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Abstract— This paper introduces a novel measuring approach
for detecting relative movement between stump and socket in
lower limb prostheses. The application of the motion capturing
based measuring approach is shown at a single male trans-
tibial amputee using a Patella Tendon Bearing (PTB) socket.
It further investigates and assesses the feasibility of measuring
the relative movement between stump and socket during level
walking at different velocities and allocating it to the coinciding
loads. Representative results for the two translational degrees of
freedom in the sagittal plane are presented and discussed. For
the proximodistal (pd) direction, a linear correlation between
applied load and relative movement is found, while for the
anteroposterior (ap) direction the stump movement is largely
influenced by the motion sequence during the respective gait
event. Additionally, the effect of walking speed is discussed.

I. INTRODUCTION

In the last decade there has been a vast development in
lower limb prostheses. Mechatronic systems have enlarged
their functionality and improved the quality of life for am-
putees [1], [2]. Nevertheless, the amputee’s well-being and
mobility are largely determined by socket fit and subsequent
stump-socket interaction [3]. Today, the rectification process
is mainly based on examining the stump in a seated position;
the successful fitting depends primarily on the ability and
experience of the prosthetist [4]. Quantitative knowledge
about biomechanical interactions at the interface, particu-
larly during gait, is rare. A possibility for gaining a better
understanding of the interface is through analysis of inter-
action factors of well-fitted sockets. State-of-the-art research
of the socket interface in lower-limb prostheses comprises
socket pressure measurements, computational modeling and
friction-related phenomena (including relative movement)
[3].
Previous studies concerning relative movement between
residual limb and prosthesis differ in the definitions of
relative movement, used measurement system and examined
loading condition. According to Klasson, the stiffness of the
coupling between the skeleton and the socket is a significant
factor in socket fit [5]. Several studies used radiography
to analyze the residual tibial [6], [7], [8], [9] or femoral
[10], [11] movement within the socket. Since the use of
radiography is limited by the risk of ionizing radiation,
these studies were restricted to static analysis. The applied
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loading conditions vary from static additional loads [9] to
static reproduction of specific events of the gait cycle [8].
The use of ultrasound diagnostics permits the assessment
of remnant bone movement during dynamic activities [12],
[13]. Nevertheless, the discussed relative movement consists
of movement of the remnant bone within the stump and of the
stump itself in the socket, so that a differentiation between
the two is useful. Commean et al. distinguish these two
combining factors for a known static loading condition of a
trans-tibial (TT) amputee [9]. Appoldt et al. investigated the
relative movement between stump (skin) and socket of trans-
femoral (TF) amputees using a custom-made slip gauge [14].
However, the measurement assembly prevents the allocation
of the recorded relative movement to specific gait events.
The presented pilot study investigates and assesses the feasi-
bility of recording the relative movement between stump and
socket during straight level walking. The measuring approach
used, which enables allocating the relative movement to
specific gait events and applied load condition, is explained
in Sec. II. The measurement approach gives insight into the
biomechanic interaction at the interface by providing data
of possible causes for the relative movement of the stump
within the prosthetic socket. The results are presented and
discussed in Sec. III. Finally, the paper is concluded and an
outlook to future works is given in Sec. IV.

II. METHODOLOGY

Subsequently, the methodology of the data collection and
evaluation is presented.

A. Measurement Concept

The factors considered for the biomechanical interaction
at the stump-socket interface are the loads at the distal end
of the socket as well as the relative movement between
residual limb and socket. Three trials, which differ in walking
speed, are recorded. Each trial consists of level walking on
a treadmill at a constant walking speed. The speed levels are
determined in pretests, which revealed the subject’s favorite
walking speed as 0.85 m/s. To vary the speed - a slower and
faster walking speed are self-selected by the subject (0.65
and 1.05 m/s, respectively).
To measure the loads at the distal end of the socket, a
custom-built measurement adapter [15] is used. This adapter
is integrated into the prosthetic structure. Subject motions
and relative movements at the stump-socket interface are
recorded using motion capturing technique.
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B. Measurement Arrangement

This pilot study is conducted with a single male partici-
pant. The subject is an active TT amputee (50 years, 95 kg,
amputated for 25 years). The stump measures 14 cm in
length. He has been using a PTB socket with a quick release
adapter for the last three years and considers the socket to
be a comfortable fit.
Using motion capturing technique to record the relative
movement at the stump-socket interface requires a specific
test socket in order to place markers directly on the stump.
This socket was manufactured by a certified prosthetist
using the existing plaster positive of the stump. The test
socket features three cavities - one for positioning the knee
marker and two for positioning markers to detect relative
movement (cf. Fig. 1). The dimensions of the cavities on the
socket pose a tradeoff between enabling relative movement
notwithstanding the placement of markers, and ensuring the
integrity of the socket and control of the prosthesis. Markers
are attached to the outside surface of the residual limb liner
and on the socket itself (cf. Fig. 1). With the placements
used, relative movement in the sagittal- and frontal plane
can be detected.
During gait, kinematics were recorded at 500 Hz using the
motion analysis system QUALISYS OQUS300+ and QUAL-
ISYS OQUS310+. Kinetics were recorded at 1 kHz by the
instrumented treadmill of type ADAL3D-WR and at 500 Hz
by the custom-built measurement adapter. All systems were
synchronized using a triggering signal (voltage change) from
the treadmill system.

C. Analysis of Data

A sampling rate of 500 Hz is adapted for all measurement
systems. Due to the magnitude of forces applied on the
prosthesis, only stump-socket interaction during stance phase
is considered. Heel-strike and toe-off are determined by the
detected ground reaction forces (GRF). These two significant
events of gait are used to identify the stance phase of each
step.
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Fig. 1. Illustration of markers to track motions of the subject and relative
movement between stump and socket: Positioning of markers (left) and
consequent model of subject (right).

Kinematic and kinetic analysis of straight level walking has
revealed little activity in the medio-lateral (ml) direction
compared to the other directions [16]. Hence, only interaction
in the sagittal plane is examined. The three-dimensional
marker trajectories are projected into the sagittal plane for
evaluation. This projection leads to a systematic error errP .
This error can be shown to be at an acceptable range for
socket markers (errP ≤ 2.5 % cf. [18, Sec. 6.3.1]).
The relative movement is evaluated using the time-dependent
positions of the socket axis defined by the two lateral
socket markers and the lateral distal stump marker. The
offset is compensated by using the measured loads of the
adapter, defining the relative movement as zero for load-free
conditions of the considered direction.

III. RESULTS AND DISCUSSION

Following, the results of the experimental trials are pre-
sented. Initially, the plausibility of the detected relative
movement by the novel measurement approach is assessed
through time series of gait data for the subject’s favorite
walking speed. Fig. 2 and 3 show the occurring load (top)
and calculated relative movement (bottom) in the considered
translational direction plotted over the stance phase. Dis-
played are mean and standard deviation of 59 consecutive
steps. Subsequently, the influence of walking speed on the
biomechanic interaction at the interface is investigated.

A. Proximodistal Direction

Fig. 2 indicates a close connection between occurring load
and relative movement for the pd-direction: With increasing
load the stump sinks deeper into the socket. This impression
is supported by the cross correlation, which is an indicator for
the similarity of signals; for the shown graphs the normalized
cross correlation at zero lag is −0.97.
However, two deviations in the shape of the curves are
particularly striking: The characteristic double hump of the
occurring load can not be observed in the relative movement,
and the final value of the relative movement at the end of
stance phase does not return to zero, even though no load
is applied. Nevertheless, overall the measured and evaluated
data of the relative movement are plausible.
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Fig. 2. Mean and standard deviation of the detected force (top) and relative
movement (bottom) in the pd-direction for a walking speed of 0.85 m/s.
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B. Anteroposterior Direction

Fig. 3 shows the results for the ap-direction. In contrast
to the relative movement in the pd-direction, which can be
clearly allocated to the applied load, the movement of the
stump in the ap-direction is largely influenced by the motion
sequences in the respective gait event. This observation can
be explained by comparing the advancement in position of
the resulting vector of the GRF, its force application point
(the center of pressure (CoP)), and the center of mass (CoM)
during stance phase. Fig. 4, which shows the sequence of
a typical stance phase (c.f. [16]), displays the link of the
three factors. The location of the CoM is approximated by
the center of the triangles, which represent the beginning of
the upper body. At the beginning of stance phase, during
initial contact (IC), the CoM is located behind the CoP. This
changes in the course of stance phase - the CoM moves over
the CoP until it is finally, at toe-off (TO), spatially located
in front of the CoP. At times of greatest local differences
between CoP and CoM (IC and TO), the relative movement
between socket and stump also reaches its maxima. The
plateau of the relative movement (20−85 % of stance phase,
cf. Fig. 3) indicates the area in which the resultant GRF
vector is located close to the CoM, thus only minimal relative
movement is detected. Accordingly, the relative movement in
ap-direction is plausible.

C. Influence of Walking Speed

In the following, the influence of walking speed is
assessed. Therefore, box plots of the data at characteristic
time steps in the stance phase for the two translational
degrees of freedom are displayed. In each box, the central
line marks the median and the black cross represents the
mean value. The edges of the box are the 25th and 75th
percentiles, the whiskers extend to the most extreme data
points not considered outliers, which are plotted individually.

1) Proximodistal Direction: As previously postulated,
the relative movement in the pd-direction correlates with
the occurring load. Among other factors, the amount of
vertical GRF is influenced by walking speed [17]. Fig. 5
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Fig. 3. Mean and standard deviation of the detected force (top) and relative
movement (bottom) in the ap-direction for a walking speed of 0.85 m/s.

Fig. 4. Advancement of position of the resulting GRF vector, with its
origin at the CoP, and CoM during a gait cycle.

shows the box plot of the maximum load applied (top) and
the corresponding relative movement (bottom) for each test
series. Although not statistically significant, the evaluated
data display a trend towards higher levels of applied load
and greater relative movement with increasing gait velocity
(Fig. 5), which supports the stated hypothesis about a
causal correlation between applied load and level of relative
movement in the pd-axis.

2) Anteroposterior Direction: Contrary to the changes
in the applied load for the pd-axis, the progression of the
force curve in ap-direction does not reveal adjustments
with walking speed [18]. Nevertheless, the detected relative
movement changes with gait velocity, particularly at TO.
Fig. 6 (top) displays the box plot of the relative movement
during TO at the end of stance phase for the three test series.
Similarly to the results in pd-direction, the differences of
detected relative movement are not statistically significant.
Nevertheless, a tendency is noticeable: with increasing gait
velocity the amount of movement of the stump relative
to the socket increases at TO. As explained in Sec. III-B,
the relative movement in ap-direction is largely influenced
by the motion sequences in the respective gait event. At
TO, the distance between CoP and CoM is dominated by
the orientation of the lower leg. The more acute the angle
between tibia and ground, the greater the distance between
CoP and CoM. Fig. 6 (bottom) displays the progression of
tibia angle for the three test series; with increasing walking
speed the detected tibia angle tends to become more acute
at TO. Thus, the distance between CoP and CoM increases
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Fig. 5. Box plot for the maximum load applied (top) and corresponding
relative movement (bottom) in pd-direction for the three test series.
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Fig. 6. Box plot for relative movement in ap-direction (top) and tibia
orientation (bottom) during toe-off at the end of stance phase for the three
test series.

with walking speed, which supports the hypothesis about
a causal correlation between level of relative movement in
ap-axis and motion sequence during gait.

IV. CONCLUSION
This study introduced a measuring approach based on

motion capturing technique which enables the recording of
relative movement between stump and prosthetic socket.
Data of one male TT amputee for straight level walking at
different gait velocities were presented. The measurement
concept permits allocating the relative movement to specific
gait events and applied loading conditions.
While this is the first step towards measuring the biomechan-
ical interaction during gait, the gained insights show that
usage and interpretation of motion tracking for the deter-
mination of relative movement between stump and socket
entail sources of nonconformance: Tensing muscles alters
the stump’s structure, consequently influencing the markers
position on the skin. Thus, complementing the measurements
with the detection of EMG signals might be an option for
further studies. As shown by [9], the relative movement
between stump (skin) and socket vary with measurement
point. Hence, comparability and repeatability of acquired
data are challenging and have to be evaluated. Additionally,
the influence of the measurement cavities in the test socket
on the relative movement between stump and socket has to
be assessed.
Nevertheless, the presented measuring approach revealed the
causal relationships for relative movement in the sagittal
plane, thus contributing to the understanding of the stump-
socket interface in lower limb prostheses.
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