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Abstract: There is a high risk of serious injury to the lower extremities during a human drop landing.
Prophylactic knee and ankle braces are commonly used to reduce injury by restraining the motion of
joints. However, braces that restrain joint range of motion (ROM) may have detrimental effects on
the user’s kinematical performance and joint function. The present study aimed to propose a novel
set of double-joint braces and to evaluate its protective performance in terms of the ankle and knee.
Accordingly, the finite element method was performed to investigate the biomechanical responses
of the ankle and knee in braced and unbraced conditions. The results showed that the semi-rigid
support at the ankle joint can share the high impact force that would otherwise be inflicted on one’s
lower extremity, thereby reducing the peak stress on the inferior articular surface of the tibia, menisci,
and articular cartilages, as well as the horizontal force on the talus. Moreover, with knee bending,
the elongated spring component at the knee joint can convert the impact kinetic energy into elastic
potential energy of the spring; meanwhile, the retractive force generated by the spring also provides a
more balanced interaction between the menisci and articular cartilages. This biomechanical analysis
can accordingly provide inspiration for new approaches to place human lower extremities at lower
risk during landings.

Keywords: landing; double-joint brace; finite element analysis; ankle; knee

1. Introduction

During a jump landing, the lower extremities are most vulnerable to injury resulting
from the excessive vertical ground reaction force (vGRF) [1]. Although the vGRFs expe-
rienced by the musculoskeletal system are determined by various biomechanical factors
such as jumping height, landing technique, wind speed, and ground stiffness [2], they
are always several times the body weight (BW) [3,4]; in a 1.2 m half-squat landing, it can
be as much as 14.7 times the BW [5]. In essence, the high impact forces are transmitted
upward from distal to proximal, and in this process, multi-joint motion, joint muscles, and
articular soft tissues are required to absorb the impact energy. It is, thus, not surprising
that the ankle, foot, and knee are the body parts at most risk of injury during landing [6],
because the ankle and foot, as the largest weight-bearing parts in the human body [7],
are the first to be struck, and the knee exhibits a vital physiological structure of energy
absorption, especially the meniscus, articular cartilage, and ligaments, as well as a larger
joint range of motion (ROM). In this regard, some studies reported that the most common
knee injuries were intra-articular fractures, anterior cruciate ligament (ACL) rupture, and
meniscus damage in a half-squat posture [2,8]. Additionally, for the ankle and foot, it was
found that the impact energy would be more likely to induce ankle sprains, as well as
calcaneus and talus fractures [9,10]. As stated above, during drop landing, the mechanism
of injury and the injury pattern have been investigated sufficiently, and scientists have
drawn similar conclusions.
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To protect lower-extremity joints from injuries during landings, varieties of prophy-
lactic knee and ankle braces emerged over time. There were several studies finding that
prophylactic knee and ankle braces could reduce the stress or strain of the main energy-
absorbing parts (i.e., ligaments, cartilages, load-bearing bones, and soft tissues) in the
joints, thus, playing a role in protection [11,12]. Although the material and structure of
protective braces are different, they work on the same principle, which is to reduce injury
by restricting the motion of joints. For example, during a drop landing, wearing elastic,
semi-rigid, reaction web, and silicon web knee braces could decrease the angular displace-
ment of the knee on coronal planes [1,8,13]. Furthermore, during a single-leg landing,
common ankle prophylactics, such as lace-up braces and tapes, could reduce the ROM of
ankle plantar and dorsi-flexion by about 10° [14,15]. However, the above joint braces that
restrain joint ROM may have detrimental effects on the users and impair joint function,
decrease performance [16], and lead to functional joint instability [17]. Meanwhile, knee
braces or ankle braces were individually worn for protecting knees or ankles, respectively,
in previous studies [1,8,13,18]. Therefore, a set of braces, which can provide double-joint
protection for the knee and ankle, is necessary.

The aim of this study is to propose a novel approach to provide knee and ankle
protection for anyone with impact resistance demands, such as soldiers and athletes,
during drop landing and to evaluate its protective performance by using finite element
(FE) analysis. As shown in Figure 1, the novel protective approach is based on a feline-
inspired exoskeleton brace we developed previously [19,20]. Although we received good
application results, the biomechanical responses of the wearer’s lower limbs, especially
the load-bearing bones, cartilages, and menisci, with the use of the brace were not clear.
We hypothesized that the semi-rigid support at the ankle joint could share the high impact
force, transmit upward from distal to proximal through the rigid connecting rod, and
reduce the risk of ankle inversion/eversion without affecting the ROM of ankle plantar
and dorsi-flexion. Furthermore, we hypothesized that knee bending could elongate the
spring component at the knee joint, balance the impact force experienced by the knee
joint, and convert some kinetic energy into elastic potential energy of the spring. In this
study, in order to test the hypotheses, we first established FE models of the lower extremity,
including the foot, ankle, tibia, fibula, knee, femur, and brace, and then the biomechanical
responses of ankle and knee joints with/without the protective double-joint brace at three
different jumping heights (0.4 m, 0.8 m, and 1.2 m) in a half-squat posture were analyzed.

2. Materials and Methods

The research was approved by the Science and Ethics Committee of School of Biologi-
cal Science and Medical Engineering in Beihang University (protocol code: BM201900125;
date of approval: 26 February 2019).

2.1. Model Construction

Before modeling, a computerized tomography (CT) scanner (GE Ltd., Fairfield, CT,
USA) was used to scan the right foot of a healthy female (age 24; height 166 cm; body
mass 56 kg) with a slice thickness of 0.625 mm. The subject did not have any known
musculoskeletal disorder/pain or previous foot surgery.

The CT images in DICOM format were first imported to Mimics 17.0 (Materialise, Leu-
ven, Belgium), where the six bony segments, namely, the calcaneus, talus, navicular, tibia,
fibula, and femur, were reconstructed in three dimensions (3D). The model outputs from
Mimics 17.0 were then optimized as solid parts using Geomagic Studio 2014 (Geomagic
Inc., Research Triangle Park, NC, USA). In order to improve the reliability of simulation,
the six bony segments were further detailed into cancellous and cortical bone with a layer
of 2.68 mm [7]. Additionally, we applied the software Hypermesh 12.0 (Altair Engineering
Inc., Troy, MI, USA) to establish ligaments in the knee and ankle, and all the bony and
ligamentous structures were embedded in a volume of soft tissues. It is worth noting
that, in this study, we analyzed the biomechanical responses of the ankle and knee at the
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moment of peak vGRF when jumping from 0.4 m, 0.8 m, and 1.2 m. In particular, different
jumping heights correspond to different knee flexion angles, resulting in different shapes,
sizes, and contact areas of the menisci and articular cartilages. Therefore, SolidWorks 2017
(Dassault Systemes SolidWorks Corp., Waltham, MA, USA) was adopted to adjust the
knee flexion angle and construct the cartilages and menisci. There was also a heel fat pad,
as well as skin tissue, surrounding all structures, whose geometries were determined in
Mimics 17.0.

According to the FE model of human lower extremity, SolidWorks 2017 was further
used to design 3D structures of the semi-rigid support at the ankle joint, rigid connecting
rod, spring component at the knee joint, and fixed components for three different knee
flexion angles. Lastly, on the basis of a mesh convergence study, we applied the Hypermesh
12.0 to mesh all parts in the unbraced FE model with a total of 1,502,888 elements, and
the double-joint brace was meshed with 88,073 elements. Among them, except for the
tension-only truss elements of ligaments, the parts were of 3D tetrahedral (C3D4) element
type. The intact model is shown as Figure 1.
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Figure 1. Finite element model of the ankle and knee complex, showing a detailed view of the
segments and demonstrating the braced conditions used in the simulation.

2.2. Material Properties and Interactions

The material properties of the model parts were all selected from previous studies.
Except for the encapsulated soft tissues, skin, and heel fat pad, all tissues were idealized as
homogeneous, isotropic, and linear-elastic materials, and the ligaments were defined to be
subjected only to tension [21-23]. For the encapsulated soft tissues and heel fat pad, we
used the same hyperelastic material, for which the stress-strain data were adopted from
an in vivo ultrasonic measurement [24]. The skin was modeled as a hyperelastic material
with the first-order Ogden model (1 = 0.122 kPa, o = 18) [7]. Regarding the brace, material
properties were derived from the actual exoskeleton equipment. The elastic modulus of
the rigid connecting rod and fixed components was assigned as 72 GPa, whereas Poisson’s
ratio was 0.3. Moreover, the elastic modulus of the semi-rigid ankle support was 36 GPa
and Poisson’s ratio was also 0.3. The spring constant at the knee joint was set as 4 N/mm.

The meniscus and articular cartilages in the knee joint were connected to each other
via contact behavior, assuming a hard contact and frictionless contact in the normal and
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tangential directions, respectively. The bones were connected to each other via contact
behavior, which was assumed frictionless [24]. Moreover, the cartilaginous layers were
resembled by nonlinear contact stiffness between the bones [7]. The encapsulated soft
tissues, ligaments, and heel fat pad were tied to the bony structures. Furthermore, the skin
was tied to the constructed geometry, and the brace was connected to the skin via the fixed
components tied to the thigh and shank, as shown in Figure 1.

2.3. Boundary and Loading Conditions

The finite element simulation was carried out in Abaqus 6.14 (Dassault Systemes, RI,
USA). Two load cases were initially simulated for validation purposes. Firstly, the foot
was fixed in all six degrees of freedom, and a 600 N axial compression force was applied
to the proximal tibia and fibula. The von Mises stress of the inferior articular surface of
the tibia was calculated and compared with a previous vitro mechanical test to validate
the biomechanical property of the ankle [25]. Another load case, which was applied to
validate the biomechanical property of the knee, was also simulated. The proximal femur
was fixed, and 20 N, 40 N, 60 N, 80 N, and 100 N anterior tibial loads were applied to the
tibia, respectively. Then, the anterior tibial translation was analyzed [26].

During the subsequent simulation in unbraced conditions, the instant of the peak
vGREF at each landing height (0.4 m, 0.8 m, and 1.2 m) measured in landing experiments
was extracted and selected for analysis in a static step. Since dynamic variations in the
complex internal structure of the knee are difficult to clearly reflect simply by adjusting the
displacement of the femur, tibia, and fibula, we chose to establish FE models of different
knee flexion angles corresponding to the three instants simulated at three heights before
calculation, according to the CT images, which was considered to be more reasonable. In
each simulation, the proximal end of the model was fixed in all six degrees of freedom
and a vertical downward force of 300 N was applied to the upper surface of the femur
to simulate half of the body weight. Moreover, the peak vGRFs were loaded vertically
upward onto the heel fat pad. The magnitudes of peak vGRFs and the corresponding knee
flexion angles were all obtained from [5,8]. As for the braced conditions, the only difference
in boundary and loading conditions compared to the unbraced conditions was that the
vGRFs were larger when the brace mass of 2 kg was taken into account.

2.4. Data Analysis

In this study, the von Mises stress was used as the standard to measure the stress level.
With respect to the analysis of ankle protection, the stress distribution and peak von Mises
values of the inferior articular surface of tibia, as well as the horizontal force on the talus,
were evaluated with and without the brace at three jumping heights. Similarly, for the knee,
the von Mises distribution, peak von Mises, and contact area of the menisci and articular
cartilages were investigated.

3. Results
3.1. Validation

As shown in the histogram of Figure 2, the peak von Mises values of the inferior
articular surface of the tibia were 3.69 MPa and 3.74 MPa in the results from Anderson [25],
while it was 3.72 MPa in this study. The deviations were only 0.05% and 0.08%. Regarding
anterior tibial translation, as shown in the line chart, the magnitudes in our study were
0.6 mm, 1.0 mm, 1.4 mm, 1.8 mm, and 2.2 mm, presenting a linear growth. It can be seen

that our results were within or extremely close to the simulation and experimental results
of [26].
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Figure 2. Validation of finite element model via comparison to existing studies. The bottom axis,
left axis, and histogram show the comparison with Anderson’s results to validate the biomechanical
property of the ankle, while the top axis, right axis, and line chart present the comparison with Li’s
results to validate the biomechanical property of the knee.

3.2. Ankle Protection

Figure 3 shows the peak von Mises stress of the inferior articular surface of tibia with
and without the protective double-joint brace at 0.4 m, 0.8 m, and 1.2 m. Without the brace,
the maximum von Mises stress increased from 5.787 MPa to 34.32 MPa when the jumping
height increased from 0.4 m to 1.2 m, while it increased from 4.316 MPa to 25.27 MPa with
the brace. Obviously, the stresses when wearing our brace were always lower than when
not wearing it. After wearing the protective brace, the maximum stress on the inferior
articular surface of tibia decreased by 25.4%, 21.8%, and 19.4%, respectively, at the heights
of 04m,0.8m,and 1.2 m.
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Figure 3. Maximum von Mises stress of the inferior articular surface of the tibia with and without
the brace, and the percentage decline in peak value at the three different heights.

The stress distribution on the inferior articular surface of the tibia is presented in
Figure 4. At the heights of 0.8 m and 1.2 m, stress concentrations were found to occur in
similar locations, i.e., on the medial malleolus, while the stress on the posterior aspect
of the articular surface was greater at 0.4 m. At the three heights, wearing the protective
brace mainly reduced the stress peak at the stress concentration, but the pattern of stress
distribution did not change obviously.
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Figure 4. Von Mises stress distribution of the inferior articular surface of the tibia in braced (right)
and unbraced (left) conditions at (a) 0.4 m, (b) 0.8 m, and (c) 1.2 m.

The average horizontal forces on the talus are shown in Table 1. Before wearing the
brace, the average horizontal forces were 210.77 N, 270.91 N, and 347.45 N with increasing
jump height. After wearing the brace, the average horizontal forces corresponding to the
three heights decreased by 32%, 27.4%, and 27.5%, respectively, to 143.24 N, 196.82 N, and
251.87 N.

Table 1. The average horizontal forces on the talus with and without the brace at 0.4 m, 0.8 m, and
1.2 m.

. Horizontal Force Horizontal Force .
Height (m) with Brace (N) without Brace (N) Percentage Decline
0.4 210.77 143.24 32%
0.8 27091 196.82 27.4%
1.2 347.45 251.87 27.5%

3.3. Knee Protection

As can be seen from Table 2, no matter the height of the jump, the peak von Mises
values of the menisci and articular cartilages decreased visibly after wearing the brace. With
the brace, there were 23.8%, 21.5%, and 13.8% decreases in the peak von Mises stress of the
menisci at the heights of 0.4 m, 0.8 m, and 1.2 m, respectively. As for the articular cartilages,
the maximum von Mises stress decreased by 19.4%, 14.2%, and 9.1%, respectively. This
serves to show that the peak von Mises values of the menisci were always higher than
those of the articular cartilages at the three jumping heights with and without the brace.
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Table 2. The peak von Mises stress of the menisci and articular cartilages with and without the brace at 0.4 m, 0.8 m, and

1.2m.
. Peak Von Mises Stress  Peak Von Mises Stress .
Height (m) Part Instances with Brace (MPa) without Brace (MPa) Percentage Decline
04 Menisci 26.36 20.08 23.8%
’ Articular cartilages 6.018 4.85 19.4%
0.8 Menisci 29.94 23.51 21.5%
’ Articular cartilages 17.41 14.94 14.2%
12 Menisci 35.06 30.22 13.8%
’ Articular cartilages 21.07 19.15 9.1%

Figure 5 shows the stress distribution on the menisci in braced and unbraced condi-
tions at the three jumping heights. It can be seen that stress concentrations were found to
occur in the medial meniscus without the brace. In contrast, stresses were more evenly
distributed in the medial and lateral meniscus after wearing the brace.
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Figure 5. Von Mises stress distribution of the menisci in braced (right) and unbraced (left) conditions
at(a) 0.4 m, (b) 0.8 m, and (c) 1.2 m.

In order to further clarify the results, the contact areas of the menisci and articular
cartilages were investigated, as shown in Figure 6. Although the total contact areas did not
change obviously after wearing the brace, the medial contact area decreased and the lateral
contact area increased, resulting in a more uniform distribution.
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Figure 6. The medial contact area (MCA) and lateral contact area (LCA) between the menisci and
articular cartilages before and after wearing the brace.

4. Discussion

During a half-squat landing, a GRF that is several times the BW is transmitted from
the planta and ankle up to the shank and knee [5]. Furthermore, injuries that occur at the
moment of landing are a direct result of excessive GRF [27,28]. Therefore, how to effectively
reduce GRF has attracted the attention of scientists. In previous studies, the principle of
protection for both knees and ankles focused on reducing the incidence of injury by limiting
joint ROM [1,8,13-15]. Although such braces can provide beneficial protective effects,
they also affect the user’s performance [16,17]. As a matter of course, a novel approach,
which can not only counteract the action of the GRF, but also reduce the constraint on
lower-limb movement, is essential for knee and ankle protection during landing. In this
study, an FE model of the lower extremity was developed, and an anatomically detailed
representation of the ankle and knee was constructed, with the reactions and tensions of
soft tissue, ligamentous, and adjacent bony structures taken into consideration. Then, the
biomechanical responses of the ankle and knee before and after wearing the brace were
investigated and used to evaluate its protective performance.

The validation process was carried out in two steps, first for the ankle and then for the
knee. The simulation was compared to previous experimental and computational results
with similar settings to this study [25,26]. It can be seen that the deviations were only
0.05% and 0.08%, compared to Anderson’s results. As the difference was less than 1%, it
was sufficient to validate the mechanical similarity of the ankle. Likewise, the results of
anterior tibial translation, used to validate the mechanical similarity of the knee, were also
consistent with the literature. It should be noted that our simulation results were higher
than those of the cadaveric study. This difference may have been due to a decrease in
system stiffness attributed to the simplification of ligaments and other soft tissues [29,30].

The tibia is the main weight-bearing bone of the shank, and the articular surface
between the tibia and talus is the main load-bearing location of the ankle [7]. As can be
seen from the results of Figures 3 and 4, the peak von Mises stress of the inferior articular
surface of the tibia increased visibly with increasing jump height. This is understandable,
since the GRF is known to increase significantly with an increase in jump height [31],
and the stress on the human body increases accordingly on the basis of the principle of
inverse dynamics [32]. More importantly, when landing from a large height (0.8 m and
1.2 m), stress concentration occurred in vulnerable areas such as the medial condyle, which
definitely increased the risk of compression fractures [33,34]. Comparatively, after wearing
the brace, the stress peak decreased, thereby reducing the incidence of local fractures [35].
However, the pattern of stress distribution did not change, indicating that the semi-rigid
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brace at the ankle joint reduced stress by diverting some of the GRF that would otherwise
be experienced by the human body, whereas it did not affect the way in which load was
distributed over the impacted area. This portion of the transferred GRF was transmitted
upward and gradually absorbed by the brace itself; in a practical device, hip components
can also be added to help absorb impact energy.

In addition to stress fracture, ankle inversion and eversion represent common injuries
that cannot be ignored [36]. Due to the special anatomical structure of the talus [37], which
is wide in the anterior region and narrow in the posterior region, the foot is prone to varus
and valgus when subjected to a high horizontal impact. Thus, the average horizontal force
on the talus was calculated, and the results showed that, although the average horizontal
force increased substantially as the jump height increased, wearing the brace could still
evidently reduce the horizontal force at all three heights compared to not wearing the
brace. We inferred the main reason as being also that the semi-rigid brace at the ankle
joint transferred the GREF, resulting in a reduction in the force acting on the foot. With
respect to ankle protection, our brace is in sharp contrast to prophylactic braces in previous
studies [38—40]; that is, our brace reduces the risk of ankle injury by sharing and transferring
the GRF with little effect on the joint ROM, which is attributed to the minor restriction
exerted by the brace on the joint.

It is known that the knee is the second most frequent injury site during drop land-
ing [6,41]. Landing injuries of knee include knee dislocation, cartilage fracture, ligament
sprain, and meniscus damage, among which cartilage fracture and meniscus damage
are considered to be serious injuries [42]. Therefore, in this study, we investigated the
biomechanical responses of the articular cartilages and menisci, finding a rapid increase
in stress peak with increasing jump height whether or not the brace was worn. However,
the brace could reduce the risk of knee injury by reducing the peak von Mises stress of the
menisci and articular cartilages at 0.4 m, 0.8 m, and 1.2 m. The reduction in knee internal
stress was expected, because the presence of the ankle semi-rigid brace absorbed some of
the GRF, thereby reducing the GRF acting on the lower limbs. A similar protective effect
can be achieved with a functional knee brace, as found in [43], where the peak vGRFs
were significantly reduced during drop jump landing. In contrast, our designed brace
does not limit the ROM as much as a functional knee brace, which is more in line with the
participant’s desired motion.

Furthermore, in the absence of our brace, the stress on the medial meniscus was
apparently higher than that of the lateral meniscus, thus, rendering the medial meniscus
more vulnerable to damage. This is in agreement with the opinion of [44] on human knee
osteoarthritis, where the authors mentioned that 60% of load goes through the medial side
of the knee during walking, and disease most often presents in the medial compartment of
the joint. On the other hand, with the brace, the contact areas between the medial articular
cartilage and meniscus decreased, while the lateral contact area increased, resulting in a
more balanced load bearing of the medial and lateral meniscus. It is logical to argue that the
retractive force attributed to an elongated spring component at the knee bending balanced
the high impact experienced by the knee joint, converting some kinetic energy into elastic
potential energy of the spring, thereby achieving a protective effect. This seems to be
comparable to a previous study [45] on medial knee osteoarthritis rehabilitation, where
the authors found that, with a laterally wedged insole (LWI), the von Mises stress at the
medial femur cartilage region and the medial meniscus significantly decreased. Similarly,
both an LWI and our brace can redistribute the knee internal loading and relieve the stress
at the medial compartment of the knee.

In summary, this brace can be used as a parallel structure in the lower extremities with
little constraint on the joint ROM, helping dissipate the GRF and reduce the force acting
on the human body, in a similar way to cats having more limbs to cushion the impact [46].
There were some limitations in the context of model simplifications and settings. All bony
tissues were assumed to be homogeneous, isotropic, and linear-elastic materials. Moreover,
the ligaments were defined with tension-only truss elements, which may have resulted in
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stress concentration at the insertions. Another important limitation in the study was that
the two ends of the brace were tied to the skin around the thigh and shank, whereas, in
reality, the semi-rigid brace at the ankle joint was connected to the participant’s shoes, and
the spring component at the knee joint was attached to the hip via rigid connecting rods.

5. Conclusions

Existing prophylactic knee and ankle braces, designed to reduce lower-limb injuries
during landing due to the high GRF, work primarily by restraining the joint ROM; however,
this protective approach is still controversial in consideration of the negative effects on
joint function. The purpose of this study was, therefore, to provide a novel double-joint
protection for the knee and ankle during landing and to evaluate its protective performance
by using FE analysis.

Our results can be summarized as follows:

(1) By absorbing some of the impact energy that would otherwise be experienced by the
human body, the semi-rigid support at the ankle joint could reduce the peak stress on
the inferior articular surface of the tibia and the horizontal force on the talus, thus,
reducing the risk of ankle injury.

(2) Additionally, the decreasing impact force on the lower extremity due to the semi-rigid
support at the ankle joint could also reduce the stress peak of the menisci and articular
cartilages in the knee joint.

(3) Notably, as a function of the retractive force generated by the spring component at the
knee joint, it could distribute the load in a better way such that the stress distribution
and contact area between the menisci and articular cartilages were more equally
distributed.

In contrast to previous work in this area, the brace we designed can provide double-
joint protection for both knees and ankles, without limiting the ROM as much as prevailing
braces. According to the protective principle of this brace, with the exception of those who
suffered a musculoskeletal injury to the lower limbs, the target population can obviously
be extended to anyone with impact resistance demands during jump landing, such as
paratroopers and skydivers undertaking landing maneuvers. Future work could aim at
improving comfort when wearing this brace.
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