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Abstract 
This paper presents the development of a new framework for stump–socket interface force estimation for future prosthesis 
optimization in transfemoral amputees. It combines experimental data and modelling, including gait analysis, subject-
specific simulation of gait and finite element modelling of the residual limb at the prosthesis interaction point. These 
case-study preliminary results demonstrate how reaction forces between the residual limb and prosthesis can be estimated 
and used as input data for detailed finite element analysis based on medical images. Gait simulation may provide useful 
insight in subject-specific musculoskeletal modelling while finite element simulation may provide in-silico feedback for 
prosthesis optimization with respect to various daily activities. 
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Introduction 

Lower-limb amputees present an asymmetrical gait 
pattern due to the nature of their prosthetic limb, where 
they usually spend more time during the stance phase on 
the intact limb and less time on the amputated side, 
which varies according to the level of amputation and 
walking speed, as a compensation to protect their 
residual limb [1]. Moreover, prosthetic components 
influence the gait parameters, for example, it has been 
found that a bionic knee improved gait symmetry in 
transfemoral amputees compared to mechanical knee 
users [2]. 

To assess the gait patterns, instrumented gait 
laboratories integrate different technologies such as 
electromyography (EMG), segments kinematics 
(motion capture system) and ground reaction forces 
(force plates) [3]. These instrumented gait analyses are 
widely used in several fields such as rehabilitation, 
wherein patients with an amputation, this tool can be 
used to assess the rehabilitation program [4], based on 
the clinical efficacy to quantify functional levels and 
support clinical decision-making in order to improve the 
performance due to pathologic conditions [5]. 

Despite the improvements in gait analysis techniques, 
this evaluation produces a large amount of data, 
sometimes of complex interpretation; therefore, gait 

summary measures have been proposed to quantify the 
degree of deviation from normal gait pattern [6]. The use 
of these measures for lower limb amputees has been 
summarized by Kart et al. [7], where the Gillette Gait 
Index (GGI), Gait Deviation Index (GDI) and Gait 
Profile Score (GPS) in conjunction with the Movement 
Analysis Profile (MAP), have been used. These authors 
found significant differences between different levels of 
amputation (transfemoral and transtibial) on the intact 
side employing a modified version of the GGI and GPS; 
yet, they also highlighted the need for considering the 
subject’s functional status, proper marker placement, 
and prosthetic joint centers, in the analysis of the gait 
data and use of generic models. 

In order to address the implications of generic models, 
novel simulation software have emerged, where two of 
the main options are AnyBody™ Modelling System 
(Anybody Tech, Denmark) and OpenSim (Stanford 
University, USA) for biomechanical analyses [8], where 
different scaling, morphing and personalization options 
can be addressed, based on subject-specific data. 
Besides, the simulation uses the motion captured data 
for a parametric optimization of the model and computes 
the muscle forces, with the possibility to estimate the 
forces at interest locations of the human–machine 
interaction. 

Multi-body musculoskeletal simulation systems, 
using inverse dynamics, have recently been used for 
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assessing amputees’ gait patterns [9–11] and other 
activities such as running [12]. Most of these studies  
are based on previous models incorporated into  
either AnyBody™ or OpenSim, with customized 
modifications to these public domain models (Anybody 
Repository and Hamner model). 

Recently, Peng et al. [13] developed a prediction 
model based on the AnyBody™ Managed Model 
Repository (AMMR v1.6.2) to compare the simulated 
knee contact forces and publicly available experimental 
data from a subject with an instrumented left knee 
prosthesis [14]; and found a reasonably accuracy  
of average root mean square errors (RMSEs) of 
0.021×body weight (BW) in the anteroposterior 
direction, 0.014×BW in the mediolateral direction and 
0.089×BW in the vertical direction, employing the 
Ground Reaction Force Prediction algorithm [15]. 

On the other hand, related to the prosthetic 
components, despite of several technological improve-
ments, still a large number of amputees have problems 
with the interaction of the socket and their residual limb, 
mainly due to sub-optimal design of the socket [16], 
therefore a “good socket fit” is still unclear for the 
clinicians, including a limited amount of evidence and 
the complexity of soft tissue mechanical behavior [17]. 
Furthermore, high pressures over the skin for long time 
periods in a non-uniform way can lead to skin ulcers, 
vascular occlusions, and discomfort, where skin 
problems can evolve to chronic infections and therefore 
re-amputation in worst cases [18]. 

Regarding pressure and stress distribution, Paternò et 
al. [16] on their review of existing technologies and 
open challenges for sockets limbs prostheses, highlight 
that only a few data are available for transfemoral 
amputees and Finite Elements Analysis (FEA) simula-
tions are considered useful tools to optimize the need of 
extensive measurement on the stump–socket interface. 
FEA has been successfully employed in simulating the 
interaction of the residual limb with the prosthetic 
device [19–21]. More recently, an environment for the 
simulation-based design of lower limb prosthesis has 
been developed [22–24]. A similar framework has been 
developed specifically for selective laser sintering 
manufacturing technique and transtibial amputees [25]. 

Despite tremendous progress in computational 
biomechanics and constantly increasing computational 
power, most of the scenarios in FEA of residuum–
prosthesis interaction is limited to static load evaluating 
contact pressure and shear stresses at the interface 
between the tissue and the device. Pre-stress induced in 
the tissue due to socket donning procedure is also often 
neglected. It was investigated using an explicit (time-
dependent) model for five above-knee amputees [26]. 
Nevertheless, more research is needed to address 
clinical controversies and technical difficulties, for 
a better understanding of comfort and optimal load 
transfers throughout the gait cycle [18] and other daily 
life activities. 

The main objective of this work is to present the 
development of a new framework based on and 
combining gait data from motion capture technology of 
transfemoral amputees, AnyBody™ modelling to 
estimate the forces at the socket–residual limb interface, 
and FEA for detailed analysis of the socket–residual 
limb interaction in order to provide recommendations 
with respect to prosthesis optimization. 

Methods 

Gait Simulation 

For the musculoskeletal model, the generic model 
extracted from AnyBody™ 7.1 AMMR v2.0.0 [27] was 
used, including the Twenty Lower Extremity Model 
(TLEM 2.1) [28]. This model was modified excluding 
all left leg muscles with insertion points or via points 
lower than an estimated amputation height from the 
femur segment local coordinate system (5 cm in the 
direction of the hip joint), i.e. mimicking a transfemoral 
amputation on the left side. 

The simulation was based on a normal gait trial, 
within the AnyBody™ software. After the removal of 
the muscles, the segments below amputation level were 
removed too. Nevertheless, the visualization was kept 
active for better graphical control. In addition to that, 
a parameter identification was performed, based on 
a motion captured data and the inverse dynamics were 
calculated. In order to estimate the force at the stump–
socket interface (created at the amputation height), 
the forces and moments were transmitted from the 
simulated stump on to the femur and exported to CSV 
format. The gait cycle time interval was normalized 
from 0 to 100%. The forces were normalized to the 
bodyweight of the generic model (66 kg). Based on the 
force plate data, the stance phase was defined when the 
vertical force was greater than 0 N. 

Finite Elements Analysis 

Finite element model was built including the residual 
limb, femur, and socket. The geometry (see Fig. 1) was 
reconstructed from computed tomography (CT) images 
of a 71 years old male transfemoral amputee. The 
images were acquired in a supine lying position both 
without and with the prosthesis. The residual limb and 
femur were first segmented in ITK-SNAP software [29] 
and their external envelopes were exported in STL 
format. MeshLab was used to reduce the number of 
facets and smooth the surfaces [30]. Both surface 
meshes were then imported into ANSYS 19.2 
SpaceClaim and turned into a 3D geometry. The socket 
was reconstructed manually from the contours 
approximated by splines under ANSYS 19.2 Design 
Modeler and represented by shell elements with 4 mm 
thickness. 
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Material properties were adopted from [31]. The 
socket was considered linearly elastic with Young’s 
modulus of 1.5 GPa and Poisson’s ratio 0.3. The bone 
was also considered linearly elastic with Young’s 
modulus of 15 GPa and Poisson’s ratio 0.3. The residual 
limb soft tissue was modeled using the Mooney-Rivlin 
hyperelastic model with C10 = 85.5 kPa, C01 = 21.4 kPa 
and incompressibility parameter D1 = 1.268 MPa-1 
corresponding approximately to Poisson’s ratio 0.459. 

(A) (B) (C) 

 
(D) (E) (F) 

 
Fig. 1: FE mesh of the residual limb and socket (A). 
Frontal cut showing the soft tissue, femur, and socket in 
the initial (B) and deformed (C) state. Maximum shear 
stress (kPa) in soft tissue in the frontal (D) and inside 
(E) view. Contact pressure (kPa) at the tissue–socket 
interface (F). 

Preliminary simulation of the donning procedure was 
performed using ANSYS 19.2 static solver. The top of 
the tissue was fixed and frictionless support was defined 
on the medial plane of the tissue. Displacement towards 
the tissue was prescribed on the upper part of the socket 
while displacements in the plane perpendicular to this 
movement were suppressed to avoid socket rigid body 
movement before the contact between the socket and 

residual limb is established. Frictionless contact was 
defined between the socket and residual limb. 

To simulate a steady instant of the gait cycle at the 
maximum vertical component of the reaction force, 
a load equivalent to 90 kg (approximate weight of the 
amputee subject) was applied to the bottom of the 
socket. The reaction force of the tissue was extracted at 
the top surface, normalized to the bodyweight and 
confronted to data from AnyBody™. 

Results 

Gait Simulation 

The simulated gait trial included three steps on force 
platforms; however, the focus was on the left leg 
(simulated amputation side corresponding to medical 
image data available from transfemoral amputee 
subject) and the duration of the stance phase. Fig. 2 (A) 
shows the visualization of the simulation after initial left 
foot contact and contralateral toe-off. The yellow sphere 
represents the stump–socket interface and the red arrow 
shows the reaction force vector at this reference point. 
The blue line represents the ground reaction force vector 
from the force plate 2. Fig. 2 (B) shows the bodyweight 
normalized vertical reaction forces at the interface 
during the stance phase. These forces represent the 
action of the socket over the stump, i.e. the reaction 
vector. 

Finite Elements Analysis 

The FE simulation took less than 13 minutes for 
a relatively small model with 7261 nodes and 15587 
elements (6 core i5-8500 CPU, 16 GB RAM). Strain, 
stress and contact pressure distributions were as 
expected and in the usual order of magnitude [21, 26, 
31]. Maximum shear stress was less than 75 kPa and 
contact pressure less than 40 kPa except for few highly 
localized peaks. FEA results are illustrated in Fig. 1  
(D–F). 

Further simulation step reproducing the moment of 
the gait cycle in which the vertical component of the 
reaction force reached its maximum experienced 
convergence issues due to contact penetration. For 
a load equivalent to 90 kg subject, the total body weight 
normalized peak reaction force was 21.14 N/kg in 
contrast to 24.86 N/kg provided by AnyBody™. 

Discussion 

Development of the new framework investigating 
stump–socket interface mechanics in-silico with future 
application to prosthesis optimization is presented. It is 
based on a combination of motion capture gait data, 
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AnyBody™ modelling to estimate the forces at the 
socket–residual limb interface and FEA for detailed 
analysis of the socket–residual limb interaction. 

(A)   

 
 
(B) 

  

 
Fig. 2: (A) AnyBody™ simulation during stance 
phase for simulated amputee gait. (B) Bodyweight 
normalized vertical reaction forces at the stump–
socket interface. Solid line: current study; dashed line 
from [32]. 

Preliminary simulation of a gait cycle in AnyBody™ 
provided the first estimate of the reaction force at the 
socket–residual limb interface. Then, this was compared 
to the corresponding FE simulation incorporating the 
donning phase to account for pre-stress. Preliminary 
simulation of the donning procedure demonstrated 
results close to published data [21, 26, 31] in terms of 
distributions of stresses, strains, and contact pressure. 

The mismatch in reaction force between the two 
simulations is mostly due to the accepted simpli-
fications. The major contribution to this discrepancy is 
that the FE geometry was reconstructed from MRI 
images taken in a supine lying position. The geometrical 
shape of the soft tissue does not correspond to the 
standing position, leading to an important gap between 
the socket and the tissue posteriorly. This is where 
femoral tuberosity plays a crucial role and the contact 
between the socket and tissue should be well established 
in this area to ensure stability during gait. Both reaction 
forces are considerably higher compared to the force 
measured directly on a volunteer [32]. These authors 
reported a peak force of less than 800 N for a female 
amputee (36 years; 1.60 m; 62.65 kg) developed during 
a standard gait cycle, which represents 30% higher force 
with respect to the subject’s body weight. Normalized to 
the bodyweight, this force of 10.77 N/kg would still be 
lower than computed reactions on our results (FEA: 
21.14 N/kg and AnyBody™: 24.86 N/kg). On the other 
hand, both simulations neglect inertial properties and 
friction, possibly overestimating the reaction force. 

Despite the differences found in vertical peak reaction 
forces at the socket–stump interface, the waveform 
profiles (Fig. 2 (B)) show trends similar to published 
data [32]. Particularly this force presents the expected 
double peak behavior, demonstrating the applicability 
of AnyBody™ simulations to estimate forces at the 
interacttion point of interest. The possibility of force 
estimation in-silico might lead to better socket design 
and a “better socket fit”. 

Validation of proposed AnyBody™ model simula-
tions are anticipated for the next stage, possible options 
are comparing the onset and offset of muscle activity 
on the software to measured electromyography on the 
subjects, similar to [34] or direct comparison of 
estimated forces to measured forces using an instru-
mented prosthesis, similar to [32]. Furthermore, current 
simulations were based on a non-amputee gait pattern, 
therefore, data acquisition with amputee subjects is 
required. 

It is expected that, for this project, transfemoral ampu-
tees will be recruited in collaboration with clinical 
partner Protetika Plzeň Ltd. Ethical approval has been 
recently submitted to the Ethical Committee of New 
Technologies for the Information Society, University of 
West Bohemia. The proposed protocol aims to examine 
various daily activities for selected volunteers using 
a motion capture system and reaction force measure-
ment where appropriate. These data will serve as input 
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for subject-specific AnyBody™ simulations. By conse-
quence, these simulations are expected to provide input 
data for further detailed FE analysis of the tissue–socket 
interaction. The novelty of the concept resides in 
a variety of activities to be examined including dynamic 
ones, so far ignored by FEA. 

It is very unlikely that medical images (CT, MRI, etc.) 
will be available to construct subject-specific geometry 
for each subject enrolled in the study. Not only they are 
costly but are also not suitable because of the acquisition 
in a supine lying position. It is even more unlikely 
to identify reliable subject-specific material properties 
of the tissues. A parametric study is considered a conve-
nient strategy to cope with the lack of major FE input 
data. 

Having this in mind, the FE model of the residual limb 
and socket interaction was simplified in order to run fast 
and be efficiently used in many runs. The socket 
geometry has been parametrized via positions of 1080 
vertices on its surface. 

The tissue geometry will need to be parametrized alike 
as well as material behavior and coefficients and 
boundary conditions simulating various daily activities. 
The ranges of the parameters will need to be defined to 
cover at least recruited population of amputees. The 
mechanical outputs (strains, stresses, contact pressures) 
will need to be carefully related to clinical metrics [33]. 

The FE model will need to be verified and validated 
with respect to motion capture and gait analysis data 
obtained from selected volunteers. Due to lack of 
subject-specific tissue material data, sensitivity analysis 
assessing the influence of material behavior and 
properties will be carried out. 

The authors expect that such parametric study, 
completed by experimental data and AnyBody™ 
simulations, could reveal major trends and correlations 
between input and output parameters possibly leading 
to subject-specific optimization of the prosthetic device 
and eventually to a proposal of subject-specific rehabili-
tation therapy. 

Conclusion 

A new framework for force estimation at the stump–
socket interface for transfemoral amputees that might 
lead to prosthesis optimization is under development. It 
combines subject-specific experimental data, medical 
images and numerical tools including segments 
kinematics and ground reaction forces measurements in 
various scenarios, AnyBody™ modelling analyzing 
these scenarios and predicting the residual limb–socket 
interface forces, and FEA for detailed analysis of this 
interaction. Preliminary results are promising and 
encouraging. Developed tools represent a solid basis for 
further study on volunteers. It is expected that this 
framework will reveal major trends and correlations 
between inputs and outputs possibly leading to 

recommendations with respect to prosthetic device and 
rehabilitation program design and, eventually, may 
serve as clinical decision support. 
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