did not
consider placing the sensing elements on the actuators an
appropriate strategy. The actuators are located at load-tolerant
areas of the residual limb, thus sensing at those locations
would not be expected to provide a clinically meaningful and
sensitive measurement of socket fit. In the present study, the

Figure 5. Integral of absolute error at the end of each bout. Dark
bars are from bouts before the 1.0% socket size increase. Light
bars are from bouts after the 1.0% socket size increase.
Participants are ordered from low to high plant gains. There was
no consistent trend across participants of a higher IAE after v.
before the 1.0% socket size increase suggesting that control
system performance was not sensitive to this perturbation.
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sensors used for auto adjustment were located at a posterior
location off of the midline. It is possible that data from other
sensors, for example that monitor distal limb superior-inferior
motion (pistoning) or limb angulation in the sagittal plane,
may be necessary, although results in the present study do not
support such a need. These interpretations are preliminary,
however, and need to undergo rigorous scientific testing on a
larger group of participants.

Control system performance

The shape of the IAE curves over time as shown in Figure 4,
a rise and maximum followed by a decrease to a stable
value, is typical for a properly functioning engineered
control system. The range of end-of-bout IAE, from 0.001
to 0.034, corresponded to a median socket volume error of
0.001%–0.033% for the six participants tested here. For

Figure 6. Panel position at the end of each walking bout. Participants #1, #3, and #4 experienced a socket reduction from the beginning
to the end of the test session. Participants #2, #5, and #6 experienced a socket enlargement.
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Figure 7. Percent limb fluid volume during stance phase minima for each bout. Results from the anterior region (ant) and posterior
region (post) are shown. Participants #1, #3, and #4 lost limb fluid volume over the session while participants #2, #5, and #6 gained.
Differences are likely a result of participant physiological characteristics. All participants (#1 to #6) demonstrated an increase in limb
fluid volume from the intervention (between bout 4 and bout 5), suggesting a common mechanism. However, the changes in both the
anterior and posterior regions for participant #4 and the posterior region for participant #5 were less than for other participants.

Figure 8. Change in socket comfort relative to cycle 4 for all participants. The central horizontal line represents the reference, that is,
the socket comfort during cycle 4 right before the 1.0% relock socket size increase. The distance between adjacent tick marks on the
y-axis is a relative socket comfort rating “unit change.” A positive unit change in RSCR is “a little better,” and a negative unit change in
RSCR is “a little worse.”Upon the 1.0% relock socket size increase, four participants indicated a worsened RSCR, one no change, and one
a more favorable RSCR.
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comparison, adding a sock sheath (0.2 mm thickness under
stance phase loading21) would change socket volume by an
average of 0.97% for participants in the present study (range
0.80%–1.03%). Thus, the IAE error in this investigation
would be expected to be acceptable in clinical application of
the auto-adjusting socket.

The two bouts that showed the greatest increase in IAE
over time were both from the only participant with a bulbous
residual limb (participant #2). Unlike the other five people
in the study, this participant found the relock protocol
uncomfortable—drawing in the tether before closing the
socket panels—because it tended to trap her soft tissue
distally in the socket. Other participants, during preliminary
investigations prior to this study and during the study itself,
held the opposite opinion, preferring to draw in the tether
first and then close the panels. The high IAE and discomfort
stated by participant #2 suggest a need to investigate if a
different auto-adjusting control strategy is necessary for
people with much redundant soft tissue in their residual
limb.

The oscillation of the SFM about the set point observed
in some bouts (e.g., Appendix 5) may be eliminated by
setting a threshold for execution of a socket size adjustment
(known as a “hysteresis band” in control systems engi-
neering). Because the peak-to-trough range of oscillation
observed in the data collected in this study was typically less
than 0.20 mm, we would expect that a hysteresis band and
step size of 0.20 mmwould be appropriate. It is possible that
because of the different plant gains across participants, the
threshold size adjustment may need to be tuned to each user,
though rigorous scientific investigation would need to be
conducted to test if this is clinically necessary.

As shown in Figure 9, we observed an interesting re-
lationship between RSCR and percent limb fluid volume

change in the posterior region from before to after the 1.0%
socket size increase (Cycle 5–Cycle 4). The results suggest
that matching the socket volume increase at the start of a
new walking bout to the fluid volume increase experienced
by the individual participant between bouts may improve
comfort. In other words, the socket size should be adjusted
so that the socket is still relatively snug on the residual limb
and may even restrict its fluid volume increase. The four
participants who experienced increases in percent fluid
volume (cycle 5–cycle 4) of more than 1.0% (#1, #2, #3, and
#6) all indicated that their socket felt too loose during cycle
5. Possibly the high fluid volume increase they experienced
reduced their soft tissue compressive stiffness, made their
limb-socket interface unstable, and caused this sensation.
RSCR scores for the two participants who experienced
lower percent fluid volume increase, #4 (�0.1% limb fluid
volume change) and #5 (0.6%), were more favorable.
Possibly, participant #4 and #5’s sockets were tight on their
residual limb after the 1.0% socket size increase, helping to
ensure a more stable interface. This interpretation is pre-
liminary, based upon results from a small number of par-
ticipants, and would need to be verified in more extensive
clinical studies.

We note that by cycle 7 most participants returned to the
limb fluid volume trajectory established before the +1.0%
socket size intervention. Thus, while 10-min socket releases
helped to reduce limb fluid volume loss, they may not have
been long enough to promote a meaningful limb size in-
crease such that a socket enlargement in preparation for
further walking was warranted. Longer release durations,
however, may show a benefit, though this hypothesis would
need to be tested through rigorous scientific investigation.

The increase in peak-to-trough SFM (maximum swing
phase SFMminus minimum stance phase SFM) from before
to after the intervention (from cycle 4 to cycle 5) for par-
ticipants who experienced a reduction in limb fluid volume
over time (#1, #3, and #4) means that, as expected, these
participants’ limb pistoned more in the socket after
the +1.0% relock socket size increase was executed than
before it. The result points to the utility of SFM peak-to-
trough data as an additional socket fit metric for use in future
auto-adjusting socket systems.

A related prosthetic socket technology, electronic el-
evated vacuum (EV), applies a negative pressure between
the socket and liner-to-draw residual limb soft tissues
outward. Both EV and the auto-adjusting socket in the
present study attempt to maintain limb volume within a
narrow range over time, but they optimize different
metrics to facilitate adjustment, and they use different
actuators (vacuum pressure, panel displacement) to effect
change. Results from the present study indicate that in-
socket limb fluid volume response to automated control
of socket size is immediate, while a different investiga-
tion reported in the literature showed that in-socket limb

Figure 9. Relative socket comfort rating (RSCR) v. change in
percent fluid volume. Participants who experienced >1.0 change
in percent fluid volume between cycles 4 and 5 reported a
worsened socket comfort rating while those with a change <1.0%
reported no change or a more favorable socket comfort rating.
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fluid volume response to automated control of EV is much
slower.32 As research and development of both auto-
adjusting sockets and EV sockets continue, it will be
important to quantify their control system performance
(i.e., capability to maintain a set point based on a socket
fit metric), their capability to manage limb volume, and
their benefit to clinical outcomes like residual limb
health.36–38

A limitation of the study design was that the system was
tested on only six participants. This number of participants
was considered acceptable because the objective of the
study was to warrant at-home testing with a large number of
participants.

The time between walking bouts in this study was short,
approximately 10 min. A more challenging situation, ex-
pected to be encountered during at-home use, is when there
are much longer time periods of sitting, standing, and
weight-shifting between walking bouts, that is, between
automatic panel position changes. In these cases, a more
substantial change in the residual limb may occur and the
SFM at the outset of the next walk may be much different
than the set point. If the difference is too great, then the
residual limb may not be able to adjust size quickly, risking
control system instability and necessitating a modification
in the control system strategy.

The auto-adjusting socket used in this study was heavier
than a normal socket. The instrumentation on the socket
added a median of 885 g to the traditional socket weight
(median 589 g). The weight may have affected participant
RSCR scores late in the session because of the accumulated
effect of a greater pull on limb soft tissues compared with
users’ traditional sockets. We would not expect the added
weight to have affected control system performance since
the auto-adjusting socket adapts to a change in socket fit. A
reduced size frame andmotor and replacement of the control
system components with a custom electronics board could
easily be created to reduce the weight since from experience
in the present study the displacement range and resolution
needs of the auto-adjusting socket are now better specified
(e.g., Appendix 6). For the revised system, we would expect
the weight difference compared to a traditional prosthesis to
be comparable to the difference between a powered ankle
and traditional ankle prosthesis. The LabVIEW VI insta-
bility issue during some bouts in the present study should be
resolved using an on-board microprocessor dedicated to
auto-adjustment instead of the LabVIEW software package.

Conclusion

In this study, the auto-adjusting socket maintained good
stability despite perturbation of panel and tether release/lock
during sitting and achieved a low IAE during subsequent
bouts of walking. Therefore, the auto-adjusting socket is
ready for field testing in participant at-home settings.
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