
ABSTRACT 
Knee braces have been increasing in popularity as a means to support joint stability and promote 
the healing process. In order to enhance the fit, comfort, and design of knee braces, this study 
investigates knee shape deformations across four knee bending angles from 0 to 90°. Using 3D 
scanning technology, the knee contours of 50 Asian males aged between 22 and 33 were 
examined. The reliability of the 3D measurements was validated through comparisons with tape 
measurements on the actual body. The analysis revealed a stretch of the skin covering the patella 
bone with a notable vertical strain of 19% and horizontal stretching of 7%. The circumference 
along the muscle belly at the thigh (15cm above the centre of the patella) and at the calf (7.5cm 
below the centre of the patella) showed no significant changes with different bending angles, 
and can be used as an indicator for sizing of knee braces. However, at the patella bone level, the 
bending of the knee from 0 to 90° increased the knee circumference by 6.4%. The results from 
sectional analysis showed the asymmetry and the lateral shifting of the knee joint during bending. 
The findings offer guidelines for the design and optimization of knee braces to address knee 
deformations and individual body shape variations. 
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Introduction 
The knee, a pivotal joint in the human body, comprises two primary components: the 
tibiofemoral joint, situated between the tibia and the femur, and the patellofemoral joint, 
located between the femur and the patella bone. The knee joint is the most complex joint on 
the human body, facilitating four distinct types of movements: extension, flexion, lateral rotation, 
and medial rotation [1]. Figure 1 illustrates the knee joint's components at full extension and 
bending positions, showcasing significant variations in shape and skin strain during bending 
motions. Given its complexity, the knee is particularly susceptible to injury, especially with 
advancing age or participation in strenuous physical activities. Common injuries include 
dislocations and fractures, which elevate the risk of subsequent joint degeneration, such as 
osteoarthritis. This condition involves the deterioration of joint cartilage and underlying bones, 
leading to stiffness and a reduced range of motion [2]. Knee injuries also often result in 
complications, notably instability, [3] where the knee struggles to support the body effectively, 
causing it to give way, thus impeding routine movements and activities. [4] The prevalence of 
osteoarthritis in younger individuals is frequently linked to prior knee injuries, driving demand 
for knee protection and support devices.  

Figure 1 Composition of knee joint at two different postures 

Knee braces are increasingly prescribed as preventative devices to avoid injuries or aid in 
recovery by alleviating knee impacts. [5] Typically comprising elastic knitted fabrics as the main 
body, with foam or elastomeric cushioning parts and/or rigid hinges for support and stabilization, 
knee braces relieve joint pressure and induce compression, enhancing joint awareness and 
ensuring secure movement. [6] Consequently, knee braces have become common among 
athletes, the elderly, and individuals with knee issues or those seeking injury prevention. 
However, challenges related to fit and comfort often limit their effectiveness and compliance. [7] 
Slippage, a common discomfort source, is influenced by differences in skin and knee brace 
deformation. [8] Added et al. [9] found that both hole and non-hole patterns show significant 
results in helping to relieve pain and improve mobility, with the latter being slightly better overall. 



However, determining the optimal knee brace configuration remains challenging due to a lack of 
consideration for geometric leg and knee parameters, particularly during motion. 

Previous studies on knee anthropometric measurements have predominantly focused on 
assessing the shape of the patella, along with the lengths of the femur and tibia. These 
evaluations serve various orthopaedic purposes, including preoperative morphological 
assessments, intraoperative tissue repair, and reconstruction of substantial bone defects. [10] 
Techniques such as computerized tomography (CT) or three-dimensional (3D) CT have been 
utilized to provide precise anatomical insights into the body. [11] However, there is a scarcity of 
studies examining knee geometry variation and skin deformation during motion, particularly 
concerning wear comfort and anti-slippage properties of knee braces. 

To bridge this knowledge gap, this study investigates the dynamics of knee deformation during 
motion. Employing a 3D body scanning device, comprehensive data on knee morphology and 
skin strain dynamics are captured. The use of 3D scanning methods for body measurements has 
been widely studied and adopted. [12, 13] Compared to traditional anthropometric methods 
involving measurement tape and callipers, 3D scanned image analysis offers several advantages, 
including efficient measurement of numerous body dimensions and reliable measurements from 
challenging postures. [14] Choi and Ashdown [15] found that using 3D scanning and image 
analysis for lower body parts is valuable for apparel design. Additionally, 3D scanned image 
analysis provides designers with a detailed view of body shape and posture, aiding in the 
development of orthosis and related products. [16] Additionally, the extensive data collected 
from 3D scans facilitate the construction of more precise models, contributing to a 
comprehensive database [17-18]. 3D image analysis serves as a valuable tool for gathering 
information about the lower limb, aiding in the development of orthosis and related products 
[19]. Li et al. [20] used whole-body scanning to generate aligned knee data for designing knee 
braces tailored to military personnel. However, the specific implications drawn from the 
geometric analysis of the two selected postures were not explicitly stated. 

While whole-body scanning is recognized for efficient data acquisition, its high cost and low 
portability present significant barriers. Handheld scanners offer a cost-effective alternative, 
especially when precise landmarks are used for data capture. [21] Handheld 3D scanners have 
been used for studying the hand, foot, and face, and their accuracy has been proven [22,23,24]. 

In this study, a handheld scanner is utilized to explore knee deformation across four distinct 
postures, covering a 90° range of motion, representative of daily activities. This exploration aims 
to identify critical parameters for optimizing knee brace design and enhancing wearer comfort 
and functionality. The outcomes not only offer guidelines for material selection and knee brace 
design but also contribute to scientific and academic knowledge by demonstrating a method for 
extracting key measurements from legs and quantifying knee contours. 

Materials and methods 
Participants 
A group of fifty male university students, aged between 22 and 33 years, participated in a 3D 
knee scanning procedure. Table 1 presents their general information and manually obtained leg 
and knee measurements in a standing position. Inclusion criteria required participants to be 



Asian, healthy, and free from any history of lower limb injury, wounds, visible scars on their knees 
and lower limbs, or known skin allergies. The experiment received approval from the Human 
Subjects Ethics Committee of the first author's university and adhered to the principles outlined 
in the Declaration of Helsinki. Prior to the experiment, participants were provided with an 
overview, and the experimental procedures were explained to each individual. Written consent 
was obtained from each participant before commencing the experiment. 

TABLE I 
GENERAL INFORMATION OF PARTICIPANTS 

 Mean Min Max SD 

Age(Years) 26.14 22 33 1.60 

Weight(kg) 67.31 48 120 12.68 

Height(cm) 173.95 160 198 7.30 

BMI 22.15 15.78 30.67 3.07 

Circumference of knee  
(Along the centre of patella) 

371.84 315 460 26.22 

Circumference of thigh 
(15 cm from the centre of patella) 

471.5 371 613 46.66 

Circumference of calf 
(15 cm from the centre of patella) 

367.8 303 433 30.68 

Patella vertical length  82.77 62.1 105.63 9.98 

Patella horizonal width 80.14 54.31 118.95 13.23 

Note: BMI denotes body mass index  



Experiment 

Figure 2 Experimental Procedure Overview 

The experiment required participants to perform standing, sitting, and knee-bending tasks at 
various angles. Each participant's right leg underwent 3D scanning and measurements, 
consistently conducted by the same technician, as illustrated in Figure 2. The right knee was 
selected based on the assumption that any observed shape changes would reflect the 
deformation observed in the left leg. 
 
Initially, participants stood with their feet positioned 50 cm apart. Before initiating 3D scanning, 
seven landmarks were marked on the leg, and tape measurements were taken in the standing 
posture. Table 2 summarizes all landmarks positioned on the knee and the measurements taken 
from their positions in the scan data. The location of the patella was determined through 
palpation, with five landmarks strategically positioned at the centre of the patella (O) and the 
midpoints of its four sides (A, B, C, D), forming a cross. Points H and L were situated on the thigh 
at 15 cm above the centre of the patella along the femur and on the calf 15 cm below the centre 
of the patella along the tibia, respectively. Circumference measurements were obtained using a 
measuring tape at the patella's centre (O) and along the thigh (H) and calf (L). These landmarks 
serve as reliable references on the legs for accurate and repeatable measurements taken on real 
legs and from 3D scanned images. Palpation and the location of landmarks were performed by 
the same trained technician for all participants to ensure consistency. 

 
The 3D scanning was performed using a handheld 3D colour scanner (EinScan H, Shining 3D, 
China), specifically designed for scanning the human body with a hybrid LED and infrared light 



source. This scanner featured a built-in colour camera, enabling the construction of 3D meshed 
data based on texture capture in full colour, providing clear visualization of landmarks. The initial 
scan was conducted with the right leg straight in a standing position at 0° of bending. Participants 
were then instructed to sit on a chair and bend their right legs at 30°, 60°, and 90°, while the left 
legs were kept at 90°. Bending angles were verified using a goniometer before each 3D scanning 
session, resulting in four 3D scanned images for each participant. The scanning process for each 
image took approximately 30 seconds, with any slight involuntary movements automatically 
corrected by the scanning software. Previous research has indicated that the active range of 
motion (ROM) of the knee joint ranges from 20° to 65°[6], and the complete ROM averages about 
132° regardless of age[7]. The examination of ROM from 0° to 90° conducted in this study covers 
the majority of knee movements encountered in daily activities such as sitting, standing, and 
walking. 

TABLE II 
Landmarks and Measurements   

Item Description Illustration  

La
nd

m
ar

k 

O Centre of patella  
A Mid-point of the right side of patella  

 

  
B Mid-point of the left side of patella   
C Mid-point above patella   
D Mid-point under patella   

H 15cm from the centre of patella up to the 
thigh along the femur   

L 15cm from the centre of patella down to 
calf along the tibia  

M Mid-point between O and H  
N Mid-point between O and L 

 

M
ea

su
re

m
en

t  

Cir_O Circumference at the centre of patella   

Cir_H Circumference along H  

Cir_L Circumference along L  

Cir_M Circumference along M  

Cir_N Circumference along N  

Lgth_OH Length between O and H on the leg 
surface 

 

Lgth_OL Length between O and L on the surface 
of patella 

 

Lgth_AB Length between A and B on the surface 
of patella 

 

Lgth_CD Length between C and D on the leg 
surface 

 

Ang_Act Bending angle determined by goniometer  

Ang_S Bending angle identified by software   



Knee dimensions obtained from 3D images 
The 3D scanned data were imported into a 3D scanning software (M-soft, Techmed 3D, Canada) 
to extract various dimensions of the knees. The parameters analysed were determined based on 
the landmarks placed on the knee before the experiment. Additionally, two landmarks, labelled 
as M and N, were identified from the 3D image with a bending angle of 0°, positioned as the 
mid-points between O and H, and O and L, respectively.  
Using the curve tool available on Msoft, circumferences along the landmarks O, H, L, M, and N 
were measured. These circumferential dimensions of the legs were evaluated as they are 
common and important for differentiating sizes of knee braces. Four length measurements were 
taken along the surface of the leg to assess changes in skin strain during various knee bending 
activities. Cir_O, Cir_H, and Cir_L were measured from knee images with no bending angle by 
two different technicians to check inter-operator reliability. The knee bending angle was 
assessed by placing the goniometer along the joint. The bending angles of the 3D images were 
measured in the same manner (Figure 3) to ensure alignment and accuracy in the scanned data. 
While leg dimensions captured in the sitting position may not fully reflect those during 
movement due to muscle contraction and expansion, this study sheds light on knee variations 
resulting from bending, an aspect that has not been systematically investigated previously. 

Figure 3 Measurement of bending angle from 3D images 

Analyses of skin strain and knee shape with different movements 
The variations in skin strain on the dimensions, Lgth_OH, Lgth_OL, Lgth_AB (horizontal width of 
patella) and Lgth_CD (vertical length of the skin that covers the patella), with different 
movements were also obtained. The skin strain (εskin) with different bending angles is calculated 
as: 

𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐿𝐿𝐿𝐿𝐿𝐿ℎ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝐿𝐿𝐿𝐿𝐿𝐿ℎ0

𝐿𝐿𝐿𝐿𝐿𝐿ℎ0
 × 100% 

where Lgth0 is the length with 0° of bending, and Lghtbend is the length at different bending angles.  

 
To evaluate the curvature of the skin surface and the lateral displacement of the patella, a 
sectional view analysis was conducted on the horizontal plane at the O, C, and D levels for all 
four bending angles. Figure 4a illustrates the sectional view of a knee at the O level. The 
superimposed sectional views from different bending angles (Figure 4b) enable the observation 
of knee shape deviations. To achieve alignment of sectional images at different degrees of knee 
flexion, it is imperative to maintain a standardized positioning and orientation of the knee joint 
throughout the scanning process across varying bending angle. The front portion of the knee 
sectional view, which represents the thickness of the patella with skin and tendon, was extracted 



for analysis. Measuring the thickness of the patella poses a challenge, even with the use of 
ultrasonic or Magnetic Resonance Imaging (MRI) devices [25]. The skin thickness, which is 
typically thin and clinically insignificant, can vary based on factors such as age, sex, and body 
mass index [26]. Although the patella thickness may also vary due to factors like age, sex, body 
mass index, and can be influenced by injury, disease, and certain genetic conditions, it is found 
to be around 2-2.5 cm in adults [27]. Therefore, in the analysis, the thickness of the patella was 
fixed and assumed to be 3 cm.  
As shown in Figure 4c, parameters for quantifying the shape were extracted from the front part 
of the knee sectional view. A 1 cm distance aligned on the front of the patella was defined as L1. 
A line parallel to L1, 3cm inward, is defined as L2. The endpoints of L1 on the right and left is 
marked as P1R and P1L while the endpoints of L2 on the right and left are marked as P2 and P3, 
respectively. A prefect arc was formed between P1R and P2 and between P1L and P3 for 
comparison with the actual arc in terms of radii, width, height, and length. Each actual arc was 
divided into four segments to access the deviations from the prefect arc. This analysis can 
provide insights into the overall shape, curve smoothness, and arc symmetry during various knee 
movements. 

The deviation in curvature was quantified as the difference between the perfect arc delineated 
between P1 and P2 and the actual arc-shaped of the knee. As shown in Figure 5, the angle 
perpendicular from the midpoint of L1 to L2 was defined as 90°. The radii at 90° for both actual 
and perfect arcs were fixed at 3cm (Red bold line in Figure 5). The variation in radii was examined 
at intervals of every 45° (Interval depicted between thin lines in Figure 5). Analysing the change 
in radii proves to be a comprehensive method for assessing shape differences, as it directly 
correlates with the curvature of the knee. Furthermore, adjusting the radii step in high variation 
areas enables enhanced precision in the analysis. The percentage of deviation (Deviation), which 
represents the arc shape, was calculated as follows: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =
Rangle

Rreference
× 100% 

where Rangle is the radius at specific angles including 0°, 45°, 135°, and 180° and Rreference is the 
radius at 90°.  

 

Figure 4 Sectional view of knee obtained at level of Cir_O from 3D image at 0°, (b) superimposition of sectional views at different bending 
angles (Purple=90°, Green=60°, Blue=30°, and Yellow=0°) and (c) parameters obtained from the front part of the knee for sectional view 
analysis 

(a) (b) (c) 



 

The side shifting of the patella was calculated to further investigate the asymmetrical shape of 
the knee. By comparing the centre positions of L1 and L2, the extent of patellar shifting can be 
determined. Point P4 was defined as the point on L2 perpendicular to the midpoint of L1 whereas 
L3 was defined as the distance between the P3 and P4. The side shifting (Shift) could then 
calculated as  

𝑆𝑆ℎ𝑖𝑖𝑖𝑖𝑖𝑖 =
𝐿𝐿2
2
− L3 

As shown in Figure 6, a resultant value of 0 indicates precise alignment of the patella within its 
anatomical boundaries. A negative value signifies lateral deviation of the patella, while a positive 
value indicates medial deviation. 

  

 

Figure 5 Quantifying Deviation of Knee Curvature from a Perfect Circle using Measured Radii at Various Angles (Red 
line=Reference line, blue lines=Measured lines) 

 

 

Figure 6 Cases for the assessment of Patellar side shifting in Right Leg 



Statistical analysis 
Descriptive statistics, including standard deviation, mean, and coefficient of variation, were 
calculated for each measurement. The confidence interval was determined using a Student-
Fisher coefficient at 95%, taking into account the number of values. Precision was also calculated 
to ascertain whether sufficient data were collected. The Shapiro-Wilk test was employed to 
determine if the data followed a normal distribution, given the small sample size (50 individuals) 
which necessitates a more sensitive test. The null hypothesis for this test assumes that the data 
follow a normal distribution. The p-values obtained from the test were higher than 0.05, 
indicating that the null hypothesis could not be rejected and that the data from all 
measurements are normally distributed. Paired-sample t-tests were performed to compare 
results from manually obtained measurements and those from the 3D analysis software. 
Circumferential measurements, Cir_O, Cir_H, and Cir_L, with no bending angle, were compared 
with those obtained from the 3D images. Inter-operator reliability for obtaining measurements 
from the 3D images was tested using an intraclass correlation coefficient (ICC). The ICC (2,1) was 
calculated using a 2-way random effect with single measures and absolute agreement. A 
repeated measures analysis of variance (ANOVA) was conducted to evaluate the effect of knee 
bending angles on leg circumference and length measurements. A linear regression model was 
developed, taking the knee bending angle as the independent variable and skin strain as the 
dependent variable for Lgth_OH and Lgth_OL, to investigate their relationship. Pearson’s 
correlation coefficients were used to examine the relationship between the circumference and 
length measurements taken at different angles. The significance of using measurements at 
certain angles to predict the length and skin strain at other angles was assessed through linear 
regression modelling. The level of significance was set at 0.05.  



Results and discussion 
Reliability of 3D measurements 
The ICC (2,1) of the inter-operator reliability on Cir_O, Cir_H, and Cir_L is 0.98 (0.965, 0.989), 
0.979 (0.963, 0.988), and 0.995 (0.992, 0.997), respectively. These results indicate that the two 
technicians can obtain similar circumferential measurement results from the 3D images. The 
circumferential measurements derived from the 3D images align well with the measurements 
taken manually with the measurement tape. The measurements obtained from the 3D images 
by the different technicians exhibit good intra-class correlation, demonstrating the reliability of 
the 3D analysis. 

Effect of knee bending on circumferential dimensions 
Figure 7 depicts the correlation between knee bending angles and leg circumferences for Cir_H. 
Repeated measures ANOVA results indicate no significant or predictable changes in Cir_H and 
Cir_N with different bending angles. Cir_H denotes the circumference along anterior and 
posterior thigh muscles, deeply situated within the leg and surrounded by other tissues. Muscle 
contraction or relaxation during knee bending doesn't notably affect the circumference. Similarly, 
Cir_N, representing the gastrocnemius muscle belly in the calf region, maintains its 
circumference unchanged during knee bending, owing to its size and complexity. 

 

However, the repeated measures ANOVA results revealed significant differences in Cir_M, Cir_O, 
and Cir_L with changes in knee bending angles. Specifically, Cir_O, measured at the patella level, 
exhibited a notable 6.4% increase as the bending angle progressed from 0° to 90°. This increase 
primarily stemmed from the patella being pushed out from the joint during knee flexion, altering 
the knee's shape significantly. The patella is a sesamoid bone located within the tendon of the 
quadriceps muscle and acts as a pulley to enhance muscle leverage. As the knee flexes, the 
quadriceps muscle pulls on the patella, causing it to protrude from the joint and thereby 
increasing the circumference. 

Figure 7 Circumference at different knee bending angles. Error bars indicate ± standard deviation and * indicates 
significant difference in pairwise comparison (p<0.05) 



Cir_M, measured near the knee cap and muscle attachment points to the knee joint, exhibited 
non-linear circumference variation during knee bending. This discrepancy could stem from 
individual morphological factors such as muscle attachment points and bony landmarks affecting 
the circumference measurement.  

Cir_L represents the measurement taken 15 cm below the patella, focusing on the gastrocnemius 
muscle that undergoes shape alterations with knee and ankle flexion. The results obtained for 
Cir_L were notably clearer compared to other measurements, likely due to this muscle segment 
being thinner. This thinness likely accentuated circumference changes, distinguishing it from 
Cir_N and Cir_H measurements. 

The significant increase in leg circumference at the patella level during knee bending offers 
crucial insights into knee joint biomechanics. Therefore, greater attention should be directed 
towards changes in circumference at Landmarks O, M, and L when designing knee braces for 
optimal support and stability during activities involving knee bending. It's advisable to utilize 
relatively more elastic materials and a looser fit at these levels to accommodate significant 
variations during knee bending. Conversely, as variations in Cir_H and Cir_N are less pronounced 
with bending angles, the knee brace ends, requiring more rigidity and tightness to prevent 
slippage and displacement, should be positioned at H and N levels. 

Additionally, Pearson correlation analysis revealed significant correlations (p < 0.05) between 
circumferences measured at different bending angles and measurement’s locations, with 
correlation coefficients ranging from 0.761 to 0.996. This indicates that the circumference of 
different leg areas can be estimated using a specific circumferential dimension. This suggests 
that the changes in leg circumference during knee bending are not limited to a particular location 
or angle but rather exhibit a complex and interconnected relationship. Traditionally, either the 
circumference at 15 cm above or below the knee midpoint is used to size the knee brace. The 
results revealed that the circumference at 15 cm above the knee midpoint can serve as a reliable 
sizing indicator, as it remains independent of posture during measurements. When measuring 
circumferential dimensions below the knee, it's important to consider the impact of ankle joint 
plantar flexion. 



Change in skin strain with knee bending angle 
Change in skin strain of the leg 
The two leg length measurements, Lgth_OH and Lgth_OL, offer insights into variations in skin 
strain during knee movement. Pierrat et al. [7] suggested that slippage issues stem from 
problems along the contact surface between knee braces and the skin, emphasizing anatomical 
considerations in brace design. Therefore, understanding skin strain variations can inform the 
development of knee braces with reduced slippage or displacement. As illustrated in Figure 8 
the increase in Lgth_OH and Lgth_OL during knee bending is significant. Compared to the length 
at the 0° angle, Lgth_OH increases by 24.8% and Lgth_OL increases by 20.3% at 90°. 

In the study, a fixed distance of 150 mm was utilized at a bending angle of 0°. However, it's 
important to acknowledge an observed statistical error of approximately 5% in the measured 
values, despite the fixed distance. This error can be attributed to the inherent distribution of the 
two lengths, influenced by individual characteristics, as indicated by a coefficient of variation of 
around 5%. Factors such as slight variations in tape tension, placement errors, and human 
measurement errors can contribute to differences in tape measurements, leading to a larger 
standard deviation. In contrast, software-based measurements rely on precise digital techniques, 
minimizing human errors and providing more consistent and accurate results. A similar pattern 
was observed for skin strain, with larger variations noted at 60° and 90° angles, corresponding 
to moments of knee bending when muscles are most solicited. This variability likely stems from 
individual anthropometric characteristics such as body weight and muscle mass, impacting strain 
distribution on the skin surface. 

A linear regression analysis was conducted to examine the relationship between the bending 
angle and changes in Lgth_OH and Lgth_OL. The results revealed the following equations: 
Lgth_OH = Bending angle x 0.394 + 148.497 (R² = 0.739) and Lgth_OL = Bending angle x 0.332 + 
150.727 (R² = 0.683).  
Both Lgth_OH and Lgth_OL demonstrated a significantly linear relationship with the bending 
angle. It is also important to know if the length of the knee or amount of skin strain can be 
estimated from the length at a particular bending angle to design a knee brace that can address 
knee movement. Pearson’s correlation coefficients were calculated for the two length 
measurements across different bending angles. Among Lgth_OH measurements, only those 
taken at 30° showed significant correlation (p < 0.05) with measurements at 0° (R = 0.35), 60° (R 
= 0.57), and 90° (R = 0.76). Conversely, Lgth_OL at 60° exhibited significant correlation with 

Figure 8 Increase in Lgth_OH and Lgth_OL with larger bending angle, and (b) Skin strain at different bending angles 



measurements at 0° (R = 0.31), 60° (R = 0.68), and 90° (R = 0.69). Table 3 illustrates the linear 
regression model using Lgth_OH at 30° and Lgth_OL at 60° to estimate lengths at other bending 
angles. 

The coefficient of determination (R²) for the regression equation to calculate length at 0° is 
relatively small, with only 0.12 and 0.1 for Lgth_OH and Lgth_OL. This indicates that only 12% of 
Lgth_OH and 10% of Lgth_OL at 0° can be explained by Lgth_OH at 30° and Lgth_OL at 60°. For 
the regression equations to calculate length at other bending angles, R² moderately ranges from 
0.33 to 0.58. This suggests that the regression model could be further optimized by considering 
additional factors such as other geometrical leg data or even subject morphology. Investigating 
variables related to a person's physical ability, such as joint flexibility, may offer new insights into 
refining the regression model and enhancing its predictive capabilities. 

TABLE III 
RESULTS OF LINEAR REGRESSION ANALYSIS OF LENGTH MEASUREMENTS 

Independent 
variable (X) 

Dependent 
variable (Y) 

Regression 
equation 

R2 F p 

 Lgth_OH_0° Y= X (0.205) + 
113.589 

0.12 5.97 0.02 

Lgth_OH_30° Lgth_OH_60° Y= X (0.583) + 
76.272 

0.33 19.83 0.00 

 Lgth_OH_90° Y= X (0.822) + 
50.340 

0.58 53.15 0.00 

 Lgth_OL_0° Y= X (0.157) + 
123.171 

0.10 5.00 0.03 

Lgth_OL_ 60° Lgth_OL_30° Y= X (0.482) + 
80.3 

0.46 40.06 0.00 

 Lgth_OL_90° Y= X (0.816) + 
41.694 

0.48 42.29 0.00 

R2 denotes the coefficient of determination. 

 
Change in skin strain at around the patella 
The patella plays a significant role in skin strain changes during leg movement, with many knee 
braces incorporating a patella hole to accommodate this movement. Figure 9 illustrates the 
lengths of Lgth_AB and Lgth_CD at various bending angles. Results indicate that Lgth_CD 
increases by 19% between 0° and 90°, suggesting that most deformations observed in Lgth_OH 
and Lgth_OL stem from the skin covering the patella. Notably, the majority of deformation occurs 
during movement initiation, particularly between 0° and 30°, where the deformation reaches 
nearly 12%. Conversely, the change in Lgth_AB is 7% between 0° and 90°, with less variation 
compared to Lgth_CD, boasting an accuracy of 3.8% during the experiment compared to 5.3% 
for Lgth_CD. Skin strain change in the leg follows a linear pattern, primarily around the patella 
during knee bending. This underscores the importance of knee braces addressing patellar 
deformation to alleviate discomfort and movement burden for wearers. 



 Figure 9 Lengths of (a) Lgth_AB and (b) Lgth_CD at different bending angles 

As depicted in Figure 10, a knee brace may fit snugly at a standing posture but may form gaps 
and wrinkles when the knee bends. Utilizing materials like highly elastic knitted fabrics, which 
are stretchable and flexible, can effectively accommodate changes in knee shape and movement 
during physical activities. Understanding skin strain levels at different bending angles aids in 
selecting appropriate elastic materials with suitable tensile properties tailored to specific end-
uses and leg movements. These materials should possess enough elasticity to accommodate skin 
strain during dynamic motions, while also offering sufficient stiffness and stability to prevent 
knee overstretching and subsequent injuries.  
In knee brace design, areas experiencing high skin strain, such as around the patella, may benefit 
from additional support or padding to prevent injury. Conversely, regions with low skin strain 
might require less rigid structures, enhancing flexibility and comfort. Knee braces with patella 
holes allow space for the geometric variation of the patella. Monitoring changes in patella shape 
and dimensions during bending can inform the sizing of the patella hole and the elasticity 
required for materials surrounding it in the brace design. 

 
Figure 10 . A commercially available knee brace on knee at standing and bending positions 

Effect of the morphology of patella 
A sectional analysis was conducted to assess differences in curvature across varying bending 
angles at three distinct horizontal sections of the patella. Figure 11 illustrates the deviations, 
expressed in radius, from the actual arc to the perfect arc at every 45° interval at levels C, O, and 
D. From 45° to 135°, the patella curvature closely resembles a perfect circular arc shape, 



regardless of the bending angle. The deviations are slightly less than 100%, indicating slightly 
higher curvatures, at bending angles of 30° and 60° on both 45° and 135° measuring angles of 
the patella at level O and only at the 45° measuring angle at level D. However, beyond 45° on 
both the left and right sides from the patella centre, an increase in radius is noticeable, 
suggesting a relatively flatter patella shape rather than perfect circularity. The deviation in radius 
significantly highlights patellar asymmetry on the medial and lateral sides of the knee. Compared 
to the radius of the perfect arc, the radius at 180° (medial side) increased by 38% ± 8%, whereas 
at 0° (lateral side), it increased by only 18% ± 6%. Given that curvature is calculated as 1/radius, 
these findings indicate significantly higher curvature on the lateral side compared to the medial 
side. At 0° and 180° measuring angles (patellar edges), deviation is notably higher in the 
horizontal plane at level C compared to levels O and D. This observed asymmetry in knee 
morphology underscores a non-symmetrical curvature, with pronounced asymmetry at the 
patellar edge. 

The results of the side shifting of the patella at different bending angles and levels are presented 
in Table IV, showing a relatively high coefficient of variation ranging from 50% to 100%. This 
suggests that the side shifting of the patella is heavily influenced by individual differences, even 
among individuals with similarly shaped knee joints. The shift ratio, ranging from -0.1 to -0.5, 
indicates a significant displacement towards the lateral side, with knee bending from 0 to 90° 
further accentuating this lateral shift. However, significant differences are noted in the shift ratio 
between the center and the top and bottom of the patella, confirming the irregular and 
asymmetric shape of the patella. The observed variability at these levels may stem from 
individual anatomical differences, variations in muscle activity, or other factors influencing 
patella position. Moreover, the results underscore that asymmetry is heightened when the knee 
is bent. This information is invaluable in designing knee braces or other medical devices aimed 
at providing knee joint support and stability. By identifying the patella as a zone with significant 
shape deformation, targeted interventions can be supported during the design stage. 

Figure 11 Deviation of knee 



TABLE IV 
       PATELLA SHIFT 

Location 0° 30° 60° 90° 

At the Level of Landmark C -0.42±0.19 -0.36±0.16 -0.44±0.22 -0.28±0.40 

At the Level of Landmark O -0.05±0.11 -0.15±0.19 -0.35±0.15 -0.46±0.23 

At the Level of Landmark D -0.30±0.17 -0.33±0.27 -0.30±0.28 -0.17±0.28 

Incorporating the asymmetric position of the patella, particularly during knee flexion, into knee 
brace design presents opportunities for improvement. One recommendation is to explore the 
use of flexible and stretchable materials, such as knit fabric, as alternatives to the rigid foam 
commonly used in traditional knee braces. Utilizing knit fabric could enhance knee brace 
effectiveness and treatment outcomes by better conforming to the unique shape and movement 
of individual knees during physical activities. Additionally, the asymmetrical shape of the knee 
joint has significant implications for the placement of the patella hole in knee braces. Most knee 
braces with patella holes on the market feature symmetrical designs, which may not offer 
optimal support and stabilization to the knee joint, especially on the side with the larger 
curvature. Therefore, adapting knee brace designs to accommodate asymmetry could lead to 
improved functionality and comfort for users. 

A limitation of this study is the restricted participant pool, comprising 50 healthy Asian males 
aged between 22 and 33 years, without considering weight and height groups. This limitation 
hampers the statistical generalizability of our findings to a broader population of knee brace 
users. Therefore, further research on diverse populations is warranted to encompass a wider 
range of age groups, weight categories, ethnicities, and genders. Incorporating a broader 
spectrum of parameters beyond knee geometry and body mass index (BMI), such as muscular 
strength and joint flexibility, could facilitate the development of a more comprehensive model 
of knee dynamics. 

Conclusion 
This study employed 3D scanning and image analysis techniques to assess alterations in knee 
shape during movement, in order to  ensures measurement accuracy, especially for challenging 
or hard-to-maintain positions. The knee data at bending angles ranging from 0° to 90° was 
obtained from 50 Asian males aged between 22 and 33 years. The following findings were 
identified: 

• The circumference along the muscle belly at thigh (15cm above the centre of patella) 
and at calf (7.5cm below the centre of patella) have no significant changes with different 
bending angles. These measurements can serve as indicators for knee brace sizing. 

• Significant variations with the bending angles were found on the circumferences at 
patella and other levels of thigh and calf  

• As the leg bends from a standing straight position to 90°, the skin of the leg significantly 
stretches, with Lgth_OH and Lgth_OL increasing by 24.8% and 20.3% respectively. This 
extension primarily occurs around the patella, with the vertical length of the patella 
increasing by 19%. This stretching is most pronounced during the initiation of movement 
in the vertical direction. 



• The sectional view analysis quantifies the asymmetry of the knee and patella through 
radius measurement from the centre of the patella. The patella exhibits a deviation in 
terms of radius from a prefect arc by 38% on the medial side and 18% on the lateral 
sideThe deviation at the top level of the patella is 10% greater thanthat at the bottom 
and middle levels. 

• The patella shifts laterally when bending and the  shifting is susceptible to individual 
differences.  

The study outcomes offer valuable insights into the structural properties of the knee joint and 
have significant implications for the development of more effective treatment strategies for knee 
injuries and disorders. The data on circumference variation, skin strain changes, asymmetry, and 
patella shifting can guide the selection of fabrics and materials. Suitable elastic fabric can be 
incorporated in specific zones of the knee brace, strategically adapting to the biomechanics of 
the knee to match knee deformation with appropriate fabric tensile properties. The use of a 
perforated or "holed" design to accommodate the variation at the patella could be a potential 
strategy for  reducing the contact zone, thereby minimizing the risk of slippage during movement. 
The practical application of these strategies will be further explored in a subsequent study, which 
aims to design knee braces based on variations in knee brace stretching properties compared to 
the skin and shape of the patella hole. It is also recommended to expand the subject types to 
comprehensively summarize knee joint morphology and changes in different populations, 
providing a reference for designing more personalized knee protectors in clinical settings. 
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