Journal of Bionic Engineering (2023) 20:1008-1020
https://doi.org/10.1007/s42235-022-00325-7

RESEARCH ARTICLE q

Check for
updates

Design of a Flexible Bionic Ankle Prosthesis Based on Subject-specific
Modeling of the Human Musculoskeletal System

Jiangiao Jin' - Kunyang Wang'2® . Lei Ren'?3 . Zhihui Qian' - Wei Liang' - Xiaohan Xu' - Shun Zhao' - Xuewei Lu3-
Di Zhao' - Xu Wang' - Luquan Ren'?

Received: 24 October 2022 / Revised: 5 December 2022 / Accepted: 8 December 2022 / Published online: 24 December 2022
© The Author(s) 2022

Abstract

A variety of prosthetic ankles have been successfully developed to reproduce the locomotor ability for lower limb amputees
in daily lives. However, they have not been shown to sufficiently improve the natural gait mechanics commonly observed in
comparison to the able-bodied, perhaps due to over-simplified designs of functional musculoskeletal structures in prostheses.
In this study, a flexible bionic ankle prosthesis with joints covered by soft material inclusions is developed on the basis of the
human musculoskeletal system. First, the healthy side ankle—foot bones of a below-knee amputee were reconstructed by CT
imaging. Three types of polyurethane rubber material configurations were then designed to mimic the soft tissues around the
human ankle, providing stability and flexibility. Finite element simulations were conducted to determine the proper design
of the rubber materials, evaluate the ankle stiffness under different external conditions, and calculate the rotation axes of the
ankle during walking. The results showed that the bionic ankle had variable stiffness properties and could adapt to various
road surfaces. It also had rotation axes similar to that of the human ankle, thus restoring the function of the talocrural and
subtalar joints. The inclination and deviation angles of the talocrural axis, 86.2° and 75.1°, respectively, as well as the angles
of the subtalar axis, 40.1° and 29.9°, were consistent with the literature. Finally, dynamic characteristics were investigated by
gait measurements on the same subject, and the flexible bionic ankle prosthesis demonstrated natural gait mechanics during
walking in terms of ankle angles and moments.

Keywords Ankle prosthesis - Bionic design - Soft materials - Variable stiffness - Gait mechanics

1 Introduction

The ankle—foot complex plays a very important role in
human daily activities. For people with amputation (i.e.,
amputees), physical defects of foot or ankle can have a great
impact on their daily lives. One study found that approxi-
mately 1.6 million people underwent amputation in the USA
in 2005, or 1 person for every 190 Americans [1]. Statistical
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analysis approximately predicts that the number of amputees
in the USA will continue to increase by approximately 2
million by 2050 [1]. Therefore, how to actively prevent the
further increase in this number and provide more functional
prosthetic products for the existing amputees requires further
efforts in the field [1, 2].

Transtibial (below-knee) amputation is a common type
of amputation typically resulting from severe injuries,
infections or diseases. Ankle prostheses are widely used
to replace the below-knee amputee’s limbs to reproduce
the functional mobility [3]. Currently, the most conven-
tional ankle prostheses are the rigid prostheses in which the
motions are achieved by traditional hinge joints or bearings
[3-5]. Although these prostheses can well support body
weight, absorb shock, and achieve high work efficiency
during locomotion, they cannot simulate the natural gait
mechanics of the healthy human body [3]. Most of them
contain over-simplified mechanical structures with only one
or two degrees of freedom (DoFs), which is totally different
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from the six DoFs in three planes of the anatomical ankle.
In addition, high weight of rigid parts also increases the
metabolic cost of human locomotion, which ultimately leads
to undesired changes in the natural gait characteristics of
the amputees and secondary damages to their healthy joints.

On this basis, some researchers have proposed that pas-
sive compliant prostheses could be used to improve the rigid
mechanism prostheses. Compared with rigid prostheses,
flexible passive prostheses are applicable to provide a wider
range of motions, and their lower weight as well as more
human-like mechanism features increase their use stability
[6-9]. Meanwhile, due to the adaptability of soft materials,
flexible prostheses have more DoFs and thus can adapt to
different road conditions by better mimicking the healthy
ankle joints [5, 10, 11]. For example, Nguyen et al. [9] pro-
posed a flexible prosthesis made of glass fiber composite
materials (GFRP) that optimized the overall configuration
using Finite Element (FE) methods. The features of the ankle
joint and foot were constructed using a simplified method
of one-piece formation. Another passive prosthesis called
multi-axis compliant prosthetic ankle foot (MACPA) [12,
13] was developed, consisting of an upper and lower part
with a hinge mechanism on the upper part to allow the limb
to turn in or out. The lower part used soft materials for inte-
grated design, aiming to realize energy storage and release
for assisting walking through self-deformation of elastic
materials. Sam et al. [14, 15] developed a passive prosthesis
with flexible elements on the basis of the gait characteristics
of human walking.

However, the flexible passive prostheses introduced above
only performed some functional improvements over rigid
prostheses in terms of production cost and weight, but they
were still poor at restoring the natural motions during walk-
ing of the healthy ankle—foot in a more comprehensive way.
To resolve this problem, a prosthesis called SoftFoot [16]
was developed through bionic exploration of human foot.
The functions of the plantar joint and plantar fascia were
incorporated into the design, which greatly improved the
prosthesis flexibility. SoftFoot can not only adapt to more
irregular road surfaces, but also to the configuration of the
plantar fascia, which reduces the metabolic consumption
of the amputee. However, this prosthesis cannot effectively
simulate the natural gait mechanics of the human ankle joint
[17]. Schlafly et al. [18] designed a prosthesis called CAPA
(compliant and articulated prosthetic ankle) based on the
ability of the human ankle to support the body and adapt
to different terrains. However, only a few breakthroughs in
basic theory have been made in the research of flexible pros-
theses, and they can only partly ensure walking performance
because of the inherent limitations of soft materials [19-22].

Consequently, this study develops a flexible bionic ankle
prosthesis based on customized modeling on the musculo-
skeletal system of a below-knee amputee’s healthy ankle.

Ankle bones of tibia—fibula, talus, and calcaneus were recon-
structed as the rigid parts of the prosthesis, forming two
functional joints (talocrural and subtalar). Three types of
soft material-based inclusions with different outer profiles
were designed to mimic the soft tissues around the human
ankle, providing both stability and flexibility during different
phases of walking. Polyurethane rubber was used as the cov-
ering soft material due to its excellent mechanical properties
and stable chemical structure. FE simulations under 70 time
instants walking conditions were then conducted to find the
best profiles of the soft material inclusions. Then, the stift-
ness of the bionic ankle under various working conditions
and the rotation axes during walking were studied by sepa-
rate FE analysis. Finally, gait measurements were conducted
on the same amputee wearing the flexible ankle prosthesis.
Gait mechanics were compared between the prosthetic side
and the healthy side. We hope that this study could in part
provide creativity and design inspiration for the development
of flexible ankle prostheses.

2 Materials and Methods
2.1 Human Ankle—foot Reconstruction

Ankle—foot bone images of the healthy (left) side of a below-
knee amputee (age: 27 years, weight: 77 kg; height: 182 cm;
no history of lower extremity diseases on the healthy side)
were obtained by a GE Revolution CT scanner (General
Electric, USA) at 0.624 mm slice intervals. The subject
provided prior written informed consent before participat-
ing in the CT scanning and gait measurements. Each image
had dimensions of 512 x 512 pixels and represented a slice
in the sagittal plane of the human body (Fig. 1a). A surface
model was then rebuilt and smoothed in Mimics (Materialize
NV, Belgium) and mirrored to a solid right ankle—foot model
(Fig. 1a) in SolidWorks (Dassault System, USA). This study
was approved by the Ethics Committee of the Second Hospi-
tal of Jilin University (Log# 2,021,072), in accordance with
the Declaration of Helsinki (2013) and Biomedical Research
Involving Human Subjects International Code of Ethics for
Research (2002).

2.2 Design of the Bionic Ankle Prosthesis

In this study, three types of soft material inclusions (Fig. 1b)
were designed to imitate the soft tissues surrounding the
human ankle, providing stability and adaptability during
walking. To facilitate comparative analysis and eliminate
uncertain factors, the internal structure designs of the three
inclusions were consistent. The specific method of modeling
was to carry out regular processing according to the well-
positioned foot bone parts, set each part of the foot bone

@ Springer



1010

J.Jinetal.

Type 2

Typel

Type 3
(cut cylindrical)

(cylindrical) (approximately cylindrical)

Section view

Fig. 1 Design of the ankle prosthesis inspired by the human ankle—foot complex. a Acquisition of the ankle—foot model. b Three soft material

inclusions. ¢ Prosthetic ankle design. d 3D rendering of the prosthesis

according to the ellipse, and pull out the mold to stretch out
the entity to form the internal configuration of inclusion. For
the external shape, according to the characteristics of the
human leg, the shape of the type 1 inclusion was assumed
as a regular configuration (cylindrical). Type 2 inclusion was
divided into upper and lower parts in which the shape of the
internal and external condyles was the boundary (approxi-
mately cylindrical). As the upper half considered as the
main part to perform relatively large movements of plantar
flexion and dorsiflexion, the outer profiles were thickened.
Meanwhile, the thickness of the regular configuration in the
lower half was reduced. For the type 3 inclusion, consider-
ing the better supporting deformation of the soft materi-
als, the thickness of the type 1 inclusion was too large. As
a result, according to the human bone profiles, the outer
profiles of the type 3 inclusion were obtained by removing
the extra area (by a cylindrical cut). Polyurethane rubber
was selected as the soft material for all three types because
of its favorable mechanical properties and stable chemical
structure [20, 22].

For the rigid parts of the ankle prosthesis, talus and calca-
neus were kept as original, tibia and fibula were constructed
as a whole (i.e., tibiofibular), leg tube connectors were
placed at the top of the integrated tibiofibular part, and all
parts of the ankle bones were scaled in proportion (Fig. 1c).
The ankle model parts processed were then imported into a
3D printer, Stratasys J850 (Stratasys, USA), to produce the
physical prototype of talus, calcaneus, tibiofibular, and tube
connectors. The foot plate was derived from the profiles of
human foot bones and simplified as a 4-mm curved plate.
The human foot arch has great mechanical characteristics in
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terms of shock absorption and stability [23]. To better simu-
late the gait movement of the human body, the foot plate in
this study takes the role of the human arch into considera-
tion. The foot plate was made of commercial carbon fiber to
provide adequate strength and reduce the overall weight. To
suitably limit the movements of the soft material inclusions
and make the connection with the foot plate more stable,
the prosthetic ankle was covered by a metal shell (Fig. 1d).

2.3 Finite Element Analysis

Three types of FE simulations were carried out in this study
to select the appropriate type of soft material inclusions,
analyze the 3D ankle stiffness of the prosthesis under dif-
ferent working conditions, and calculate the rotation axis of
the prosthetic ankle during a normal walking gait. A 3D FE
model (Fig. 1c and d) containing tibiofibular, talus, calca-
neus, leg connectors, soft material inclusions, and foot plate
was developed in Abaqus CAE (Simulia, USA). All parts
were modeled using high-quality tetrahedral mesh elements
(C3D4), and corresponding material parameters (elastic
modulus and Poisson's ratio) [24] were assigned to differ-
ent components (Table 1). It should be noted that the rigid
part here is the metal shell surrounding the bionic prosthetic
ankle (not leg connector), which is used to fix and wrap
the polyurethane materials. Tie constraints were applied to
connect the tibiofibular to the leg connector and form the
calcaneus, or the soft inclusion into the foot plate. Friction-
less sliding contacts were defined between the interface of
bone to bone and bone to soft material inclusions.
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Table 1 Mesh quantity and

. . Components Soft material Foot bone [23] Rigid parts Foot plate [24]
material properties of the
prosthetic components Mesh quantity 34,527 43,624 16,864 58,649
Young's modulus [MPa] 7.8 7300 210,000 17,000
Poisson's ratio 0.47 0.3 0.3 0.1

To select the proper type of soft inclusions with minimum
principal stress, a kinematic simulation was conducted dur-
ing the stance phase of walking gait for all three types of
designs. The stance phase was divided into 70 time instants,
and the kinematic simulation was conducted at each instant.
The ground reactions at each instant were defined according
to the literature [17]. To investigate the 3D ankle stiffness of
the prosthesis, 12 different working conditions were defined
based on the compression test setups [25]. A vertical force
of 400 N was applied to obtain the stress and displacement
values under each condition. The deformation of the pros-
thetic ankle and the moment around the ankle were then
calculated to quantify the ankle stiffness at each condition.
To calculate the rotation axis of the prosthetic ankle during
walking, the local bone coordinate system was defined for
the tibiofibular, talus and calcaneus. The relative 3D trans-
formations between these bones were calculated for all the
70 time instant stance phases of normal walking. The input
parameters for each simulation mainly included the angle
between the foot and the ground as well as the ground reac-
tions, which were derived from the literature [17, 26].

2.4 Joint Axis Calculation

To verify that the bionic ankle could restore the natural
movements of a healthy human ankle, the walking gait of
the prosthesis was simulated in Abaqus. The rotation axis
of the talocrural joint and the subtalar joint during walking
was calculated using a helical axis approach [27] in the FE
simulation. The joint axis was defined as the axis that best
represented the rotation occurring between two articulating
bone-like components during a defined time period from
heel strike to toe off (talocrural: talus and tibia; subtalar:
calcaneus and talus). The landmarks used to define the bone
frame are shown in Table 2, and their coordinates at differ-
ent time instants were obtained from the FE analysis. The
talocrural or subtalar joint axis was described by a position
vector and an orientation vector in the talus bone frame and
then transformed to be described in the global foot frame.

The orientation angles of the talocrural and subtalar joint
axes, including deviation and inclination, were then calcu-
lated for comparison with the literature. All calculations
were conducted by using MATLAB (MathWorks).

2.5 Gait Measurements

The subject was the amputee who participated in the human
ankle—foot reconstruction by CT scanning. In the early
stage, the experimental subjects were briefly introduced
to the process and trained accordingly, which ensured the
smooth progress of the experiment and the collection of
relatively stable data. Wearing the flexible bionic ankle
prosthesis, the subject walked on a 10-m sidewalk at three
different self-selected speeds: slow (1.25+0.27 m/s), normal
(1.51+0.32 m/s), and fast (1.82 +0.36 m/s). Each speed was
measured 10 times to ensure representative walking data
were recorded and used for all analyses. Kinematic data were
collected at 100 Hz using a seven-infrared camera motion
capture system (Vicon, UK), and ground reaction force/
moment data were recorded at 1000 Hz using a three force-
plate array (Kistler, Switzerland). To ensure experiment
safety, handrails were placed on both sides of the passages
of the three force measuring plates (the handrails were not
reflective).

A group of specially designed thermoplastic plates [28]
were attached to the six body segments (feet, shanks, thighs),
each with a cluster of four reflective markers. The plastic
plates reduced the relative movement between the markers
on a segment, thereby improving the accuracy of the meas-
ured data [29, 30]. The anatomical landmarks were located
from a series of static calibration procedures by using a cali-
bration wand and reflective markers. The calibration markers
were then removed before walking tests according to the
calibrated anatomical system technique [31]. The joint cent-
ers were defined based on anatomical landmarks. Measured
data were processed using customized MATLAB codes for
3D kinematic and kinetic analysis of general biomechanical
multibody systems. The marker data were filtered using a

Table 2 Landmarks used for

e . . Tibiofibula
joint axis calculations

Talus

Calcaneus

Medial malleolus (MM)
Lateral malleolus (LM)
Front most point of the tibia (FT)

Medial tubercle (MT)
Most lateral point (LP)
Front most point on the head (FH) Lateral fibular trochlea (LF)

Upper ridge of the calcaneus (CA)
Most medial point (MS)
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low-pass zero-lag fourth-order Butterworth digital filter with
a cutoff frequency of 6.0 Hz.

2.6 Statistical Analysis

The results of gait measurement are shown as the
mean + standard deviation (n=10). Statistical significance
was tested using ANOVA (single factor) by SPSS 25.0 soft-
ware (IBM, USA). Probability values of p <0.05 were con-
sidered statistically significant, and all data are presented at
a p <0.05 significance level unless otherwise stated.

3 Results
3.1 Structure Determination of the Soft Materials

By comparing the displacement and stress distribution of
three polyurethane inclusions with different shapes (Fig. 2a
and b), as well as the stress distribution of the prosthetic
ankle bones (Fig. 2¢) during walking, type 1 with cylindri-
cal inclusions was finally chosen for the following analysis
in this study. Fig 2 was selected from the instant with the
largest value in the 70 time-series simulation process, which
was approximately between the middle and late stages of
the stance phase. The results showed that the maximum dis-
placement of the cylindrical polyurethane inclusions with a
value of 1.08 mm was smaller than those of the other two
types (type 2: 1.68 mm; type 3: 2.02 mm). Similarly, the
maximum stress of the cylindrical polyurethane inclusions,
0.89 MPa, was smaller than those of the other two configura-
tions (type 2: 2.60 MPa; type 3: 1.62 MPa). This indicates
that the integral shape deformation and stress of the cylindri-
cal polyurethane inclusions were the smallest, which could
provide adequate stability during walking. For the internal
bone, the maximum stress of the ankle joint surrounding the
type 1 inclusions was 7.52 MPa, much smaller than those of
the other two configurations with stresses of 12.61 MPa and
16.08 MPa, respectively. In conclusion, the flexible bionic
prosthetic ankle using type 1 inclusions may offer better
performance, durability and longer service life for walking.

3.2 3D Stiffness of the Ankle Prosthesis

To better explore the variable stiffness characteristics of the
bionic ankle designed in this study, the prosthesis was placed
in appropriate positions and simulated under compression.
Four basic placements of the foot were used, namely, lean-
ing backward (LB), forward (LF), medial (LM), and lateral
(LL), resulting in a total of 12 different working conditions
(4 uniaxial rotations and 8 biaxial rotations) as shown in
Table 3.

@ Springer

In each condition, the stress and displacement were
obtained (Fig. 3), and the stiffness of the bionic ankle was
further analyzed (Fig. 4). The results showed that the bionic
ankle prosthesis had different stiffnesses in each condition
and could adapt to the needs of different road conditions.
The maximum stress of the soft inclusions was 0.18 MPa for
LB 40° and LL 40°, 83.3% larger than the minimum value
of 0.03 MPa (appearing in the case of LB 40°). In addition,
the maximum moments and rotation angles calculated under
the 12 working conditions are listed in Table 4 and grouped
for 3D stiffness analysis (Fig. 5).

Under the 12 working conditions, the minimum rotation
angle in LF 40° and LL 40° (3.9°) was 31.6% lower than the
maximum rotation angle (5.7°) in LB 40°. The maximum
moment appeared at LF 40° (18.3 Nm) was 4.6% larger than
the minimum moment appeared at LF 40° and LM 20° (17.5
Nm). Compared to the uniaxial rotations (Fig. 5a), the rota-
tion angles of LB and LM were greater than those of LF and
LL, respectively, and the rotation angles of LF were greater
than those of LM. For the simulation of biaxial rotations,
in the case of the same LB, the LM rotation angle value
was greater than the LL value, consistent with the range
of angle changes of the human ankle during walking [17,
18, 26]. Mechanical tests showed that the designed bionic
prosthesis produced corresponding elastic deformation and
moment under a specified bending force of 400 N, consistent
with the variable stiffness characteristics of human walking
under different conditions. This indicates that the prosthesis
can potentially ensure dorsiflexion, plantar flexion, inversion
and eversion gait comfort.

3.3 Joint Axis Rotations of the Ankle Prosthesis

The rotation axes of the talocrural joint and subtalar joint
of the bionic prosthetic ankle were calculated based on the
landmark coordinates recorded during walking (Fig. 6a and
b), and then transformed into the global foot frame (Fig. 6¢).
The orientation angles of each axis were analyzed to com-
pare with the literature data [32-35], as shown in Table 5.
The results showed that the angle between the talocrural
axis and the sagittal plane (TaloInc) was 86.2°, while the
angle between the talocrural axis projected in the horizontal
plane and the anterior—posterior axis of the sagittal plane
(TaloDev) was 75.1°. The angle between the subtalar axis
and the transverse plane (Sublnc) was 40.1°, while the angle
between the subtalar axis projected in the horizontal plane
and the sagittal plane (SubDev) was 29.9°. These angles
located in the range of able-bodied human ankles from the
literatures. The bionic ankle with soft inclusions could suc-
cessfully mimic the rotation axis of the human ankle dur-
ing walking and restore the function of the talocrural and
subtalar joints.
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(a) U, Magnitude Type 1 U, Magnitude Type 2 U, Magnitude Type 3
+1.077e+00 +1.680e+00 +2.023e+00
+9.878e-01 +1.540e+00 +1.855e+00
+8.983e-01 +1.400e+00 +1.687e+00
+8.088e-01 +1.261e+00 +1.519e+00
+7.192e-01 +1.121e400 +1.351e+00
+6.297e-01 +9.811e-01 +1.183e+00
+5.402e-01 +8.414e-01 +1.015e+00
+4.507e-01 +7.017e-01 +8.467e-01
+3.612e-01 +5.620e-01 +6.787e-01
+2.716e-01 +4.223e-01 +5.107e-01
+1.821e-01 +2.826e-01 +3.427e-01
+9.25%-02 +1.42%e-01 +1.746e-01
+3.066e-03 +3.152e-03 _ +6.618e-03

z A‘ X
(b) S, Mises S, Mises S, Mises
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+8.850e-01 +2.603e+00 +1.162e+00
+8.113e-01 +2.386e+00 +1.066e+00
+7.375e-01 +2.169e+00 +9.687e-01
+6.638e-01 +1.952e+00 +8.718e-01
+5.901e-01 +1.735e+00 +7.750e-01
+5.163e-01 +1.518e+00 +6.781e-01
+4.426e-01 +1.301e+00 +5.813e-01
+3.689e-01 +1.085e+00 +4.844e-01
+2.951e-01 +8.678e-01 +3.876e-01
+2.214e-01 +6.510e-01 +2.907e-01
+1.477e-01 +4.341e-01 +1.938e-01
+7.394e-02 +2.173e-01 +9.700e-02
+2.083e-04 +4.54%e-04 +1.425e-04
Y
z ‘i‘ X
(C) S, Mises S, Mises S, Mises
(Avg: 75%) (Avg: 75%) (Avg: 75%)

+7.523e+00 +1.261e+01 +1.608e+01
+6.896e+00 +1.157e+01 +1.474e+01
+6.269e+00 +1.052e+01 +1.340e+01
+5.642e+00 +9.481e+00 +1.206e+01
+5.015e+00 +8.43%+00 +1.072e+01
+4.38%e+00 +7.397e+00 +9.382e+00
+3.762e+00 +6.355e+00 +8.042e+00
+3.135e+00 +5.313e+00 +6.702e+00
+2.508e+00 +4.271e+00 +5.361e+00
+1.881e+00 +3.22%e+00 +4.021e+00
+1.254e+00 +2.187e+00 +2.681e+00
+6.275e-01 +1.145e+00 +1.341e+00
+6.637e-04 +1.¢34e +1.969¢&

Fig. 2 Finite element analysis of three soft material inclusions. a Distribution of spatial displacement in the soft inclusions. b Distribution of
maximum principal stress in the soft inclusions. ¢ Distribution of maximum principal stress in the bones
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Table 3 Twelve different Conditons 1 2 3 4 s 6 7 8 9 10 11 12

working conditions of the

prosthesis under compression LB 40° / / / 40° 40° 40° 40° / / / /
LF / 40° / / / / / / 40° 40° 40° 40°
LM / / 40° / 20° 40° / / 20° 40° / /
LL / / / 40° / / 20° 40° / / 20° 40°

LB leaning backward; LF leaning forward; LM leaning medial; LL leaning lateral. Each condition includes

one or two placements

) C1: LB 40 P C2: LF 40
(Avg: 75%) (Avg: 75%)

+2.953e+00 +3.017e+00
+2.888e-01 +2.941e-01
+2.824e-02 +2.867e-02
+2.762e-03 +2.796e-0:

+2.701e-04 +2.726e-04
+2.641e-05 +2.657e-05
+2.583e-0¢ +2.591e-06
+2.526e-07 +2.526e-07
+2.470e-08 +2.463e-0¢

+2.415e-09 +2.401e-09
+2.362e-10 +2.341e-10
+2.310e-11 +2.282e-11
+2.258e-12 +2.225e-12

C5: LB 40° and LM 20° s

Hises
(Avg: 75%)

S, Mises

(Avg: 75%)
+4.283e+00
+4.143e-01

S, Mises
(Avg: 75%)
+3.619e400

+2.631e-11

+2.556e-12 +2.86%-12

C6: LB 40° and LM 40°

C10: LF 40° and LM 40°

C4: LL 40°

T C3: LM 40° i

+1.811e-12

s, Mises C7: LB 40° and LL 20° s, Mises

(Avg: 75%) (Avg: 75%)
+4.052¢+00
+3.894e-01

C11: LF 40° and LL 20° [

. 346e-01
+2.379€-09
+2.412e-10
+2.446e-11
+2.481e-12

Fig. 3 Distribution of maximum principal stress in the prosthesis under different working conditions. C, abbreviation of the condition

3.4 Clinical Validation of the Ankle Prosthesis

The bionic ankle prosthesis was validated by the same ampu-
tee, for which the healthy side of ankle—foot bones were used
as a design reference (Fig. 7). The ankles and moments of
the prosthetic ankle in three planes (sagittal, coronal and
transverse) were measured and analyzed under three differ-
ent walking speeds (Fig. 8 and 9). These data were compared
with their respective values in the three planes of the healthy
side of the subject.

Generally, the trends of the ankle angles and moments in
both the three planes of the prosthetic and healthy sides were
similar. However, for the prosthetic ankle, the motion range
in the transverse plane was smaller than that of the healthy
side, while the angles in the sagittal plane were higher than
that of the healthy side. Moreover, the time—angle curve
of the ankle in the transverse plane was slightly shifted
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forward relative to the healthy side. In addition, the peak
ankle moments in all three planes were lower than those of
the healthy side, except for the value in the sagittal plane at
slow speed. Similar to the ankle angle, the time—moment
curves of the ankle in all the planes were slightly shifted
forward. With increasing walking speed, the peak moment in
the sagittal plane of the prosthetic side gradually decreased,
in contrast to the trend of the gait characteristics of the
healthy side.

4 Discussion

In this study, a bionic prosthetic ankle was developed by
extracting human ankle—foot bones and using suitable flex-
ible materials to mimic the soft tissues around the human
ankle. Soft material is useful in the overall simulation of
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C1: LB 40° C2: LF 40°

U, Magnitude

+0.0002+00

oy o (=] . ] ]
— C5: LB 40° and LM 20 o momee | C6: LB 40° and LM 40
+3.530e-01 +3.756e-01
+3.236e-01 +3.443e-01
294601 3.130e-0
+2. +2.817e-01
+2.35%-0 +2.504e-01
+2.05%-01 +2.191e-01
+1.765¢-01 +1.878e-01
+1.471e-01 +1.565e-01
+1.177¢-01 +1.252e-01
+8.825e-02 +9.390e-02
+5.883e-02 +6.260e-02
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Fig.4 Distribution of spatial displacement in the prosthesis under different working conditions. C, abbreviation of the condition

Table 4 Maximum moments

! . Conditions 1 2 3 4 5 6 7 8 9 10 11 12
and corresponding rotation
anglljs under 12 different Maximum moments [Nm] 18.0 183 17.6 179 17.8 180 182 180 17.6 182 179 18.1
working conditions Rotation angles [deg] 57 52 55 43 42 49 41 48 50 44 43 40
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Fig.5 Three-dimensional stiffness of the prosthetic ankle under 12 different working conditions

ankle characteristics as the 3D printed rigid components may
maintain six DoFs (3 rotations and 3 translations) for the
human ankle joint [36]. A flexible ankle prosthesis should
conform to the nature of the walking gait of the amputee.
The selection of soft materials is extremely important, as
it is the key feature limiting bone movements. Proper soft
material inclusions around the ankle can effectively stabilize

the ankle bones, withstand the multi-directional movements
of the ankle, and provide a certain resilience to help store/
release energy during walking.

FE analysis showed that the bionic prosthetic ankle had
good variable stiffness in all directions. The functional rota-
tion axis of the ankle was also consistent with the results
from the literature, indicating that the bionic prosthesis can
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Coronal plane

Sagittal plane

Fig.6 Two rotation axes of the bionic prosthetic ankle. a Eight representative time points of walking. b Landmarks on different bone compo-

nents. ¢ Two joint axes in the foot coordinate frame

Table 5 Talocrural and subtalar

; : Angle Isman and Inman [32]  Inman [33] Van den Montefiori et al. [35]  This study
axis angles compared with Bo
. . gert et al.

published literature data [34]
Talolnc 80.0°+4.0° 82.7°+3.7° 85.4°+7.4° 90.7° +4.1° 86.2°
TaloDev 84.0°+7.0° / 89.0°+15.1° 82.7°+74° 75.1°
Sublnv 41.0°+9.0° 42°49° 35.3°+4.8° 41.1°x14.1° 40.1°
SubDev 23.0°+11.0° 23°+11° 18.0°+16.2°  27.0°+9.0° 29.9°

Means + standard deviations are depicted for the data in the literature

help better restore the natural gait of the human body. The
comparative analysis of kinematics and dynamics from gait
measurements proved that the bionic flexible ankle prosthe-
sis could simulate the natural gait mechanics of the healthy
ankle in all three planes. Comparing the average value of
the prosthesis with the data of the healthy side, the peak
rotation angles in the sagittal plane at slow, normal and fast
speeds were generally higher. The reason may have arisen
from the inadequate mechanical properties of the soft mate-
rials, which led to excessive ankle motions during walking.
In addition, at the early stance phase, the absolute value
of ankle moment in the transverse plane on the prosthetic
side was higher than that on the healthy side. This may be

@ Springer

because the subject could not well control the natural contact
between the prosthesis and the ground, even received some
adaptive trainings before the experiment. In addition, after
several walking tests, some of the components were slightly
loosened during walking, resulting in small displacement in
the transverse plane.

Other researchers have also developed flexible passive
prosthetic ankles with two or three DoFs that could partly
achieve human-like ankle motions. For instance, a compli-
ant passive ankle—foot prosthesis (CPAF) was designed on
the basis of a parallel mechanism and soft rubbers [25],
which could provide good gait movements and generate
sufficient ankle moment when walking on level ground at



Design of a Flexible Bionic Ankle Prosthesis Based on Subject-specific Modeling of the Human...

1017

Fig.7 Assembly of the prosthesis and validation by the subject with below-knee amputation. a Bionic prosthetic ankle and its connections to the
foot plate and the leg tube. b Amputee wearing the bionic prosthesis. ¢ Experimental setups
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Fig.8 Angles of the prosthetic ankle in three planes at different speeds

normal speed. Comparing the ankle moments of the flex-
ible bionic ankle prosthesis with the CPAF in the three
planes (Fig. 10), the peak values of the two prostheses
in both sagittal and transverse planes were basically the
same. Moreover, the peak moment of the bionic prosthesis
in the coronal plane was lower than that of the CPAF. This
benefit may have arisen from the soft material inclusions

around the bionic ankle mimicking the soft tissues of the
human ankle, providing good deformation ability during
the stance phase. This capability is not available in tra-
ditional rigid prostheses [37]. It should be noted that the
time to reach the peak ankle moment of the CPAF on the
sagittal plane was relatively delayed, while this time for
the transverse plane was slightly early. In conclusion, the
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Fig. 10 Comparative analysis of ankle moments toward a CPAF ankle prosthesis [25]

flexible bionic ankle prosthesis had similar gait mechan-
ics to the CPAF, suggesting that both prostheses could
effectively assist walking with no activation.

In the future, we will continue to optimize the selec-
tion of proper soft materials covering the bionic prosthetic
ankles. To facilitate manufacturing and reduce cost, the
configuration of the bone components in the prosthe-
sis should be simplified without reducing dynamic per-
formance. More gait measurements with below-knee
amputees should be carried out to provide adequate data
analysis.

@ Springer

5 Conclusions

This study developed a flexible bionic ankle prosthesis
based on subject-specific modeling of the human muscu-
loskeletal system of a below-knee amputee. Soft mate-
rial inclusions formed from polyurethane rubbers were
designed to mimic the soft tissues of the human ankle,
which could provide both stability and flexibility during
different phases of walking. The bionic ankle had compa-
rable dynamic properties with the human ankle in terms
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of 3D variable stiffness under different external conditions
and two rotating axes of the talocrural joint and subtalar
joint during walking. This could yield great adaptation to
the changes of different road conditions during daily lives.
Gait analysis by the same subject wearing the prosthesis
proved that the bionic ankle could simulate the natural gait
mechanics of the healthy side, mainly including the ankle
angles and moments in all three planes (sagittal, coronal
and transverse) during walking. The bionic prosthesis has
certain advantages in weight because it is mainly made of
polyurethane materials. In addition, the subject-specific
modeling for the reconstruction of the human musculo-
skeletal system can be used to customize prostheses for
different amputees in accordance with their unique gait
mechanics, which is not available with conventional pros-
theses. This study could provide a novel framework for the
development of bionic prosthetic limbs.
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