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Abstract
Purpose  This study establishes a quantitative anatomical-mechanical-clinical decision-making mapping relationship 
using the Digital Intelligence Orthopaedic Technology, systematically analyses the dynamic biomechanical 
characteristics of distal humerus fracture in the postoperative period, and establishes the quantitative correlation 
between optimal strategies of plate configuration and safety thresholds for joint activities, to provide the scientific 
basis for optimizing internal fixation schemes and quantifying postoperative rehabilitation strategies.

Methods  Upper limb muscle modeling was carried out in AnyBody software, muscle force, and other data were 
exported for finite distance solving and dynamic mechanical conditions were exported as the database for dynamic 
loading. Coupling the musculoskeletal dynamics simulation with finite element calculation, the elbow flexion-
extension angle-muscle force-inner fixation stress transfer chain was established by AnyBody-Abaqus joint modeling 
technique to quantify the dynamic thresholds of the interface fracture micromovement (IFM) under different activity 
angles. The effects of different plate configurations (parallel plate, posterior medial plate, posterior lateral plate) on 
fracture stability and early healing were analyzed.

Results  In this study, we systematically evaluated the biomechanical pattern of internal fixation of distal humerus 
fracture as well as the postoperative safe activity window and elucidated the enhancement path of functional 
recovery of distal humerus fracture utilizing AnyBody musculoskeletal dynamics analysis. By means of AnyBody 
musculoskeletal dynamics analysis, the humerus stress migration path showed anatomical-dependent characteristics, 
with gradient transfer from the hawks’ fossa to the distal lateral condyle in flexion. Parallel plates stabilized the IFM in 
the bone healing window (0.06–0.20 mm) at 0–80° of flexion, whereas vertical plates breached the critical threshold 
(0.48 mm) in the IFM at > 30° of flexion. This reveals the law of mechanical matching between plate configuration and 
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Introduction
Distal humerus fractures (DHF) account for only 2–6% of 
humerus fractures [1–3], but their treatment has always 
been an important challenge in trauma orthopedics due 
to their complex anatomy (30% involving the articular 
surface). The postoperative complication rate of Open 
Reduction Internal Fixation (ORIF) is as high as 34% [4, 
5], and studies have shown that about 70% of patients 
with postoperative complications of distal humerus frac-
ture have elbow instability or limited movement, which 
greatly affects the patient’s quality of life and ability to 
work [6].

For distal humerus fractures, especially intra-articu-
lar fractures, despite the obvious advantages of ORIF in 
restoring the congruence and stability of the articular 
surfaces, the postoperative performance in terms of res-
toration of elbow mobility, joint stiffness rate, and frac-
ture healing rate still needs to be further improved [7]. 
Although elbow joint replacement can restore joint func-
tion in the short term, the long-term complication rate 
is high and does not apply to all patients. Therefore, the 
optimal treatment plan should be selected in clinical 
practice by taking into account the patient’s age, fracture 
type, soft tissue conditions, and other factors [2, 8]. In 
recent years, with the widespread use of double plate fix-
ation, it has become the preferred option for an increas-
ing number of surgeons due to its excellent performance 
in improving fracture healing rates and reducing compli-
cations, with higher fracture healing rates and lower risk 
of complications compared to other approaches [9, 10]. 
Frechette [2] et al. conducted a study on the outcomes of 
intra-articular distal humerus fractures treated with par-
allel precontoured plates in the elderly population. Their 
findings underscored the significance of precise anatomi-
cal reduction and stable fixation in minimizing postop-
erative complications and improving functional recovery. 
Similarly, Zdero [4] et al. reviewed the biomechanical 
design optimization of distal humerus fracture plates, 
emphasizing the need for robust fixation strategies to 

enhance fracture healing and reduce the risk of non-
union. However, there is still a great deal of uncertainty in 
the choice of position and configuration of double plate 
fixation. One of the key conflicts is how to simultane-
ously achieve the mechanical rigidity required for precise 
reconstruction of the articular surface and the biological 
flexibility required for early functional activity. Although 
the dual-plate system (parallel vs. vertical) significantly 
improves fixation stability (healing rate increased by 28%) 
compared with the single-plate system, its configura-
tion strategy is still limited to the operator’s experience 
and lacks a quantitative biomechanical decision-making 
framework [11].

Existing studies have shown that the difference in 
therapeutic efficacy of dual plates essentially stems from 
the spatiotemporal heterogeneity of the stress transfer 
mechanism, with parallel plates demonstrating ultra-
rigid characteristics in the early stages of healing (0–1 
month) under their biaxial locking design (47% improve-
ment in resistance to axial loading) [12]. However, this 
resulted in a stress-shielding effect that inhibited bone 
scab mineralization; in contrast, vertical steel plates pro-
moted biological remodeling in the late healing period 
by dispersing stress transmission (22% increase in elastic 
modulus recovery). Anatomical studies have confirmed 
that parallel plates are prone to form stress concentration 
zones in the coronal plane (mainly occurring at the plate-
intercondylar ridge interface), whereas vertical plates 
optimize shear distribution through multiplanar fixation 
(34% reduction in articular surface stress fluctuations 
[13]). However, traditional static finite element models 
are difficult to capture the dynamic remodeling process 
of the scab and lack realistic motion simulation of mus-
cular interventions, resulting in a disconnection between 
in vitro experimental findings and clinical practice [13].

With the rise of smart orthopedics, 3D modeling, and 
finite element analysis techniques are gradually being 
applied in the field of orthopedics. Three-dimensional 
modeling technology can transform the imaging data of 

rehabilitation. There was a clear angle-dependent relationship between flexion angle and inter-fracture gap fragment 
motion (IFM). The IFM values tended to increase with increasing flexion and extension angles. When using parallel 
plates, allowing 0–80° of elbow flexion ensures better conditions for fracture healing. When using vertical plates, 
especially posterior medial plates active elbow flexion should be limited to about 30°.

Conclusions  In this study, we quantified the mechanical effect of muscle contraction force on the stability of internal 
fixation of distal humerus C-type fracture and revealed the biomechanical law in the postoperative period; we 
established a simulation model of dynamic and static loading and proposed a ‘safe activity window’ for postoperative 
exercise, which confirms the high stiffness of the parallel steel plate and the control of the angle of early active 
activity (≤ 80° of flexion). Flexion of more than 30° in the case of vertical plates leads to shear micromotion overruns 
(> 0.48 mm).

Keywords  Distal humerus fracture, Internal fixation, Finite element analysis, Musculoskeletal dynamics, Biomechanics, 
Fracture healing, Elbow motion
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the patient’s fracture site into a digital model, providing a 
visual basis for the development of surgical plans. Finite 
element analysis (FEA) provides a scientific method 
to evaluate the fixation effect by simulating the stress 
distribution of the fracture site under different inter-
nal fixation methods [14, 15]. It is pointed out that the 
finite element analysis technique can not only simulate 
the mechanical changes in the process of fracture heal-
ing but also analyze the influence of plate position, angle, 
and other parameters on fracture healing, which pro-
vides an important reference for optimizing the surgical 
plan. Despite the excellent performance of 3D model-
ing and finite element analysis techniques in orthopedic 
surgical planning, there are still some limitations in the 
application of these techniques [4]. Firstly, the sample 
size of in vitro mechanical studies is small and the con-
ditions are demanding, making it difficult to truly reflect 
the mechanical properties in the in vivo environment 
[16]. Second, current studies mainly focus on the assess-
ment of stiffness and stability of fixation modalities and 
lack dynamic analyses of postoperative rehabilitation and 
exercise environments. In addition, the lack of consider-
ation of soft tissue conditions leads to some discrepan-
cies between research results and clinical practice.

Intelligent orthopedic technology (finite element simu-
lation, musculoskeletal dynamics) opens up a new path 
to crack the above problems, and the musculoskeletal 
dynamics simulation technology can analyze in detail 
the stress distribution, muscle force and joint force dur-
ing joint activities by simulating the mechanical prop-
erties of muscles, bones, ligaments and other tissues in 
different movement states [17]. Currently, parametric 
bone scab growth algorithms have been able to simulate 
the mechanical evolution throughout the healing pro-
cess (error < 8%), and the AnyBody-ANSYS coupled joint 
modeling technique has been innovated to achieve real-
time analysis of muscle-driven internal fixation-bone 

interface micromotion (IFM). The overall objective of this 
part of the study is to assess the effect of elbow flexion 
and extension on the mechanical microenvironment at 
the distal humeral fracture site. The aim was to assess the 
effects of elbow flexion and extension in the early healing 
process of distal humerus fractures through a combina-
tion of musculoskeletal dynamics and finite element anal-
ysis (FEM) to overcome these limitations and to provide 
more comprehensive data to support the clinic.

Method
Subjects of the study
After obtaining ethical approval from our hospital, the 
data of one healthy adult male with a neutral CT scan 
of the upper limb was acquired from the Digital Imag-
ing and Communications in Medicine (DICOM) system 
of the hospital and burned on a CD-ROM in DICOM 
format.

3D modeling process of distal humerus fracture and 
internal fixation
After Mimics segmentation, the distal humerus was 
saved in STP format. The model was then imported into 
Solid Works 2022 and the cortical bone and cancellous 
bone were assembled through the origin fit command 
and saved in part format. Fracture surfaces were simu-
lated according to the literature (open the model of the 
distal humerus, simulate the cutting plane, and simulate 
the fracture line from the lower edge of the ulnar falx 
fossa to the distal end, and in this part, we mainly mod-
eled the AO/C-type fracture model (Fig. 1).

Parallel and vertical plate configurations were used in 
this study, and further distinction was made between 
posteromedial (Posteromedial, PML) and posterolateral 
(Posterolateral, MPL) versions of the vertical plate con-
figuration. The construction of these models is based on 
the Finite Element Method (FEM) and model validation 

Fig. 1  SolidWorks distal humerus fracture model construction
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is carried out based on experimental results. The steps 
were as follows: three spatial plate configurations were 
constructed: parallel, posteromedial, and posterolateral. 
The number and positioning of the screws connecting 
the plate to the bone were modeled according to their 
implantation in clinical practice. Screw placement was 
performed using the general rules for inserting screws 
according to the AO guidelines and the stability opti-
mization principles proposed by O’Driscoll, which are 
mainly applicable to parallel plates. During the numeri-
cal analysis, the screws connecting the plate to the bone 
block were simplified to an unthreaded model. Screws in 
the humeral shaft region were set to be modeled as cylin-
ders with a diameter of 2.75 mm and an external thread 
diameter of 3.5 mm. Screws in the distal humeral region 
were modeled as cylinders with a diameter of 2  mm 
(Fig. 2).

Internal fixation material assignment and meshing
Bone material properties were set according to data from 
the literature [15], including modulus of elasticity and 
Poisson’s ratio for cortical and cancellous bone. Material 
properties of steel plates and screws were also set accord-
ing to data provided by the manufacturer (Tables 1 and 
2). The material properties of the fracture surface and 
bone tissue were derived from the above validated litera-
ture. The bone cortical model was transversely isotropic, 
and the fracture interface friction coefficient was set to 
0.4 based on experimental validation by Kruszewski [15] 
et al. These parameters have been shown to accurately 
simulate load transfer in distal humerus fracture models.

To ensure the reliability of our finite element analysis, 
we conducted a mesh convergence study. The percent-
age change in stress and displacement with mesh refine-
ment was quantitatively assessed. The results showed 
that the maximum principal stress and displacement 
values changed by less than 5% with further mesh refine-
ment, indicating that our results are independent of mesh 
density. This ensures the reliability of our finite element 
analysis.

Anybody model modeling process
(1) Source of base model: A 3D musculoskeletal model 
of the upper limb of a personalized individual was cre-
ated using the AnyBody modeling system (AnyBody 
Technology, Germany), which is used for simulation 
and analysis of the musculoskeletal system. The stan-
dard musculoskeletal model of the upper limb (TLEM 
2.0), which comes with AnyBody, was used, containing 
the anatomical parameters (starting and ending points, 

Table 1  Properties of fixed model materials
Materials Modulus of elasticity (MPa) Poisson’s ratio
Plates and screws 190,000 0.27
Cortical bone 17,000 0.33
Cancellous bone 5000 0.33

Table 2  Surface mesh parameters
Parameter Maximum Minimum
Bone 3 mm 0.5 mm
Plate 1.5 mm 0.5 mm
Screw 0.8 mm 0.3 mm

Fig. 2  3D modeling of three double plate placement positions; A: parallel 180° PL; B: vertical 90° posterolateral; C: vertical 90° posterolateral
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physiological cross-sectional area, and length of the 
force arm) of 51 muscles. The ‘Free Posture’ model in the 
model library was selected, the muscles and bones unre-
lated to the experiment were deleted through code edit-
ing and execution, and the local coordinate system of the 
humeral head center was re-established in the model.

(2) Humerus model scaling: Bone-muscle scaling was 
implemented based on the subject’s biometric param-
eters (body mass, height, and bony landmark geometry 
data). In this study, a validated homogenized scaling 
method was used to achieve anatomical fit by imple-
menting simultaneous adjustments to bone mass attri-
butes (inertial parameters) and topological nodes (joint 
centers, muscle attachment points). The scaling coeffi-
cient matrix was defined as a diagonal equiproportional 
form (Eq.  1). Geometric form and mechanical strength 
matching were accomplished simultaneously.

	
S =

[
kl 0 0
0 kl 0
0 0 kl

]
, F = F0 K

2
3
m� (1)

(3) Humerus muscle recruitment and inverse dynam-
ics setup: Based on the principle of inverse dynamics, 
a multi-objective optimization algorithm was used to 
solve the muscle force distribution redundancy prob-
lem. The extreme value optimization method (Minimax 
strategy) was chosen for the muscle recruitment strat-
egy, and the computational process satisfied the kinetic 
equilibrium constraints. The optimization method was 
pre-validated to be consistent with the polynomial opti-
mization strategy in terms of muscle force prediction 
results (error < 5%).

To enhance the credibility of the muscle forces derived 
from the AnyBody model, we referenced EMG (Elec-
tromyography) studies. Specifically, Lai [18] et al. con-
ducted a study validating the muscle forces in the upper 
limb using a similar musculoskeletal model. Their find-
ings demonstrated that the muscle forces predicted by 
the AnyBody model are consistent with those measured 
by EMG, providing strong validation for our simulation 
results.

Coordinate matching between anybody and 3D 
reconstruction model based on the ICP algorithm
To achieve accurate mapping between musculoskel-
etal dynamics loads and finite element models, a cross-
platform coordinate system transformation mechanism 
is required. Based on the humeral load data generated 
by AnyBody 8.0, this study achieves spatial data align-
ment through anatomical coordinate system calibra-
tion. Firstly, a local coordinate system with the center of 
rotation of the humeral head as the origin and extend-
ing along the long axis of the humeral stem was defined 

in the AnyBody environment, which was associated 
with the geometric reference frame of the finite element 
model through the rigid body transformation matrix. The 
alignment was implemented using the reverse engineer-
ing toolset of Geomagic Studio 2022, and an iterative 
nearest-point algorithm was used to optimize the spatial 
match to ensure that the spatial error of anatomical land-
marks between the dual platforms was less than 1.2 mm 
(root-mean-square value). This process is synchronized 
with the fine-tuning of the model scaling, and the effect 
of individual anatomical variability is compensated by 
dynamically adjusting the scaling factor (kl ∈ 0.98–1.02), 
which ultimately achieves an unbiased conversion of 
muscle force vectors and joint reaction forces to the finite 
element boundary conditions. The ICP algorithm (2, 
3) was adopted to adjust the error values (Fig.  16), and 
finally, the two humerus models and the fracture model 
were perfectly matched (Fig. 3).

	
R* = argmin

R

1
2

∑
n
i=1 ∥qi − Rq′

i ∥� (2)

	 t* = p − Rp′ � (3)

AnyBody load condition extraction
In the AnyBody scenario, internal strains are determined 
by multi-body simulation and numerical computation, 
and displacements are calculated based on known kine-
matics and inverse dynamics analysis of external forces. 
In joints which are usually treated as frictionless con-
straints and represented as segments, a specific number 
of degrees of freedom are limited depending on the type 
of segment. Between each segment, forces from joint 
contact, muscles, gravity, inertia, and external loads act 
through integration. Dynamic motion is captured by 
AnyBody, enabling realistic estimation and reliable com-
putational results.

With the AnyFE2Abq interface module integrated with 
AnyBody platform, this study realizes the spatial map-
ping of finite element model coupled with a biomechani-
cal environment. The elbow flexion-extension kinematic 
driving logic is configured through parametric scripts 
to establish the inverse dynamics computational frame-
work. The kinematic simulation covers the complete 
flexion-extension cycle (flexion phase: 10°→130°, exten-
sion phase: 130°→10°), and the joint contact dynamics 
response is obtained by iterative solving (Fig. 4). At this 
point, the boundaries of muscle forces, joint forces, and 
load torques are defined by the inverse kinetics, which 
are manually registered by Geomagic Studio in *.iges and 
exported as *.inp.

Based on the above settings, the execution language 
was edited to simulate the inverse dynamics of the elbow 
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flexion analysis. The humerus model was exported and 
the derived joint reaction forces, muscle forces, and 
moments were applied to the distal humerus fracture 
using the registration feature of Geomagic Studio and 
the ‘AnyFE2Abq’ option of the AnyBody plug-in. The 
muscle attachment/articulation point is partially coupled 
to the adjacent humeral surface (Fig.  4). The boundary 
conditions and the distal humerus fracture plate system 
model were then imported into Abaqus 20.0 (Dassault 
Aviation, USA) and the bone was modeled as a linear, 
elastic, and isotropic material. Cortical and cancellous 
bone geometries were globally meshed using tetrahedral 

cells, and plates and screws were meshed using hexa-
hedral cells. It was assumed that all interfaces between 
bone, screws, and steel plates were bonded. The contact 
between the fracture lines was set to be friction, and 
the finite element model of the fracture-plate system 
was subjected to a standard mesh convergence analysis, 
where the key parameters were almost independent of 
the mesh size plate deformation and intersegmental dis-
placement varied by less than 5%, and were also not sig-
nificantly affected by the mesh density. The element sizes 
of the humerus, plate, and screw were 3  mm, 1.5  mm, 
and 0.8  mm, respectively, and the numbers of elements 

Fig. 3  Reconstructed humerus model with AnyBody model coordinate matching. A: AnyBody humerus model; B: 3D reconstructed humerus model; C: 
Coordinate matching; D: Detail of fracture surface matching

 



Page 7 of 15Jia et al. Journal of Orthopaedic Surgery and Research          (2025) 20:475 

and nodes in the finite element model were 288,400 and 
64,686 for the humerus, 14,500, and 19,164 for the plate, 
and 8640 and 10,283 for the screw, respectively.

Data reliability analysis and validation based on the 
anybody model
In this study, the reliability of the AnyBody musculoskel-
etal model was systematically evaluated for daily loading 
analysis of the humerus through anatomical shape mod-
eling and a biomechanical plausibility validation system. 
First, the geometric validation based on statistical shape 
modeling (SSM) showed that the alignment error of key 
anatomical marker points was controlled within 1.2 mm. 
Particularly, in the modeling of mechanical conduction 
paths in complex curved regions of the distal humerus 
(e.g., hawks’ fossa, talonavicular groove), it provided an 
accurate morphological benchmark for personalized 
splint design. At the kinetic level, the biomechanical 
rationality of the muscle conduction model was corrobo-
rated. Yong et al. [19] verified the theory of load reduc-
tion of upper and lower limb muscles associated with 
wearing an exoskeleton based on the muscle kinetic anal-
ysis and the AnyBody modeling systemand verified the 
reliability of the AnyBody muscle data through experi-
mental data. The disadvantage of EMG is that it can only 
measure the muscles close to the surface of the skin. In 
contrast, AMS performs normalization by exporting 
the maximum muscle activity values for each muscle 
group through the AnyBody Managed Model Repository 
(AMMR), which is a procedure based on virtual tem-
plate information provided by anthropometry. Halonen 
[20] et al. built and validated a 3D model of the humerus 
through the AnyBody model, which is in agreement with 

our muscle force extraction results. Unlike previous lit-
erature validation methods, we performed geometric 
validation through the statistical shape model built in 
Chap. 1 to ensure model matching.

Abaqus finite element analysis solutions
The above *.inp file was imported into Abaqus (Fig.  5) 
and torque loading and position adjustment were per-
formed manually according to the anatomical attach-
ments. Ten-time points (one segment every 13°) were set 
for normal humerus and 13-time points (one segment 
every 10°) were taken for internal fixation. Each segment 
corresponded to a time point in the elbow flexion motion 
of the AnyBody software and was solved by finite element 
analysis.

Extraction of the main results of musculoskeletal dynamics
Stress and displacement analysis
Assess the equivalent stress distribution of the bone tis-
sue based on the Von Mises stress cloud; extract the max-
imum principal stress distribution, analyse the dynamic 
evolution characteristics of the stress concentration area 
under different angles, and draw the maximum stress 
transfer map. Quantify the humeral commissure dis-
placement and X/Y/Z direction displacement compo-
nents; analyze according to the total displacement.

IFM analysis of distal humerus fracture block
The IFM extraction methods include the region of inter-
est (ROI) calculation method as well as the automated 
extraction of node displacements by APDL commands, 
the latter of which is adopted in this part of the study 
after extensive pre-experimental labeling, where the 

Fig. 4  Dynamic loading and boundary conditions. A An Individualised muscle model; B anterior view of the humeral loading section; C posterior view 
of the humeral loading section
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fracture blocks are usually defined as different geometri-
cal portions or sets of nodes in the finite element model. 
We ensure that each fracture block has a separate set of 
nodes in the model. Subsequently, node displacement 
extraction was carried out, where the node displace-
ment data for each fracture block was extracted after the 
Abaqus solution was completed, and the displacement 
values of the nodes (X, Y, and Z directions) were derived. 
The relative displacement between two nodes can be cal-
culated directly using the ‘Relative Displacement’ option 
in Abaqus, and the final result is expressed as the total 
displacement. Intra-articular fractures are more demand-
ing in terms of IFM, which usually needs to be kept below 
0.2 mm to ensure accurate repositioning of the articular 

surfaces and cartilage repair [21]. The risk of non-union 
or traumatic arthritis of intra-articular fractures is sig-
nificantly increased when the IFM exceeds 1 mm. Stein-
er’s Tangential Stiffness Threshold Theory: the clinical 
risk of IFM increases dramatically with tangential stiff-
ness < 300 N/mm [21].

Von mises maximum stress results
The Von Mises stress solution is implemented by driving 
a finite element model through AnyBody musculoskeletal 
dynamics data (muscle force/joint torque), which maps 
the dynamic muscle loads to Abauqs quasi-static bound-
ary conditions; after the solution, the peak mechanical 
state at each flexion angle is extracted as a loading source; 

Fig. 5  Mechanical loading and solution process of Abaqus FEA
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and a multi-angle batch computation is subsequently 
executed to locate the maximum stress hotspot of the 
steel plate system. The coupled method maintains the 
real muscle force time-series characteristics (AnyBody 
data accuracy < ± 7%) and efficiently assesses the failure 
risk of the endoprosthesis over the full kinematic cycle.

Result
Von mises stress maps of the humerus at different flexion 
and extension angles, changes in the relative displacement 
of the humerus at different flexion and extension angles, 
and the migration path of the maximum principal stress 
zone
In flexion from 0°-130°, the maximal principal stress 
decreases with increasing angle, and in the migration 
path: the zone of maximal principal stress gradually 
migrates from above the Olecranon fossa (0°) along the 
lateral humerus to the lateral condyles (90–120°). During 
extension, the maximum principal stresses increased and 
then decreased with increasing angle, reaching a peak at 
approximately 80°. The dynamics of Von Mises stresses 
at different flexion and extension angles are reflected in 
Table 3, and their corresponding diagrams and maximum 
migration paths are shown in Figs. 6A and C and 7.

In flexion from 0°-130°, the relative displacement 
decreases and then increases with angle, peaking at about 
40°. In extension, the relative displacement increased and 
then decreased with increasing angle, reaching a peak 
at about 80°. The dynamics of the relative displacement 
of the humerus at different flexion and extension angles 
is reflected in Table  4, and its corresponding graph is 
shown in Fig. 6D and F.

Effect of different flexion angles on inter-fracture interval 
fragment motion (IFM) in distal humeral fractures
Through finite element analysis, we extracted the inter-
fragment displacement (IFM) values at different flexion 
angles(Table 5; Fig. 7). The results showed that the elbow 
flexion angle had a significant effect on the IFM values. 
At high flexion angles (> 90°), the IFM values increased 
significantly, especially in the posterior-lateral plate con-
figuration, where the IFM exceeded 0.5 mm, significantly 
increasing the risk of fracture non-union. In the parallel 
plate configuration, the IFM remained within the range 
of 0.01–0.20 mm from 0–80°, which is following the ‘opti-
mal mechanical guidance theory’ (OPT) of bone healing. 
In conclusion, the use of parallel plates, which allow the 
elbow to be flexed from 0–80°, ensures better conditions 

Table 3  Von mises stress values (MPa) for different flexural angles
Flexion angle 1 2 3 4 5 6 7 8 9 10
Flexion0°-130° 10.43 7.02 5.02 4.61 4.59 4.46 4.21 3.92 3.87 3.87
Extension 130°-0° 7.80 7.80 8.49 9.80 10.1 9.60 8.71 8.06 7.88 7.88

Fig. 6  A Dynamic change process of the maximum principal stress area during flexion; B Dynamic change process of the maximum principal stress 
area during extension; C Dynamic change pattern of the maximum principal stress area during elbow flexion and extension. In flexion from 0°-130°, the 
maximum principal stress decreases with the increase of the angle, and in extension, the maximum principal stress increases and then decreases with the 
increase of the angle, and reaches the peak at about 80°; D-F the relative displacement rule of the humerus in different flexion and extension angles. In 
flexion from 0°-130°, the relative displacement decreases and then increases with the angle and reaches the peak at about 40°. In extension, the relative 
displacement increases and then decreases with increasing angle, reaching a peak at about 80°
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for fracture healing when parallel fixation is used. Worse 
conditions occur when vertical plates are used, especially 
posterior medial plates. In this case, active elbow flexion 
should be limited to about 30°.

Results of the effect of different flexion angles on the stress 
change of elbow joints
To assess the weakness of the fracture fixation, we ana-
lyzed the maximum Von Mises stress distribution for dif-
ferent plate configurations (Table 6). The results showed 
that the maximum Von Mises stress gradually increased 

and then gradually decreased during elbow motion 
(Fig. 8).

Parallel steel plates (ML180°)
The peak value is 88.15 ± 5.72  MPa (full angle range) 
and the maximum value occurs at 60° flexion position 
(196.008 MPa). The maximum stress values are higher for 
parallel steel plates at smaller buckling angles (10°-60°) 
and gradually decrease with increasing buckling angle. At 
150°, the maximum Von Mises stress decreases to a mini-
mum (22.120 MPa). The stresses are mainly concentrated 

Table 4  Changes in relative humeral displacement at different flexion and extension angles (mm)
Time 1 2 3 4 5 6 7 8 9 10
Flexion 0°-130° 0.34 0.29 0.29 0.35 0.39 0.42 0.43 0.42 0.41 0.41
Extension 130°-0° 0.39 0.55 0.72 0.82 0.83 0.77 0.69 0.62 0.568 0.56

Table 5  IFM values of the distal humerus at different flexion 
angles (mm)
Agle of flexion (°) Total IFM

(PLL180°)
Total IFM 
(MPL90°)

Total 
IFM 
(PML90°)

10 0.01 0.05 0.05
20 0.09 0.1 0.19
30 0.11 0.18 0.24
40 0.14 0.20 0.33
50 0.15 0.27 0.41
60 0.15 0.31 0.49
70 0.16 0.33 0.51
80 0.20 0.41 0.60
90 0.30 0.49 0.76
100 0.33 0.55 0.90
110 0.41 0.68 1.11
120 0.45 0.67 1.15
130 0.49 0.76 1.23
PLL180°: Parallel 180°.; MPL90°: Posterolateral 90°; PML90°: Posteromedial 90°

Table 6  Maximum von mises stress values at different buckling 
angles (MPa)
Agles(°) Maximum stress 

Von Mises of flex-
ion (PLL180°)

Maximum stress 
Von Mises of flex-
ion (MPL90°)

Maximum 
stress Von 
Mises of flex-
ion (PML90°)

10 156.780 303.725 141.549
20 158.758 307.003 143.133
30 161.835 311.966 145.619
40 166.681 319.513 149.579
50 163.511 310.265 146.253
60 196.008 283.198 132.377
70 169.191 239.645 113.527
80 141.393 196.733 94.436
90 118.104 161.583 78.590
100 98.436 133.105 65.351
110 81.865 110.459 54.314
120 67.838 92.611 45.091
130 55.670 78.405 37.300
PLL180°: Parallel 180°.; MPL90°: Posterolateral 90°; PML90°: Posteromedial 90°

Fig. 7  IFM values of the distal humerus at different flexion angles (mm)
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in the middle section of the steel plate, and the maximum 
principal stress is much lower than the yield strength of 
the titanium alloy (900 MPa), which indicates that it has 
good structural stability.

Posterolateral plate (MPL 90°)
The critical point of fixation failure of the posterior lat-
eral vertical steel plate was 110° of flexion (298.91 MPa), 
and the stresses were concentrated on the medial sur-
face of the fifth screw hole. The stress values were 
higher at smaller flexion angles (303.725 MPa at 10°) and 
decreased rapidly as the flexion angle was increased, and 
especially after 60°, the values of the stresses were signifi-
cantly reduced. At 150°, the maximum Von Mises stress 
decreased to 42.375 MPa.The posterolateral plate showed 
a concentration of stress at the screw-bone interface with 
a maximum principal stress of 350 MPa, which may trig-
ger micromotion and increase the risk of infection and 
non-healing.

Medial plate (PML 90°)
The stress values of the posterior medial plate decrease 
gradually with increasing flexion angle, with a steep 
increase in stress (0.32 MPa/°) in the first 20° of the flex-
ion section, and then showing a more gentle trend. The 
maximum Von Mises stress is 141.549  MPa at 10° and 
decreases to 19.995  MPa at 150°. The stresses are rela-
tively high at smaller buckling angles, but as the angle 
increases, the distribution of the stresses is gradu-
ally homogenized, which reduces the localized stress 
concentration.

Discussion
In this part of the study, musculoskeletal dynamics and 
finite element analysis methods were comprehensively 
applied to thoroughly investigate the biomechanical 
effects of elbow flexion and extension angles and plate 
configuration on the healing process of distal humerus 
fractures. The findings elucidated the biomechanical 
evolution of the distal humerus in the full range of elbow 
flexion and extension (0°-130°), as well as the anatomical 
dependence of the humeral stress migration path, with a 
gradient from the falciform fossa to the distal lateral con-
dyle in flexion, coupled with the anatomical characteris-
tics of the lateral condylar bone mineral density (1.12 g/
cm³) and the medial cortical thickening of 22%. Revealing 
the nature of the lateral condyle as a mechanically weak 
zone, there was a clear angle-dependent relationship 
between flexion angle and inter-fracture interval frag-
ment motion (IFM). The IFM values tended to increase 
with increasing flexion and extension angles, and sec-
ondly, there were significant differences in the biome-
chanical performance of different plate configurations 
on fracture stability. Parallel plates maintained high axial 
stiffness at all flexion angles, much higher than postero-
lateral plates. This high stiffness property allowed parallel 
plates to effectively control the IFM values and maintain 
them within a range favorable to bone healing.

We found that there is a dynamic transfer law of muscle 
load during elbow flexion, with the maximum principal 
stress increasing with increasing angle in flexion from 
0°-130°, and our results are consistent with muscle forces 
previously reported in the literature, corroborating the 
idea that the brachialis muscle dominates the load in flex-
ion [22]. Kong et al. performed a consistency validation 
of AnyBody’s loading data, confirming the reliability of 

Fig. 8  Maximum von Mises stress values for different buckling angles
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their data [19], and externally validated the muscle forces 
in the upper limb, which were consistent with our experi-
mental results. In the maximum principal stress migra-
tion path: the maximum principal stress area migrated 
gradually from above the falciform fossa (0°) to the lat-
eral condyle (90–120°) along the lateral humerus. During 
extension, the maximum principal stresses first increased 
and then decreased with increasing angle, reaching a 
peak at approximately 80°. In the present study, we found 
that the stress in the lateral epicondyle increased sig-
nificantly at 90° of flexion, and the gradient migration 
of the region of maximum principal stress along the lat-
eral epicondyle (0°→120°) suggested a dynamic feedback 
mechanism of skeletal strain adaptation, which formed 
a mechanistic-structural coupling with the anatomical 
distribution of the bone density (mean density of the lat-
eral epicondyle 1.12 g/cm³ vs. 1.07 g/cm³ of the trolley) 
[23]. The anatomical characterization of this region as a 
mechanically weak point was also verified [24]. Gerd et 
al. [25] measured the distribution of bone mineral density 
(BMD), trabecular BMD (BMD), and cortical thickness 
(CTh) of the distal humerus using peripheral quantita-
tive computed tomography, and the CTh of the medial 
column in the supracondylar region was on average 22% 
higher in the medial column as compared to the lateral 
one, which also demonstrated the mechanically weak 
zone of the lateral condyle. In agreement with our find-
ings, stress concentrations should be avoided during sur-
gical fixation to ensure good functional recovery.

Boundary conditions are often simplified or ignored in 
most FEA studies [15], even though the humeral muscles 
play an important role in loading and constraint. Mus-
cle and ligament interactions contribute significantly to 
motion. The setup of boundary conditions for our model 
ensured reliable results, despite the lack of cadaveric 
experimental validation. We dynamically map the muscle 
activation timings to the evolution of the fracture micro-
environment in this section, breaking through the limi-
tations of traditional static FEA load simplifications. The 
results show that elbow flexion angle has a significant 
effect on IFM values. In particular, at high flexion angles 
(> 90°), IFM values increased significantly, which may 
lead to poor fracture healing. In the posterolateral plate 
configuration, an IFM of more than 0.5 mm significantly 
increased the risk of fracture nonunion. In parallel plate 
configurations, the IFM remained within the range of 
0.06–0.15 mm, which is following the ‘optimal mechani-
cal guidance theory’ (OPT) of bone healing [21].

For C-type fractures of the distal humerus (intra-artic-
ular fractures), the surgical principle is strong fixation 
and allowing early movement, and with this requirement 
comes a relatively high complication rate [5], and we 
have used threshold analysis in this section to introduce 
a threshold of relative displacement of the fracture block 

to establish a safe postoperative window of movement. 
When parallel plates are used, elbow flexion of 0–90° is 
allowed, which ensures better fracture healing conditions 
when parallel fixation is used. Worse conditions occur 
when vertical plates are used, especially posterior medial 
plates. In this case, active elbow flexion should be lim-
ited to about 30°. This finding is structurally consistent 
with previous finite element analyses that the stability of 
the plate fixation system is significantly reduced at high 
angles of flexion, leading to an increase in the IFM value 
and an increased risk of fracture non-union [26]. By com-
bining cadaveric experiments and finite element analysis, 
and also by analyzing the IFM values, Kruszewski [15] et 
al. concluded that no plate configuration ensured distal 
humerus fracture union when the elbow was allowed to 
be fully flexed while holding a 1  kg weight in the hand. 
The exercise program given was such that when parallel 
plates were used, flexion in the range of 0–90° under load 
was acceptable. This is consistent with our findings.

Meanwhile, by comparing the maximum stress val-
ues of the three types of double plate fixation, we found 
that parallel plates maintained high stiffness at all flex-
ion angles, ensuring that the axial component of the IFM 
was in the optimal range, which is following the ‘optimal 
mechanical guidance theory’ (OPT) of bone healing [21]. 
In contrast, the posterior lateral plate showed lower stiff-
ness at high flexion angles, resulting in an IFM of more 
than 0.5  mm, which significantly increased the risk of 
non-healing. This result is consistent with the findings 
of Kruszewski [15] et al. who found that posterior lateral 
plates were less stable at high flexion angles, leading to 
poor fracture healing. In distal humerus fractures, early 
functional exercise or Continuous Passive Motion (CPM) 
[27, 28] is of great significance for the recovery of post-
operative elbow flexion and extension, which requires 
absolute stillness of the internal fixation as well as strong 
intra-operative fixation, which is the principle of plate 
and screw fixation of the distal humerus.

As an emerging technological tool, musculoskeletal 
dynamics simulation has shown great potential in the 
field of orthopedics [29]. Traditionally, the study of frac-
ture healing has relied on static finite element analysis, 
which provides some biomechanical information but has 
limitations in its ability to simulate the fracture healing 
process in complex physiological environments. Mus-
culoskeletal dynamics simulation can reflect the bio-
mechanical environment during fracture healing more 
realistically by combining the dynamic movements of 
muscles, bones, and joints, providing a new perspec-
tive for researchers and clinicians [30]. Traditional finite 
element analyses are usually based on static conditions, 
ignoring the effects of muscle contraction, joint motion, 
and other factors on fracture healing. By introducing 
dynamic motion, musculoskeletal dynamics simulation 
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can mimic real physiological environments and more 
accurately assess biomechanical changes at the fracture 
site [31, 32]. For example, in this study, by simulating the 
motion of the elbow joint under different flexion angles, 
we found that the flexion angle had a significant effect 
on the IFM value, which could not be observed under 
static conditions. Musculoskeletal dynamics simula-
tion not only covers mechanical analysis but also com-
bines knowledge from several disciplines such as biology, 
anatomy, and engineering [33]. This multidisciplinary 
integration enables a comprehensive assessment of the 
biomechanical conditions of fracture healing from multi-
ple perspectives. This part of the study not only assessed 
the stiffness and stability of different plate configurations 
but also revealed the specific effects of different flexion 
angles on fracture healing through precise measurements 
of IFM.

This dynamic simulation of personalized elbow motion 
presented in this section provides loading conditions 
for finite element analysis and minimizes measurement 
errors in internal mechanics. In clinical work, muscu-
loskeletal biomechanics tested by AnyBody can also be 
applied to joint replacement, implant design, and daily 
activities [34], as the results of this simulation experi-
ment are consistent with clinical practice. Its reliability 
is demonstrated in Part II, and the computational model 
we have developed in this part of the study will identify 
a position where joint forces are minimized, thus poten-
tially reducing pain and facilitating fracture healing. The 
clinical significance of our results is that minimizing joint 
forces from the onset of injury may prolong pain-free liv-
ing. Myodynamic outputs can be verified experimentally, 
such as by electromyography or previous literature. For 
example, Dubovsky [35] et al. investigated the behavior 
of the shoulder joint in propelling a wheelchair and pro-
posed a rigid body musculoskeletal model of the upper 
limb, suggesting a link between joint forces and pain. Ni 
et al. [36] investigated the direction of hand movement 
by implementing AnyBody, a tool based on an empirical 
statistical model that estimates forces at different points 
and in various directions, highlighting the biomechanical 
advantages due to the direction of the force application.

Although the present study provides comprehensive 
dynamic biomechanical data, there are some limita-
tions. Firstly, this study was based on a model of a single 
healthy individual, and more diverse fracture types and 
bone status should be included in the future to improve 
the generalisability of the study. Modeling about osteo-
porosis has not been represented in this study, which is 
the work of the current team study.Second, long-term 
clinical follow-up data would help validate the accuracy 
of biomechanical predictions and provide more direct 
evidence support for plate selection and rehabilitation 
programs. In addition, exploring the micromotor wear 

mechanism of the plate-bone interface under dynamic 
loading will help to further optimize internal fixation 
design and improve the success rate of fracture healing. 
In addition, the accuracy of biomechanical predictions 
needs to be verified in conjunction with clinical results to 
provide more precise guidance for clinical practice. We 
quantified the finite element loading conditions based 
on and musculoskeletal dynamics data in this study to 
improve the biomechanical patterns of different flexion 
and extension angles after internal fixation of the distal 
humerus, which provides biomechanical guidance for 
clinical rehabilitation. In the future, this part of the data 
should be used in prospective clinical trials in conjunc-
tion with patients’ and physicians’ rehabilitation pro-
grams, and the biomechanical data constructed with the 
angle of motion and internal fixation modalities should 
be applied in the clinic.

In summary, this part of the study comprehensively 
evaluated the effect of elbow flexion on the early healing 
of distal humerus fractures by introducing musculoskel-
etal dynamics simulation combined with dynamic finite 
element analysis. The results showed that the flexion 
angle had a significant effect on the IFM value, and dif-
ferent plate configurations also had significant differences 
in fracture stability. By choosing a reasonable plate con-
figuration and strictly controlling the flexion angle, the 
fracture healing environment can be effectively improved 
and the risk of complications can be reduced. As an inno-
vative technical means, the simulation of musculoskel-
etal dynamics provides a new perspective for the study 
of fracture healing, and it is expected to play a greater 
role in future research in combination with AI artificial 
intelligence.

Conclusion
In this part, the biomechanical evolution of the distal 
humerus in the full range of elbow flexion and exten-
sion (0°-130°) was elucidated by musculoskeletal dynam-
ics simulation, as well as the stress migration path of the 
humerus showed anatomically dependent characteristics, 
and the stress and IFM data of various double plate types 
were proved in combination with the finite element anal-
ysis, and the present study demonstrated that the fixation 
device stabilizes the double-column structure regardless 
of whether it was fixed in parallel or vertical fixation. The 
healing environment of distal humerus fractures can be 
effectively improved and the risk of complications can be 
reduced by rationally choosing plate configurations and 
strictly controlling the flexion angle. When parallel plates 
are used, allowing the elbow to be flexed by 0–80° can 
ensure better fracture healing conditions. When using 
vertical plates, especially posterior medial plates active 
elbow flexion should be limited to about 30°.
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