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1 Introduction

Previous studies have extensively examined biomechan-
ical locomotion and human adaptability in both able-bodied
individuals [1–5] and prosthetic users [5–7]. However,
most of these investigations have taken place in controlled,
”ideal” laboratory settings, often relying on fixated force
plates and treadmills. While these methods provide pre-
cise and repeatable measurements, they may oversimplify
the complexities of real-world movement, where individuals
must continuously adapt to unpredictable conditions. Schol-
ars have emphasized the importance of variability and adap-
tation in movement [8, 9], particularly the role of sensori-
motor noise and its effects on motor control. Laboratory ex-
periments minimize external variability by eliminating un-
expected terrain changes, environmental disturbances (e.g.,
wind), and cognitive distractions. This creates a predictable
environment, which may not accurately reflect how individ-
uals, especially prosthetic users, adapt their movements un-
der real-world conditions.

To address this gap, our study examines biomechanical
adaptations in real-world conditions. By analyzing pros-
thetic users in outdoor settings, we aim to capture the nat-
ural variability and dynamic adjustments that occur during
running. This approach allows us to consider adaptability,
environmental disturbances, and situational unpredictabil-
ity, offering insights that are more representative of actual
performance.

2 Method

2.1 Study Design
As a proof of concept, one male participant (26 years

old, 170 cm, 63 kg) with bilateral transtibial amputation took
part in the study. He was an untrained runner and used his
own prosthetic device, the Össur Pro-Flex Terra foot com-
ponent.

The study was conducted as a field experiment on flat
asphalt on an 800 m long road segment in a rural area. The
running sequence took place between 18:00 and 18:30 under

Figure 1: Schematic of the portable measurement equip-
ment used.

a temperature of 7°C, with winds of 13 km/h. To ensure con-
tinuous data transmission from the measurement devices, a
vehicle followed the participant throughout the run, main-
taining a stable connection between the wireless sensors and
the recording equipment. The vehicle was kept at a safe and
consistent distance to minimize any potential influence on
the participant’s running behavior.

The participant completed a fifteen-minute running se-
quence at a self-selected speed. Before the run, he de-
scribed his assumed running strategy and expectations re-
garding movement patterns. After completing the sequence,
he reflected on his initial expectations, reported any chal-
lenges encountered, and described his movement experi-
ence. These descriptions were recorded and transcribed for
comparison with the measured biomechanical data.

License: CC BY 4.0 International - Creative Commons, Attribution https://creativecommons.org/licenses/by/4.0/



2.2 Measurements
As depicted in Figure 1, we used a Cosmed K5

metabolic system to measure oxygen consumption (VO2),
carbon dioxide production (VCO2), and the respiratory quo-
tient (R). To record the range of motion of the legs and torso,
an xsens motion suit was used. Muscular activity was moni-
tored using Delsys Trigno Avanti electromyography sensors.
The following muscles were considered: M. Gluteus Max-
imus, M. Tensor Fasciae Latae, M. Rectus Femoris, M. Bi-
ceps Femoris, M. Vastus Medialis. Additionally, novel load-
sol 2 force measurement insoles were used to assess step
frequency and force distribution between the fore- and back-
foot.

3 Illustrative Results

3.1 Participant’s Transcripts
The transcriptions provided valuable qualitative data,

allowing us to analyze differences between the partici-
pant’s expected and actual running strategies. When com-
pared with measured biomechanical parameters, these in-
sights revealed how the participant’s perception of move-
ment aligned or diverged from recorded data. Key difference
were identified across three main areas: challenges during
running, compensatory movements and running patterns.

The participant initially anticipated that his primary
challenges would stem from anatomical constraints, specif-
ically the absence of ligaments and differences in stump
sizes. Additionally, he foresaw technical difficulties, par-
ticularly asymmetry in his gait mechanics. However, the
observed challenges confirmed that while these anatomical
limitations indeed played a role, stiffness leading to back
pain emerged as an additional, unanticipated difficulty. Fur-
thermore, the participant reported experiencing a mental
load component, as his awareness of pain remained persis-
tent throughout the run. This focus on discomfort may have
influenced his running strategy and movement adaptations.

In terms of compensatory movements, the participant
assumed that he would rely on increased arm movement
and that he would engage his hips more actively to com-
pensate for his gait asymmetry. The reflected transcripts,
however, showed that arm movements were not only in-
creased but also amplified during acceleration. Moreover,
additional shoulder movements were perceived, which the
participant had not previously considered. Notably, postu-
ral adjustments were also evident, with the gluteus maximus
protruding outward.

With respect to the participant’s running pattern, he pre-
dicted that his movement would consist of a hopping mo-
tion from the left to the right leg, which was confirmed, as
the hopping movement was recalled after the running se-
quence. No additional self-reported refinements or adjust-
ments to this strategy were identified.

3.2 Exemplary biomechanical analysis
A preliminary analysis of the EMG data showed a side-

difference between the left and right Tensor Fasciae Latae
which fits the participant’s expectation to use additional hip
movements to counter the perceived lateral instability. The
force data from the insoles and the records of the motion
suit are expected to confirm this assessment and allow fur-
ther insights into the lateral component as well as the overall
kinematics.

4 Discussion and Conclusion

The results of this study will provide a novel perspec-
tive on running mechanics by examining movement patterns
in a real-world context. Unlike laboratories that often have
idealized conditions [10], our experiment accounts for nat-
ural variability, such as surface inconsistencies and environ-
mental factors, offering a more comprehensive overview of
running strategies and adaptability.

From a technical point, this proof of concept demon-
strated a feasible solution to collect data during locomotion
in the real world while still achieving a reasonable data qual-
ity. Additionally, the incorporation of self-reported move-
ment perceptions allow us to conclude if other methods such
as interviews could aid to identify individual’s strategies,
movement patterns and to understand the reasons behind
these adaptations.

Future research could include patients with unilateral
prosthetics to increase the sample size and applicability. Ad-
ditionally, data comparison between laboratory trials and
field trials could assist to demonstrate the quality and vari-
ability between the two settings.

5 Acknowledgements

This research received support by DFG German Re-
search Foundation within the Graduate school LokoAssist
(Project no. 450821862) and the Hum2Vib project (Grant
number: 446124066)

References
[1] D. P. Ferris, M. Louie, and C. T. Farley, ”Running in the real world:
Adjusting leg stiffness for different surfaces,” Proc. R. Soc. Lond. B Biol.
Sci., vol. 265, no. 1400, pp. 989–994, 1998.

[2] E. C. Hardin, A. J. Van Den Bogert, and J. Hamill, ”Kinematic
adaptations during running: Effects of footwear, surface, and duration,”
Med. Sci. Sports Exerc., vol. 36, no. 5, pp. 838–844, 2004.

[3] L. V. Slater, A. S. Simpson, S. S. Blemker, J. Hertel, S. A. Saliba,
A. L. Weltman, and J. M. Hart, ”Biomechanical adaptations during running
differ based on type of exercise and fitness level,” Gait Posture, vol. 60, pp.
35–40, 2018.

[4] R. K. Fukuchi, D. J. Stefanyshyn, L. Stirling, M. Duarte and R. Fer-
ber., ”Flexibility, muscle strength and running biomechanical adaptations in
older runners,” Clin. Biomech., vol. 29, no. 3, pp. 304–310, 2014.

[5] B. P. Selgrade, M. E. Toney, and Y.-H. Chang, ”Two biomechan-
ical strategies for locomotor adaptation to split-belt treadmill walking in
subjects with and without transtibial amputation,” J. Biomech., vol. 53, pp.
136–143, 2017.



[6] J. G. Buckley, ”Biomechanical adaptations of transtibial amputee
sprinting in athletes using dedicated prostheses,” Clin. Biomech., vol. 15,
no. 5, pp. 352–358, 2000.
[7] P. G. Weyand, M. W. Bundle, C. P. McGowan, A. Grabowski, M.
B. Brown, R. Kram, and H. Herr, ”The fastest runner on artificial legs:
Different limbs, similar function?,” J. Appl. Physiol., 2009.
[8] R. Shadmehr, M. A. Smith, and J. W. Krakauer, ”Error correction,
sensory prediction, and adaptation in motor control,” Annu. Rev. Neurosci.,
vol. 33, no. 1, pp. 89–108, 2010.
[9] J. T. Cavanaugh and N. Stergiou, ”Gait variability: A theoretical
framework for gait analysis and biomechanics.” Biomechanics and Gait
Analysis, 274, 251, 2020.
[10] A. Dannemann, D. Oriwol and C. Maiwald, ”Variabilität der Ever-
sionsbewegung beim Laufen unter Feld- und Laborbedingung, 2013.




