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Abstract 
The common treatment for calf fractures is cast immobilization, which limits the movement of the injured 
area and, causes muscle atrophy and joint stiffness. Wearing a cast for a long time can lead to problems such 
as itchiness and moist skin. To ameliorate these problems, this study designed a self-adaptive lightweight 
brace that provides strong patient protection throughout the rehabilitation cycle. The design of the brace is 
entirely based on the contour of the patient's leg, whereas topological optimization ensures that it meets 
requirements for lightweightness and air permeability. In the early stages of rehabilitation, the brace provided 
tight immobilization. During mid-rehabilitation, an automatic airbag filling system inflates in real time to 
ensure secure immobilization and prevent muscle atrophy or deformity. At the end of rehabilitation, a 
motorized drive system effectively rehabilitates patient movement. This study verified the effectiveness of 
the brace self-adaptive system through experimental validation, which involved the recruitment of three 
volunteers with varying leg circumferences. Volunteers with calf circumference of 34 and 36 cm were tested 

for reciprocal movement of the leg, and the angle was adjusted and fixed from 99° to 160°and from 104

°  to 173° , respectively. The automated airbag inflation system was tested on volunteers with calf 

circumferences of 34 cm. The results of this experiment demonstrated the effective support provided by the 
proposed brace system throughout the entire calf rehabilitation cycle, indicating its promising application in 
the medical field. 
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1 INTRODUCTION 

Calf fractures, commonly caused by sports, falls, or accidents, are particularly prevalent among the elderly and 
adolescents (Liu et al. 2017; Axibal et al.2019). Elderly individuals are prone to osteoporosis and, the developing bones 
of adolescents are susceptible to external forces (Rizzoli et al. 2010). Immobilization with casts is a common post-surgical 



  

requirement; however, it can lead to complications such as skin ulceration and muscle atrophy (Pisecky et al. 2022; Drake 
and Ritzman 2021). Revolutions in 3D scanning and additive manufacturing have facilitated the production of 
personalized rehabilitation braces, offering more tailored solutions for patients with calf fractures (Volonghi et al. 2018; 
Tsiokou et al.2023). 

The application of AM in medical rehabilitation has begun with the development of foot and ankle orthoses. Harper 
et al. (2014) created a foot and ankle orthosis using selective laser sintering (SLS) to aid patients with neuromuscular 
disorders in improving their walking ability. Subsequently, Pallari Jari et al. (2010) reported orthopedic insoles with SLS 
for clinical use. However, the limited versatility of orthotics restricts their application to components with similar leg 
shapes. To address this issue, Scott et al. (2012) designed an adjustable ankle orthosis. Rapid progress in 3D scanning and 
AM technologies has enabled researchers to personalize custom orthotic designs. Kim and Jeong (2015) proposed a 
hybrid manufacturing method to fabricate wrist orthoses based on AM and injection molding technology, effectively 
reducing the cost and time of brace fabrication, and improving patient comfort. Mauren et al. (2017) used 3D printing 
and 3D scanning to create a personalized and customized brace based on a patient with a distal radius fracture of the 
left wrist, which made the brace fit the patient's physical characteristics better. Stanciu et al. (2020) utilized 3D scanning 
technology and AM for forensic applications to obtain a facial replica of a victim by modeling the victim's face, which 
provides ideas for solving the case. Baronio et al. (2017) used 3D scanning to obtain a model of a patient with hand 
spasticity and then used AM to create a personalized hand orthosis. The orthosis fits more closely to the contours of the 
patient's hand and allows for better immobilization. Blaya et al. (2019) implemented personalized fixed splints based on 
additive manufacturing, industrial digitization, and 3D scanning technology, which fit and fixate the patient's leg well, 
and are a good solution to problems such as loss of muscle mass and atrophy. The application of AM and 3D scanning 
technologies has enabled the development of personalized orthotic devices for various body parts. These customized 
solutions can reduce manufacturing costs and time and improve patient comfort. However, personalized orthoses lack 
the adaptability to accommodate changes during the rehabilitation process, so a self-adaptive function is needed to 
ensure the effectiveness of patient rehabilitation. 

Compared to traditional casts, self-adaptive braces offer improved breathability and stability, making them essential 
for addressing the challenges encountered during real-time rehabilitation. Prolonged recovery cycles experienced by 
fracture patients can result in muscle atrophy and joint stiffness, leading to loose brace fixation and delayed fracture 
healing. Chen et al. (2017) proposed a self-adaptive oscillator-based method for robot-assisted gait training to help stroke 
patients complete their daily activities. Wang et al. (2020) designed a self-adaptive ankle-foot exoskeleton based on 
passive gait, that reduced the flounder myoelectric activity by 72.2% when worn on the human body to assist in walking. 
Hopkins et al. (2024) designed an ankle-foot orthosis with velocity-self-adaptive stiffness, which provides greater comfort 
and flexibility for patients with cerebral palsy than traditional fixed-stiffness ankle-foot orthoses. Jradi et al. (2024) 
proposed a self-adaptive controller applied to a driven ankle foot orthosis, which can provide power to the leg muscles 
to assist ankle joint movement and help foot drop patients in rehabilitation and walking. Liu et al. (2024) designed a self-
adaptive knee orthosis with variable center of rotation to provide rehabilitation assistance for knee flexion and extension 
movements, improving the efficacy and comfort of knee rehabilitation for patients with knee joint motor dysfunction. 

The existing self-adaptive orthotic braces often lack full-cycle rehabilitation capabilities and have limitations in terms 
of weight and volume. This study proposes a self-adaptive lightweight brace design using flexible sensors and topology 
optimization to address the limitations of existing braces. The brace conforms to the patient's leg and, provides effective 
protection and fixation during early rehabilitation. Topology optimization reduces weight and increases breathability, 
whereas an automatic airbag system ensures a tight fit as the patient experiences muscle atrophy. In addition, a motor-
driven system assists in joint rehabilitation and mobility restoration in the final stage. The self-adaptive design offers 
comprehensive support for patients throughout the entire recovery process. 

2 SELF-ADAPTIVE LIGHTWEIGHT BRACE DESIGN PROCESS 

The initial step in brace design involves collecting leg contour data from patients. In this study, we utilized an EinScan 
HX non-contact dual blue light handheld 3D scanner to efficiently capture leg data and ensure precise measurements 
with exceptional scanning speed and accuracy (Wang et al. 2021; Farhan et al.2021). The acquired leg data were imported 
into the Geomagic Design X software for encapsulation, noise reduction, and other processing to obtain the required leg 
data model. Subsequently, simulations were conducted to generate the NURBS surface (Alejandro et al. 2020; Brujic et 
al. 2011; Alireza 2021; Gurtej Singh 2021). Owing to the incorporation of an automated airbag filling system into the 
brace proposed in this study, it is necessary to include an internal liner airbag. Consequently, the constructed surface 
model of the leg needs to be shifted outward by a certain distance to accommodate the liner airbag and achieve the 



  

initial shape of the brace based on the contour of the patient's leg. Subsequently, lightweight design optimization was 
conducted to enhance the topology of the brace, ultimately resulting in a self-adaptive lightweight brace. The detailed 
design process is illustrated in Figure 1. 

 
Figure 1 Self-adaptive lightweight brace design process. 

3 REVERSE MODELING 

This paper presents a personalized brace design that closely conforms to the patient's leg, ensuring early 
rehabilitation and effectiveness. Data acquisition was performed using the EinScan scanner, as shown in Figure 2 (a), 
which displays its physical appearance, and (b) illustrates the data acquisition process. The acquired raw leg data were 
optimized through Geomagic Design X, a professional tool for reverse engineering and 3D scanning developed by 3D 
systems. The software facilitates the conversion of scanned data into editable 3D CAD models, enabling efficient creation 
and modification of intricate engineering designs. Its functionalities include data processing, reconstruction, accuracy 
verification, and CAD design modeling, making it an indispensable tool for digital design and manufacturing. The 
optimization process involves addressing redundant, missing, and imprecise information as shown in Figure 3 (a) and (b). 
Through meticulous optimization of the data process, a refined leg model was successfully obtained as illustrated in 
Figure 3 (c). The 3D leg model was analyzed and reconstructed using the NURBS surface tool. Subsequently, the face 
sheet data underwent processing and alignment with the 3D coordinate system before being folded by 3D sketching, as 
shown in Figure 4 (a). Next, by utilizing the surface release command, the surface data of the leg model were 
reconstructed to accurately represent its original brace shape based on the calf contour, as illustrated in Figure 4 (b). 

 



  

 
 

 

 

 

 

 

 

 

 

Figure 2 Acquisition of 
leg data. 

   
(a) Redundant, missing data (b) Data patching (c) Fixing complete data 

Figure 3 Optimized processing of leg data models. 

  

(a) 3D Sketch (b) Surface modeling of brace 

Figure 4 Displacement reconstruction of the leg surface model. 

  
(a) EinScan HX handheld 3D scanner (b) Data acquisition 



  

4 REVERSE MODELING 

4.1 Lightweight design of brace 

The lightweight design of the brace enhances breathability, reducing the risk of skin diseases, and alleviates patient 
burden during rehabilitation. To achieve lightweight optimization, Hyperworks software was employed for topology 
optimization in this study. Before optimization, a finite element analysis is conducted to ensure that the brace possesses 
sufficient structural strength to guarantee wearer safety. To simulate the 10 kg object bumping the brace, the other side 
of the brace will also be subjected to an opposite force; therefore, in the analysis, the brace is set up before and after 
the force of the two conditions, the top and bottom of the center of the fixed constraints. These two cases are then 
superimposed together as a composite case for the finite element strength analysis of the brace. The calf section of the 
brace was composed of polylactic acid fiber (PLA), with the material parameters listed in Table 1. Figure 5 illustrates both 
fixed constraints and composite loading conditions. 

Table 1. PLA material parameters 

Modulus of elasticity 

(MPa) 

Poisson's ratio Density (g/mm3) Yield strength 

 (MPa) 

3500 0.35 1.25 65 

Brace design is divided into design areas and nondesign areas to optimize the lightweight structure. As shown in 
Figure 5, the design area includes regions 3 and 5, whereas the nondesign area (regions 1, 2, and 4) constitutes the 
necessary frame and protective components. The design area allows for a variable topology and material distribution 
within the specified objectives and constraints. 

 

Figure 5 Finite element strength analysis working condition setting. 

The results of the finite element analysis are presented in Figures 6 and 7. Figure 6 shows a maximum displacement 
of 0.156 mm at the fracture point, with a gap of 1 mm between the brace and leg to accommodate the liner. Figure 7 
demonstrates that, under an applied pressure of 100 N, the Mises equivalent stress reaches a maximum value of only 
2.2 MPa at the fracture location, which is well below the yield strength of the PLA material (65 MPa). These results 
confirm that the brace design satisfies the required strength specifications. 

 

Figure 6 Brace displacement cloud map. 



  

 

Figure 7 Brace Mises equivalent force cloud map. 

After conducting the finite element strength analysis, the subsequent step involves performing topology 
optimization on the brace. The process of optimization design typically includes three key elements: design variables, 
constraints, and an objective function. In the case of topology optimization, the design variable is represented by the 
model cell density. Since this paper utilizes a three-dimensional solid cell model, the chosen methodology for topology 
optimization is based on variable density (Sigmund 1997). The variable density topology optimization method was first 
proposed by Rozvany and Mlejnek (1995), and then further improved by Bendsoe (1999) and Sigmund (1997), and its 
two commonly used interpolation methods are Solid Isotropic Microstructure with Penalization (SIMP) and Approximate 
Model with Reasonable Material Properties (ARMP), respectively. SIMP and approximate models with reasonable 
material properties. This topology optimization method is based on SIMP interpolation, and the interpolation model is 
shown in Eqs. (1) and (2): 
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Where E(ρ) is the elastic modulus of the material after interpolation, and ρ is the relative density of the cell; when 
ρ is 0, it represents that the cell is empty, and when ρ is 1, it represents that the cell is real; p is the penalization factor, 
which is generally taken to be 3, and Em denotes the elastic modulus of the empty cell (the removed cell), and E is the 
elastic modulus of the material. If E is much larger than Em, it is negligible and can be written in the form of Eq.(3). 
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This design objective is achieved by minimizing the flexibility of the designed brace to meet the strength and stiffness 
requirements. A linear weighted average method and a compromise planning method are used to transform the multi-
case multi-objective optimization into single-case single-objective optimization. The mathematical model for its topology 
optimization is shown in Eqs. Erro! Fonte de referência não encontrada. and Erro! Fonte de referência não encontrada.
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Where R(ρ) is the overall brace structure flexibility; Xi is the density of unit i calculated by the variable density 
method; q is the penalty factor; ui is the column vector displacement matrix of unit i; h0 is the stiffness matrix of the 
initial unit of the structure; Vi is the volume of the ith unit; α is the volume ratio. (Rj)max and (Rj)min are the maximum and 
minimum structural flexibility values for the ith condition, respectively; φj is the numerical value of the ith condition 
weight; X is the displacement matrix; K is the initial stiffness matrix; p is the penalty coefficient calculated for the objective 
function; ρi and vi are the density and volume of the ith cell, respectively; V is the initial design space volume; and F is 
the column vector of the loading force. 

The brace design region underwent topology optimization based on the previous finite element strength analysis. 
A 100N force was applied to areas 2 and 5, while the constraint objective condition was set as a maximum static 
displacement of 1mm and volume fraction. The objective function aimed to minimize structural flexibility to maximize 
stiffness, with the volume fraction constraint representing the percentage change in designable part volume before and 
after optimization (Borda et al. 2023). The calf brace topology was optimized under volume fraction constraints limited 
to 20%, 30%, and 40%. As shown in Figure 8, the maximum displacements at the final iteration were -0.209 mm, -0.107 
mm, and -0.061 mm respectively, all indicating a reduction compared to pre-optimization values. The highest stresses 
observed at the last iteration are presented in Figure 9 as follows: under the volume fraction constraints of 20%, 30%, 
and 40%, they reached magnitudes of 2.6 MPa, 3.01 MPa, and 1.9 MPa respectively along the edges of the brace 
structure. Notably, for all considered volume fraction limits, stress levels at fracture remained below an acceptable 
threshold of 1 MPa, thereby satisfying the design requirements set by topology optimization. 

   

(a) 20% volume fraction bound (b) 30% volume fraction bound (c) 40% volume fraction bound 

Figure 8 Displacement of brace after topology optimization. 

   

(a) 20% volume fraction bound (b) 30% volume fraction bound (c) 40% volume fraction bound 

Figure 9 Stress of the brace after topology optimization. 

The flexibility of the objective function decreases and converges to a minimum with increasing iterations, as shown 
in Figure 10. Initially, the overall flexibility values are highest for the 20% volume fraction constraint, lowest for the 40%, 



  

and intermediate for the 30%. As iterations progress, there is a consistent reduction in overall flexibility across all volume 
fractions; however, it is noteworthy that the 30% constraint exhibits a more significant decreasing trend compared to 
both the 20% and 40%. The topology optimization results of the calf brace protection device show that in Figure 11, the 
unit density in the blue area is the lowest, indicating that it can be removed; The unit density in the red area is the highest, 
suggesting that it must be preserved to ensure strength. To make the protective gear as lightweight and breathable as 
possible while maintaining its strength, several hollow models with different unit densities were selected for comparison. 
When the upper limit of volume fraction is 20%, the structural flexibility is maximum, as shown in Figure 12 (a). The 
hollow model of the left calf guard front cover retains the necessary elements, while the hollow model of the right bottom 
has a large number of discontinuous elements, which does not meet the requirements. When the upper limit of the 
volume fraction is 40%, the flexibility of the protective gear is higher than the value under the 30% volume fraction limit, 
as shown in Figure 12 (c). There are still removable units at the front cover and bottom, and lightweight has not been 
achieved. When the volume fraction reaches 30%, the density distribution of each element is shown in Figure 12 (b). The 
hollow model removes unnecessary elements and maintains continuity, achieving minimum flexibility and providing a 
foundation for lightweight design. Therefore, the unit density distribution with a volume fraction upper limit of 30% was 
selected as the final hollow model. Figure 13 illustrates the final brace openwork model, which aligns with both the 
openwork model and topology optimization results. 

 
Figure 10 Structural flexibility convergence curves. 

   

(a) 20% volume fraction bound (b) 30% volume fraction bound (c) 40% volume fraction bound 

Figure 11 Unit density distribution after topology optimization. 

   



  

(a) 20% volume fraction bound (b) 30% volume fraction bound (c) 40% volume fraction bound 

Figure 12 Topological structure of unit density distribution under different volume fraction constraints. 

 
Figure 13 Openwork model. 

Due to the incomplete overlap between the hollow design of the calf protector and the topology optimization model, 
finite element (FEM) strength verification is required. The displacement and stress analysis results are shown in Figures 
14 and 15, respectively. The maximum displacement is 0.068mm, far below the installation gap of 1mm; The maximum 
stress is 0.97 MPa, and the stress at the fracture site is 0.082 MPa, both lower than the yield strength of PLA material at 
65 MPa. Therefore, the calf protection device meets the requirements in terms of protection. 

 

Figure 14 Finite element analysis verifies displacement cloud map. 



  

          

Figure 15 Finite element analysis verifies stress cloud map. 

4.2 Design of automatic airbag filling system 

The automatic airbag inflation system proposed in this study consists of a thin-film pressure sensor, signal 
conversion module, electromagnetic switch relay, air pump, airbag, and 12V DC power supply. When the system is 
activated, the air pump starts to inflate the airbag. The thin-film pressure sensor senses the pressure, and the pressure 
signal is converted into an electrical signal by the signal converter module, which is then transmitted to the 
electromagnetic switch relay to close the relay. The normal close contact will break, and the air pump will stop supplying 
air to the airbag. As shown in Figure 16 (a), the range of the trigger signal can be adjusted by adjusting the comparison 
threshold, feedback resistor, and size of the sensitivity shim of the linear signal conversion module. The recommended 
feedback resistance for this linear signal converter is 10 kΩ. Then the comparison threshold is adjusted to the maximum 
such that the pressure signal is output as completely as possible. The working principle of the signal converter, that is, 
the core component of the self-adaptive system, is shown in Figure 16 (b), which is mainly composed of a Wheatstone 
bridge and a comparator. When the thin-film pressure sensor is pressurized, its resistance value Rs will become smaller 
until Rs is smaller than R1 when the positive voltage drop of the comparator U+ is larger than the negative voltage drop 
U-, and at this time, the signal converter sends out an electrical signal to trigger the work of the self-adaptive system. 
Thin-film pressure sensors have a pressure signal trigger range of 50 g to 2000 g and a sensitivity area of 20 mm in 
diameter and 400π mm2 in area. 

40㎜

Gasket

  

(a) Pressure sensors and signal converters (b) Signal converter working principle 

Figure 16 Pressure sensors, signal converters, and their operating principles. 

The wiring connections for this system are made on the breadboard by DuPont wire. As depicted in Figure 17, upon 
the application of a pressure signal to the thin-film pressure sensor, the signal converter transforms it into an electrical 
signal which is subsequently transmitted to the relay. This results in disconnection and cessation of air supply by the air 
pump. The airbag inflates and expands to fill the space between the brace and the leg, thus ensuring optimal fixation. 



  

 
Figure 17 Physical drawing of automatic airbag filling system. 

Based on the final brace model, the two components of the calf brace are unfolded in a planar configuration. 
Considering that external forces do not affect the airbag, the airbag mold is designed by consolidating multiple adjacent 
openwork holes into a single openwork hole with a regular shape and no sharp corners to ensure structural stability and 
facilitate fabrication. 

  

(a)Calf brace unfolding model (b) Airbag mould 

Figure 18 Unfolding model and mold of the airbag of the front cover of the calf brace. 

The unfolded model of the calf brace is depicted in Figures 18 and 19 (a), while Figure 19 (b) illustrates the mold of 
the calf brace lined with the airbag. The front cover and bottom of the guard have respective heights measuring 271 mm 
and 283 mm, with widths measuring 170 mm and 210 mm respectively. To accommodate edge treatment, a certain 
distance needs to be allocated for setting aside the mold for the airbag. Consequently, all edges of the deployed calf 
brace model are inwardly offset by 4 mm. 

  

(a) Calf brace unfolding model (b) Airbag mould 

Figure 19 Unfolding model and mold of the airbag at the bottom of the calf brace. 



  

The original brace design shown in Figures 18 (a) and 19 (a) displayed excessive openwork structures with small hole 
spacing that could potentially result in localized overtightening or overloosening of the airbag, thus impacting fixation 
stability.To solve this problem, reasonable design adjustments were made to the airbag mold by merging multiple 
adjacent holes into a single hole and rounding their edges to achieve uniform airbag inflation. As depicted in Figure 20, 
an ideal position for placing inflation nozzles was identified within the initial skeleton structure without requiring extra 
holes. Additionally, a skin-friendly composite material composed of TPU and nylon was employed to construct the liner 
airbag ensuring a secure fit. 

  

(a) Calf brace front cover airbag (b) Bottom airbag for calf brace 

Figure 20 Lined airbag. 

4.3 Design of motor-drive systems 

Considering that patients at the end of rehabilitation need moderate rehabilitation training. In this paper, a 
motorized system is designed to drive the patient's leg for reciprocating motion and immobilization. To protect the 
patient's safety, the motor-drive system uses 12V DC voltage. The drive motor of the system is a self-locking DC-geared 
motor, as shown in Figure 21. The motor power P0 is 8W, the rotational speed n is 3r/min, and its reduction ratio is 1:10. 
The torque T0 is calculated as 2.5 N·m by the corresponding formula. 

  
Figure 21 Motor drive system. 

In general, the weight of a lower limb in an adult male typically accounts for approximately 18~22% of his total body 
weight. For instance, considering that the male volunteer in this study weighed 70 kg, based on the uppermost 
percentage estimation, his leg weight would be around 15.4 kg; however, to ensure safety precautions, a conservative 
estimate of 10 kg is considered for calf weight. Additionally, Geomagic Design X software offers functionalities to 
accurately compute facet data attributes such as area, volume and center of gravity. Using its function of calculating the 
center of gravity, the center of gravity of the triangular faceted data of the calf is calculated to be Q (19.5, -2.5, -235), 
and the origin of the three-dimensional coordinate system is the center of rotation of the knee joint, so the distance 
between the origin (0, 0, 0) and the center of gravity of the calf, the distance between the center of gravity of the calf 
and the center of rotation of the knee joint, L, is 235 mm, as shown in Figure 18. The torque T required to drive the calf 
around the center of rotation is the torque required to drive the calf, which is calculated to be T=23.5 N·m. Since 10T0>T 



  

and both lower supports of the brace are fitted with the same type of drive motors, which can provide sufficient power 
to the calf brace, the system is fully capable of driving the calf to reciprocate on the axis of the center of rotation. 

5 EXPERIMENTAL VALIDATION 

5.1 Strength analysis 

The brace undergoes an overall strength analysis, in which certain geometric features remain unaffected to allow 
for their simplification. The adjusting support and driving gear are made of 316L stainless steel, while the thigh and calf 
sections of the brace are composed of PLA material. A weight of 10 kg is assigned to the calf section, and a force of 150 
N is applied in the finite element strength analysis to ensure absolute safety. All degrees of freedom at both ends of the 
thigh are constrained, along with 12456 degrees of freedom at the center of the rotating disk. Only translational degrees 
of freedom in the Z-axis direction are retained at the center. 

  

(a) Displacement cloud diagram (b) Stress cloud diagram 

Figure 22 Overall strength verification results of the brace. 

The results from an overall strength analysis of the brace are presented in Figure 22, which reveals that there is a 
maximum displacement occurring at its lower end measuring 36.9 mm. Moreover, it can be observed that the rotating 
large gear experiences a peak Mises equivalent force of up to 162 MPa. Additionally, Figure 23 provides a detailed 
depiction of specific stress distribution with a maximum stress value recorded as being 17 MPa at its lower end and 
reaching up to 24 MPa at its upper end. 

The results from an overall strength analysis of the brace are presented in Figure 22, which reveals that there is a 
maximum displacement occurring at its lower end measuring 36.9 mm. Moreover, it can be observed that the rotating 
large gear experiences a peak Mises equivalent force of up to 162 MPa. Additionally, Figure 23 provides a detailed 
depiction of specific stress distribution with a maximum stress value recorded as being 17 MPa at its lower end and 
reaching up to 24 MPa at its upper end. 

  

(a) Stress cloud at the lower end of the brace (b) Stress cloud at the upper end of the brace 



  

Figure 23 Calf rehabilitation brace upper and lower forces. 

The brace is made with PLA for all its components except for the swivel support and gears, which are made from 
316L stainless steel. The maximum applied force at both ends of the brace is 24 MPa, while the drive gear experiences a 
maximum force of 162 MPa. Importantly, both PLA (with a yield strength of 65 MPa) and 316L (with a yield strength of 
177 MPa) have values well below their respective material limits to ensure that they meet the required strength criteria. 

5.2 Wearing experiment 

Three volunteers with varying leg circumferences were recruited to wear the brace in order to evaluate the 
functionality of the adaptive system. The corresponding data from these volunteer experiments on their legs are 
presented in Table 2. 

Table 2 Test experiment on volunteers with different leg circumferences 

Volunteer No. 1 Volunteer No. 2 Volunteer No. 3 

Calf circumference 34cm 

Thigh circumference 40cm 

Calf circumference 36cm 

Thigh circumference 46cm 

Calf circumference 33cm 

Thigh circumference 39cm 

Mainly testing the wearing effect of t

he brace and the motor drive system 

The main test of the brace motor drive

 system 

Primary testing of automatic airbag fill

ing systems for braces 

The overall assembly effect of the brace is illustrated in Figure 24, while Figures (b) and (c) depict the effects of its 
wearers, volunteers No. 1 and No. 2, respectively.The specific test steps are as follows: let the volunteer sit on the chair 
to keep immobilized as much as possible, as shown in Figure 24 (c). Adjustment of the forward and reverse switches 
allows the calf brace to be fixed at different angles and load testing. As shown in Figure 25, the No. 1 volunteer, who also 
designed the brace based on his leg model. The wearing experiment is carried out first, and during the adjustment of the 
angle, every rotation to a certain angle is stopped for a few seconds to test the carrying effect of the brace. The findings 
demonstrated that the brace effectively supported the leg weight of volunteers at various angles. Equipped with two 
self-locking DC motors generating a torque of 2×25 N·m, it facilitated reciprocal rehabilitation exercises for the lower 
limbs effortlessly. During the initial stages of fracture recovery, when comfort is paramount, adjustments to fit the 
patient's preferred angle are necessary. Given its ability to withstand approximately three times its driving load, thanks 
to the self-locking DC motor, fixation can be achieved within any flexion range of the knee. 

   
(a) Integral assembly of calf brace (b) Calf circumference 34cm (c) Calf circumference 36cm 

Figure 24 Overall assembly of the brace and the effect of volunteers wearing it. 

    
(a) 99° Fixed (b) 135° Fixed (c) 150° Fixed (d) 160° Fixed 



  

Figure 25 Reciprocal exercise and immobilization test in volunteers with a calf circumference of 34 cm. 

To further validate the load-bearing capacity and immobilization efficacy of the calf brace, an additional participant 
(No. 2) with thicker calves was recruited to wear the brace. The testing protocol and procedures were identical to those 
employed for volunteer No. 1. As depicted in Figure 26, based on the experimental findings, it is evident that the calf 
brace effectively supports and facilitates reciprocal motion of volunteer No. 2's calf while allowing fixation at any desired 
angle within its adjustable range. 

    
(a) 104° Fixed (b) 138° Fixed (c) 141° Fixed (d) 173° Fixed 

Figure 26 Reciprocal exercise and immobilization test in volunteers with a calf circumference of 36 cm. 

After conducting motor-drive system testing on the brace, the automatic airbag filling system is also tested. Due to 
its design, the brace includes a 1 mm space for installing the liner airbag around the volunteer's leg. When the airbag is 
not inflated, there is a gap between the brace and the airbag, as shown in Figure 27 (a). When activated, an adaptive 
system ensures continuous inflation of the airbag using an air pump until it completely fills this gap through a normally 
closed switch relay. At this point, a thin-film pressure sensor detects and transmits a signal corresponding to the pressure 
exerted. The signal converter module then converts this pressure signal into an electrical one. Upon receiving said 
electrical signal, the relay interrupts its normally closed contacts thereby ceasing operation of the air pump. This ensures 
a tight fit between the leg and the brace at all times. 

As volunteers No. 1 and No. 2 wear the brace with a very small gap between it and their leg, it is not possible to 
effectively test how well the adaptive system works. Therefore, volunteer No. 3, whose legs are more slender, was chosen 
for the experiment. His thigh and calf circumferences are 39 cm and 33 cm respectively, which can well simulate the calf 
muscle atrophy that occurs in fracture patients during the rehabilitation process. The gaps between the legs and the 
brace of the three volunteers after wearing the brace are shown in Figures 27 and 28. Among them, Figures 27 (a) and 
(b) represent the gap between the legs and the brace of volunteers No. 1 and No. 2, respectively. Volunteer No. 2 has 
thicker legs, with little to no clearance between the calf and the brace, and the validation of the effectiveness of the 
working adaptive system is not obvious. The gap between the legs and the brace of the volunteer No. 3 is nearly 10 mm, 
which is much larger than the gap between the legs and the brace of the first two volunteers and can be a good test of 
the working effect of the adaptive system. 

  

(a) Calf circumference 34cm (b) Calf circumference 36cm 

Figure 27 Calf circumferences of 34cm and 36cm respectively volunteer gap between calf brace and leg. 



  

 
Figure 28 Calf circumference 33cm volunteer gap between the calf brace and leg. 

When the automatic airbag filling system is activated, the air pump starts to work and the airbag inflates. When the 
airbag comes into contact with the skin of the calf, the membrane pressure sensor senses the pressure signal and 
transforms it into an electrical signal through the signal conversion module to be transmitted to the electromagnetic 
switch relay, which breaks and the air pump stops supplying air. From the partially enlarged images in Figure 29 (a) and 
(b), it can be seen that the liner airbag bulges and fits tightly to the calf. The liner airbag in this part is also hollowed out 
because the air permeability of the hollowed-out part has to be maintained. The distance between the hollow part and 
the calf is sufficient to maintain breathability, thus avoiding the complication of skin diseases. 

  

(a) Back of calf brace (b) Side of calf brace 

Figure 29 Work of the automatic airbag filling system. 

6 CONCLUSION 

The present study focuses on the development of a self-adaptive lightweight brace for the full-cycle rehabilitation 
of calf fractures, which was structurally designed using 3D scanning and topology optimization techniques, followed by 
finite element strength analysis. Additionally, a set of self-adaptive systems is incorporated into the brace and tested 
experimentally. The key advantages can be summarized as follows: 

(1) The brace is specifically designed to cater to the rehabilitation requirements of patients with calf fractures, and 
it can be intelligently adjusted based on individual patient characteristics to provide effective support and protection 
throughout the entire rehabilitation process. 

(2) The contour of the brace is precisely tailored to conform the patient's leg through inverse modeling, ensuring 
secure fixation and optimizing early-stage rehabilitation outcomes. By employing topology optimization techniques, 
breathability is enhanced and weight is reduced, thereby alleviating patient burden and mitigating the risk of cutaneous 
ailment. 

(3) Equipped with an automatic airbag filling system and motor-drive system, it solves the problems of muscle 
atrophy and weakness in the middle and late stages of rehabilitation. This provides a strong guarantee for patient 
rehabilitation. 
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