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Purpose: Elbow contracture is a common complication post-elbow trauma, the biomechanical environment after anterior capsule in-
jury was complex. This study aimed to use a finite element model to investigate the biomechanical environment within elbow capsule
and its surrounding tissues at various stages after anterior capsule injury. Methods: A finite element model of the elbow joint, incorpo-
rating muscle activation behavior, was developed to simulate elbow flexion under normal condition (no injury) and at 2, 4, 6 and 8 weeks
following anterior joint capsular injury. The model was used to analyze von Mises stress distribution and changes within the elbow tis-
sues. Results: At no injury condition, and 2, 4, 6 and 8 weeks, the stress of the anterior articular capsule at 60° flexion were 2.62, 3.87,
4.40, 4.57 and 5.24 MPa, respectively. Under normal conditions, and at 2, and 4 weeks, the ulnar cartilage attained its peak stress at 75°.
In normal conditions, the highest stress in the ulnar cartilage was 1.08 MPa, amounting to 1.02 times and 1.05 times the stress observed
at 2 and 4 weeks, respectively. At 4 weeks, compared with 6 weeks, the stress of the anterior bundle at 15, 30, 45 and 60° was reduced by
11.1, 22.6, 37.3 and 36.1%, respectively. At 6 and 8 weeks, the peak stress in the posterior articular capsule reached 11.5 and 11.7 MPa,
respectively, showing minimal variation. Conclusions: The results could offer theoretical basis for rehabilitation professionals in treating
and preventing elbow capsule contracture.
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1. Introduction

Elbow contracture is a common complication post-
elbow trauma [21], occurred at a rate of 50% [12]. Re-
search indicated that joint contracture can reduce elbow
motion range by 50% and upper limb functionality by
80% [27], impacting gait stability. The emergence and
progression of elbow contracture not only limit a pa-
tient’s ability to perform activities but can also result in
the loss of work capacity, being a serious burden on the
patient.

Capsular contracture increased the stiffness of the
articular capsule and restricted passive range of motion
(ROM) of the joint [30]. Posttraumatic contracture is

typified by capsular thickening and fibrosis [33], hin-
dering the elbow’s ability to execute daily tasks. During
capsular contractures, due to alpha-smooth muscle actin
(α-SMA) higher level expression, fibroblasts in the
articular capsule were transformed into myofibroblasts
[38], experiment suggested a significant role of myofi-
broblasts in post-traumatic elbow exogenous contrac-
ture [17]. The pathogenesis of joint contracture remains
ambiguous [36], mechanical factors are known to influ-
ence it [32]. Hinz et al. [18] noted that myofibroblast
activation post tissue injury and alterations in the
mechanical microenvironment were primary drivers of
myofibroblast genesis.

Currently, stretching is the predominant non-surgical
approach for both preventing and treating joint con-
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tracture. Due to complex biomechanical environment
after anterior capsule injury, the outcome of stretching
treatment made an obvious difference. Veltman et al.
[35] used dynamic splint to treat 72 patients with el-
bow extension and flexion contracture and observed
significant improvement in elbow extension and flex-
ion. However, Adolfsson [1] found that stretching was
not effective in treating elbow capsular contracture at
the late phase. During joint capsular contracture, the
biomechanical environment of elbow internal tissues is
dynamic, understanding that can hold significant value
in treating capsular contracture and devising rehabili-
tation programs [2]. Finte element can provide a deeper
knowledge about complex biomechanical environment.
For example, Kahmann et al. [20] explored elbow bio-
mechanical environment under loads for daily living
by finite model.

This paper established a finite element model of the
elbow joint encompassing muscle activation behavior,
bone and soft tissue. By simulating flexion motion at 2,
4, 6, and 8 weeks post normal condition (no injury) and
anterior capsular injury, we analyzed the von Mises
stress distribution and changes in elbow joint tissues
at these intervals. Additionally, we evaluated the me-
chanical environment within the elbow capsule and sur-
rounding tissues at different contracture stages. This
could assist rehabilitation physicians in preventing and
treating joint contracture and in providing a reference.

2. Materials and methods

2.1. Establishment of the elbow joint
finite element model

A 43-year-old male volunteer, measuring 176 cm in
height and weighing 77 kg, with no upper limb mal-
formations or history of elbow trauma, was recruited.
The volunteer consented to participate in the study and
signed an informed consent form. For the CT scan, the
left upper limb was positioned at a 90° neutral angle.
The scan commenced at the distal humerus and con-
cluded at the proximal ulna and radius. The CT im-
ages had a thickness of 1 mm and a resolution of 256
× 256 pixels, yielding a total of 229 image sequences.

The CT imaging data were imported into Mimics
21.0 (Materialise Inc., Leuven, Belgium). Owing to the
varying grayscale values of elbow soft tissues in CT
scans, only the humerus, radius, and ulna 3D models
were extracted using the software. These initial models
were then refined using Geomagic 2017 (3D Systems

Inc., NC, USA). Subsequently, hexahedral solid element
meshing of the smoothed elbow joint skeleton model
was conducted in Hypermesh 2019 (Altair Engineering,
Inc., USA). With orthopedic guidance, soft tissues
such as the articular cartilage, articular capsule, medial
collateral ligament (MCL), annular ligament (AL), radial
collateral ligament (RCL), lateral ulnar collateral liga-
ment (LUCL), and associated muscles were modeled.
Soft tissue components unattached to bone were con-
structed with hexahedral solid units, while those at-
tached to bone were connected using pentahedral solid
units with common nodes. The resulting finite element
model, depicted in Fig. 1, consisted of 32113 nodes and
27061 elements: 23460 elements for bones, 24447 ele-
ments for the articular capsule, 904 elements for ar-
ticular cartilage, and 155 elements for ligaments.

In this study, LS_DYNA (Livermore Software Tech-
nology Corporation, Livermore, CA, USA) was em-
ployed for finite element analysis. Bone tissue was
commonly considered an isotropic elastic material. The
MAT_001 model was adopted to simulate the mechani-
cal behavior of bones, with the following material
properties: density of 1.5 × 10–9 g/mm3, a Poisson’s
ratio of 0.3, and an elasticity modulus of 15000 MPa
[37].

The mechanical behavior of ligaments, articular car-
tilage, and articular capsules was modeled using the
Neo-Hookean model (MAT_007) [4]. This model, in-
troduced in 1948, offered a simplistic representation of
hyperelastic materials, akin to Hooke’s law [23]. The
strain energy function of the model is expressed as
follows:
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where G represents the shear modulus and K repre-
sents the volume modulus. Since the human elbow
ligament and articular capsule can be approximately
incompressible materials, J = 1. The parameters C10
for ligaments, articular cartilage, and normal articular
capsules were set at 1.790, 1.440 and 1.440 MPa,
respectively [37]. Based on experimental data from
Gao et al. [14], reflecting the shear modulus increase
at various contracture stages, the parameters C10
were determined as 1.515, 1.610, 1.820 and 2.115 MPa
at 2, 4, 6, and 8 weeks post-injury, respectively. Cor-
respondingly, the thicknesses of the articular capsule
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at these stages were 1.6, 2.5, 3.9 and 4 mm [10],
[39].

Hedenstierna et al. [15] integrated QLV material
and Hill truss material to develop a muscle model ex-
hibiting both hyperelasticity and viscoelasticity. In our
study, we utilized the combined passive QLV model
(MAT_176) and active Hill model (MAT_156) for the
skeletal muscle model. The active force equation is
defined as follows:

)()()( max tFtFFtAF lvce = , (4)

where Fmax represents the muscle specific maximal
isometric force, Fv represents a function of the relative
contraction velocity, Fl represents a function of rela-
tive muscle length, and A represents the state of acti-
vation.

The instantaneous elastic response, the relaxation
function of the viscous stress and the viscoelastic stress
of the QLV model are given by:
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where Gi represents the instantaneous shear modulus,
βi represents the decay constant. Ci represents the

elastic constants. The value of i in Gi and βi are four,
and the value of i in Ci is three. The parameters of the
Hill and QLV models are shown in Table 1.

Table 1. Parameters of Hill and QLV models

Parameter Value
Ci 0.991; 0; 34.65

Gi /MPa 0.697; 1.086; 0.102; 0.1
βi /s–1 589.1; 312.4; 1; 4.5 × 10–3

2.2. Verification of the elbow joint
finite element model

The finite element model’s static simulation was
executed based on the boundary and loading condi-
tions from the experiment conducted by Takatori et al.
[31]. Von Mises stress measurements on the humero-
radial joint contact surface of the elbow finite model
were taken and compared to the results from Takatori
et al. research. The model’s validity was corroborated
in an earlier study [37].

2.3. Flexion simulation in different stages
of articular capsule after injury

During flexion, all ligaments and muscles were set
to interact with their corresponding bones in a face-to-

Fig. 1. Three-dimensional finite element model of the elbow joint
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face contact mode. The nodes at the distal humerus
were restricted by six degrees of freedom. The angular
velocity or rotation around the flexion axis was ap-
plied to the radius and ulna. The remaining five de-
grees of freedom of the ulna and radius were fixed,
permitting the elbow joint to flex. Kodek et al. [22]
investigated the dynamics of the elbow joint, measur-
ing the velocity trajectory at various flexion angular
speeds ranging from 0.25 rad/s to 1 rad/s. In our study,
an angular velocity of 1 rad/s was selected to simulate
flexion at different stages of anterior capsular contrac-
ture.

Table 2. Stiffness severity and passive range
of motion at different stages

Stage Stiffness Passive range
of motion [°]

Normal no stiffness 0~90
2 weeks minimally stiffness 0~90
4 weeks moderately stiffness 0~75
6 weeks severely stiffness 0~60
8 weeks severely stiffness 0~60

Capsular contracture increased the stiffness of the
articular capsule and restricted passive range of mo-
tion (ROM) of the joint [30]. In our research, drawing
on Zhou’s experiment [39], Beck’s [3] and Carlock’s
findings [7], and Mansat’s classification [24], passive
range of motion and stiffness severity in the model was
categorized at various stages of anterior capsular con-
tracture, as depicted in Table 2.

3. Results

3.1. Stress changes to the ulnar
cartilage post-injury

The trend of the stress curve for ulna cartilage was
comparable under normal conditions, and at 2 weeks.
In these scenarios, the stress of the ulna cartilage es-
calated with increasing flexion angle from 0 to 75°
(Fig. 2A) and decreased from 75 to 90°. Under normal
conditions, and at 2, and 4 weeks, the ulnar cartilage
attained its peak stress at 75°. In normal conditions,
the highest stress in the ulnar cartilage was 1.08 MPa,
amounting to 1.02 times and 1.05 times the stress
observed at 2 and 4 weeks, respectively. At 6 and 8
weeks, ulnar cartilage stress from 45 to 75° was lower
compared to that measured in other conditions, with

the peak stress being 0.70 and 0.68 MPa, respectively,
indicating minimal variation.

3.2. Stress changes to the different
ligaments post-injury

The MCL is comprised of anterior, posterior, and
transverse bands. In every scenario, stress within the
MCL, LUCL, and RCL intensified with elbow flexion
(Fig. 2B–F). Throughout the joint contracture process,
stress in the anterior bundle of the MCL (aMCL) and
the transverse bundle of the MCL (tMCL) underwent
significant changes, while stress in the posterior bun-
dle of the MCL (pMCL) remained relatively stable.
Under normal conditions, the peak stress of the aMCL
was 3.95 MPa at 90°, closely matching the cadaveric
experiment data of Debski et al. (4.3 MPa) [11]. At
15° flexion, the stress in the aMCL at 6 and 8 weeks
began to fall below that in other conditions (Fig. 2B).
Between 45 and 90°, the stress in the aMCL at 4 weeks
was higher than that at 2 weeks. At 4 weeks, compared
with 6 weeks, the stress of the anterior bundle at 15,
30, 45 and 60° was reduced by 11.1, 22.6, 37.3 and
36.1%, respectively. In the formation of capsular con-
tracture, the aMCL stress always concentrated on the
side adjacent to the articular capsule (Fig. 3), aligning
with findings by Floris et al. [13], and the aMCL
stress distribution were no visible changes in the tis-
sue at different flexion angles. In all cases, the stress
in the pMCL was consistently higher than in other
ligaments (Fig. 4A–E), reaching its peak at the maxi-
mum flexion angle (Fig. 2C). The stress in the tMCL
at 4 weeks was lower than in other conditions when
the flexion angle exceeded 20° (Fig. 2D). For flexion
angles greater than 30°, the stress in the tMCL at 6
and 8 weeks surpassed that at 4 weeks but remained
below the levels observed in normal and 2 weeks con-
ditions.

The lateral ligament complex of the elbow joint
consists of the LUCL, RCL and AL [6]. When the
flexion angle was less than approximately 47°, the
stress in the LUCL changed minimally across all
conditions (Fig. 2E). However, at flexion angles
exceeding 47°, the stress in the LUCL at 2 weeks
was lower than in other conditions. In all scenarios,
the stress in the RCL increased with an increasing
flexion angle (Fig. 2F), and at 4 weeks, its stress
from 45° to 75° was higher than in other cases. The
peak stress in the AL was reached at 75° flexion
under normal conditions (Fig. 2G), at 2 weeks. In
other cases, the stress in the AL peaked at the maxi-
mum flexion angle.
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3.3. Stress changes to the articular
capsule post-injury

During elbow flexion, stress in both the anterior and
posterior joint capsules escalated over time (Fig. 2H
and 2I), with peak stress occurring at the maximum
flexion angle in all instances. While the flexion angle
was 60°, stress of the anterior capsule was 2.62 MPa.
Compared to no injury condition, stress on the ante-
rior capsule increased by 47.7, 67.9, 74.3 and 100.0%
at 2, 4, 6 and 8 weeks, respectively. At 6 and 8 weeks,
the peak stress of the posterior articular capsule was

11.5 and 11.7 MPa (Fig. 2I), respectively, showing
only a slight variation.

4. Discussion

In this study, reverse engineering was employed to
create a finite element model that incorporates muscle
activation behavior, simulating elbow flexion under nor-
mal conditions and various stages after anterior articular
capsule injury. We analyzed the von Mises stress distri-
bution and changes in different tissues during elbow

Fig. 2. Stress of the different soft tissue under all cases: (A) ulnar cartilage, (B) AMCL, (C) PMCL, (D) TMCL, (E)LUCL,
(F) RCL, (G) AL, (H) anterior joint capsule, (I) posterior joint capsule
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flexion to assess the biomechanical environment of the
articular capsule and its surrounding tissues under di-
verse conditions.

Under normal conditions and at 2, 4, 6 and 8 weeks,
the stress of pMCL was the highest during elbow flex-

ion, followed by the stress of aMCL (Fig. 4A–E), indi-
cating that the MCL was crucial for maintaining the
motion stability of the elbow joint. The aMCL pre-
vented cubitus valgus deformity [5], while the pMCL
served as a secondary stabilizer during elbow flexion

Fig. 3. Stress distribution on the aMCL under all cases

Fig. 4. Stress of all ligaments under different cases: (A) normal, (B) 2 weeks, (C) 4 weeks, (D) 6 weeks, (E) 8 weeks
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[29], with the tMCL playing a lesser role [5]. Under
normal conditions, the peak stress of the aMCL was
3.95 MPa at 90°, closely matching the cadaveric ex-
periment data of Debski et al. (4.3 MPa) [11]. The
stress in the aMCL predominantly concentrated on the
side adjacent to the articular capsule (Fig. 3), aligning
with findings by Floris et al. [13]. At 4 weeks, com-
pared with 6 weeks, the stress of the anterior bundle at
15, 30, 45 and 60° was reduced by 11.1, 22.6, 37.3
and 36.1%, respectively. In the process of capsular
contracture, the aMCL stress distribution were no visi-
ble changes (Fig. 3) and the aMCL stress gradually
decreased from 4 weeks to 6 weeks (Fig. 2B). The
stress of the aMCL was partially transferred to the
articular capsule, thereby increasing the stress of the
anterior articular capsule. As the elbow joint contin-
ued to contract, some of the aMCL’s stress transferred
to the anterior articular capsule, while the stress in the
pMCL underwent slight changes. In all scenarios, the
stress in the pMCL was significantly higher than in
the other ligaments (Fig. 4A–E), underscoring its im-
portance in maintaining elbow flexion during con-
tracture. This finding was consistent with clinical
observations by Jupiter et al. [19], who noted signifi-
cant contracture of the pMCL in patients with limited
elbow flexion.

We compared the stress values of ulnar cartilage
under normal condition and at different stages of con-
tracture. It was observed that at 4 weeks following
anterior capsular injury, the peak stress of ulnar carti-
lage reduced by 5.6%, compared to the normal state.
At 2 weeks, the peak stress of the articular cartilage
was nearly equivalent to normal, at about 98.1%. This
suggested that, prior to 2 weeks, the injured articular
capsule was likely in the healing stages, aligning with
findings by Cikes et al. [9]. They observed three pa-
tients with traumatic elbow stiffness and noted that
local wound healing commenced within 2 weeks post-
surgery.

Myofibroblasts were well-recognized for their cru-
cial role in wound healing [25]. Following articular cap-
sule injury, myofibroblasts utilized cellular contractile
properties to minimize wound size during healing, and
typically disappeared once wound recovery was com-
plete. However, if the healing response became mal-
adaptive, tissue fibrosis might occur [26]. Hildebrand
et al. [16] in their study on a post-traumatic contrac-
ture animal model, noted early changes in the articular
capsule by comparing the contracted knee with the
control knee. They discovered a significant increase
in the proportion of myofibroblasts to total cells at
4 weeks post-injury. Mirroring these findings in ani-
mal experiments, our study also yielded similar results

mechanically. While the flexion angle was 60°, stress
of the anterior capsule was 2.62 MPa. Compared to no
injury condition, stress on the anterior capsule in-
creased by 47.7, 67.9, 74.3 and 100.0% at 2, 4, 6 and
8 weeks, respectively. After 4 weeks, stress in the
anterior joint capsule was on an upward trend when the
flexion angle ranged from 30 to 90°. Mechanical sig-
naling was vital for myofibroblast functionality, and
increased intracellular stress was indicative of myo-
fibroblast differentiation [34]. The heightened stress
in the anterior articular capsule correlated with an
increased presence of myofibroblasts within the cap-
sule.

Generally, α-SMA is known to enhance tissue ten-
sion and facilitate wound contraction and healing
during posttraumatic tissue healing [40]. In models of
posttraumatic elbow contracture, α-SMA expression
started to increase at 4 weeks post-injury, reaches its
peak at 6 weeks, and then maintains a high level [16].
Elevated α-SMA expression indicated increased adhe-
sion of fibrous tissue and is a key molecular factor in
post-traumatic capsular contracture [40]. At 8 weeks,
compared with 6 weeks, the peak stress of ulnar car-
tilage, tMCL, LUCL, RCL, AL and posterior capsule
decreased by 2.8% (Fig. 2A), increased by 2.0%
(Fig. 2D), decreased by 0.2% (Fig. 2E), decreased by
1.5% (Fig. 2F), decreased by 1.1% (Fig. 2G) and in-
creased by 1.7% (Fig. 2I), respectively. At 6 weeks after
anterior capsular injury, the stress in the ulnar cartilage,
tMCL, LUCL, RCL, and AL posterior capsule showed
little change at 0 to 60° flexion. This might relate to
fibrosis in the anterior joint capsule at 6 weeks post-
injury, leading to severe contracture. These observa-
tions align with clinical case results reviewed by Car-
lock et al. [7]. They reviewed 42 cases of elbow con-
tracture, 29 of which exhibited severe elbow stiffness
and a motion range not exceeding 60° at 6 weeks post-
surgery.

Charalambos et al. [8] hypothesized that soft tissue
contracture is a primary factor in joint contracture.
The finite element simulation in this study was exclu-
sively focused on anterior capsular contracture, exclud-
ing other soft tissue contractures such as those involving
ligaments and muscles. Future research should con-
sider improving the model, such as adding muscle and
skin, and to further investigate the biomechanical re-
sponse of other soft tissue contractures.

In addition, the finite element model of this study
was based on CT data from healthy subject. The major
limitation of this study is that the findings cannot be
directly applied to patients with elbow contracture. In
subsequent studies, clinical trials for verification are
needed.
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5. Conclusions

In this paper, we established an elbow joint model
to assess the biomechanical environment of the elbow
capsule and its surrounding tissues at various stages
after anterior articular capsule injury. During anterior
capsular contracture, the stress in the posterior bundle
of the MCL was significantly higher than in other
ligaments, underscoring its crucial role in elbow flex-
ion. The stress in the anterior articular capsule in-
creased at flexion angles of 30 to 90° after 2 weeks.
At 6 and 8 weeks post-injury, the stresses in the ulnar
cartilage, tMCL, LUCL, RCL, AL and posterior cap-
sule exhibited minimal changes. These findings can
aid rehabilitation doctors in understanding the biome-
chanical environment within the joint capsule and its
surrounding tissues during joint contracture.
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