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Abstract
The purpose of this study is to explore the biomechanical characteristics of the tibia after unicompartmental knee arthroplasty 

with different distributions of two-pin holes, and to optimize the two-pin holes scheme to reduce the risk of tibial fractures after 
unicompartmental knee arthroplasty. The commercial software Mimics is used to segment and reconstruct the geometric model 
of the lower limbs from Chinese female bone computed tomography images. Then, bone cuts are made according to the surgical 
steps of implanting a fixed bearing unicompartmental arthroplasty using 3-matic software. Four combinations of two pin holes 
created for tibial cutting guide placement are simulated with finite element analysis software ABAQUS under standing postures 
load case. The stress distribution and maximum von Mises stress on the tibial plateau is evaluated. Pin hole placed close to the 
medial edge of the proximal tibial plateau is associated with the highest stress and is more likely to result in medial tibial fracture. 
On the contrary, pinhole placed along the central axis near the tibial tuberosity has the lowest stress and reflects lower risk of 
fracture. The present study revealed that placing tibial cutting guide holding pins centrally would lower the risks of periprosthetic 
fracture of the medial tibial plateau by analyzing the associated stress in various pin hole positions using finite element analysis. 
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Introduction
Unicomparative Knee Arthroplasty (UKA) is one of 

the successful therapeutic strategies for the treatment of Knee 
osteoarthritis. The goal of UKA is to relieve pain and restore the 

function of the knee joint by replacing the diseased area with 
artificial implants. The most common type of UKA is medial 
UKA, because of the high prevalence of medial osteoarthritis 
[1,2]. UKA is applied to patients with unilateral compartment 
diseases. UKA only performs surface replacement for the worn 
parts of the knee joint to replace the damaged cartilage surfaces of 
the femoral and tibial joints in the knee joint, and UKA has a very 
high success rate [3,4] and high medium-to long-term survival 
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rate [5]. Compared with total knee replacement, unicondylar 
replacement has the following advantages: The exposed area of 
surgical invasion is small, and the cruciate ligament and most of 
the tibia are preserved, thus reducing the risk of postoperative 
complications [6-9]. The UKA technology is very mature, but 
it faces a small probability of serious complications [10,11], 
namely, postoperative periprosthetic fractures, which will lead to 
inconvenience for patients to move. In severe cases, reoperation 
is required and the reoperation will be more difficult. The specific 
manifestation of this complication is the stress fracture of the 
medial tibial plateau under the UKA tibial prosthesis, which will 
lead to the loosening of the tibial floor and the collapse of the 
tibial plateau as the condition deteriorates [12]. Normally, after 
UKA, the patient was allowed to walk with immediate weight 
bearing for early recovery. Therefore, the structural stability of the 
UKA implant and the surrounding bone is essential for the early 
recovery of the patient. It is very important to avoid periprosthetic 
fractures. According to research reports, varus more than 6 with 
the coronal plane or any tibial valgus can significantly increase the 
risk of medial compartment fractures [13]. In addition, low bone 
density in the proximal tibia and multiple holes in the proximal 
tibia during placement of the tibial cutting guide also increase the 
risk of fracture [14,15]. In order to reduce the risk of fracture, each 
brand of UKA manufacturers currently recommend the two-pin 
hole drilling scheme for guide positioning. However, according to 
the operation technical document of UKA manufacturers, there is 
still a chance of fracture using only the two-pin scheme [16,17]. It 
is currently unclear how the difference in the location distribution 
of these holes affects the development of tibial fracture, and there 
is still no definitive study on how to determine the location of the 
two-pin method for UKA guide positioning and drilling, and how 
to ensure the optimal mechanical properties of the tibial plateau 
after drilling. In recent decades, with the rapid development of 
powerful computing power of computers, Finite Element Analysis 
(FEA) has been increasingly used in the orthopedic field to 
simulate the mechanical properties of orthopedic implants under 
different conditions, optimize the design of orthopedic prostheses, 
surgical planning, orthopedic biomaterials, and orthopedic 
biomechanical research. FEA has become an important research 
method in orthopedic biomechanics due to its simple operation, 
data reliability, and parametric modeling [18,23]. In this study, 
the FEA technique was used to investigate the effect of different 
perforation locations on the stress distribution of the tibial plateau 
after UKA surgery and to analyze the risks of periprosthetic 
fractures with different tibial guide pin locations.

Subjects and Methods
Establishment of finite element analysis model

In this study, the workflow we used is shown in Figure 1. 
First, the three-dimensional geometric model of the lower limb 
needs to be obtained from the segmentation and three-dimensional 
reconstruction of CT data of the lower limb. At the same time, 
the UKA prosthesis model needs to be obtained through Computer 
Aided Design, CAD). Then the lower limb geometric model and 

the prosthesis geometric model were imported into the forward 
engineering software 3-Matic of CAD (Materialise, Belgium) for 
editing, and the geometric model after UKA was obtained. Finally, 
the finite element analysis software was used to establish the mesh 
model for finite element analysis.

Figure 1: The workflow of FEA.

Three-Dimensional Geometric Model of Tibia

In this study, a three-dimensional model was established 
using CT images of the tibial region of a volunteer without any 
anatomical abnormalities in the lower extremity. The CT layers 
were 1.25mm thick and each layer was 512×512 pixels in size. We 
used the medical image segmentation software Mimics (Material, 
Belgium) to threshold segment the CT data, erase the pixels except 
the region of the lower limb, and then use the Region growing 
function to segment the Mask of the region where the tibia and 
femur are located, and finally use the Calculate 3D function to 
calculate the 3D geometric model of the tibia. To distinguish the 
cortical bone from the trabecular bone structure, we shifted the 
3D geometric model of the tibia inward by 2mm to generate the 
trabecular bone structure, and then used the Boolean operation to 
generate the 3D geometric model of the cortical bone structure by 
subtracting the trabecular bone geometry from the 3D geometric 
model of the tibia. Finally, a 3D geometric model containing 
cortical bone and trabecular bone was obtained, as shown in 
Figure 2A. The green geometry was of cortical bone structure, 
and the dark blue geometry was of trabecular bone structure. 
The center of the knee joint was defined as the vertex of the 
intercondylar fossa of the femoral joint surface, and the center 
of the hip joint was defined as the central point of the femoral 
head using the Mose circle method. The center of the ankle joint 
was defined as the midpoint of the width of the talus [24]. The 
force line is defined as the connecting line connecting the center of 
the hip joint and the center of the ankle joint, as shown in Figure 
3A, where the red dotted line is the force line. The medial single-
chamber knee prosthesis was redesigned by the CAD software 
Solidworks (dassault systemes, USA) using a reverse engineering 
approach, as shown in Figure 2B. It was assembled on the medial 
tibia according to the surgical requirements described in ZUK’s 
Surgical Technical Manual (Zimmer, USA). Cement fixation 
was simulated by inserting a 2.0mm thick layer of bone cement, 
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Polymethyl Methacrylic (PMMA), between the cutting surface of the tibia and the bottom of the tibia.

Figure 2: A: Geometric model of the tibial plateau and UKA prosthesis (Figure A is a geometric model of the tibial plateau after cutting; 
B: is a UKA implant prosthesis; C: is the geometric model after UKA). The geometry models of Tibial and UKA prosthesis.

Cutting Plane Design of Tibial Plateau

To mimic the morphology of the posterior tibia of the UKA, a transverse incision at the proximal end of the tibia was located 4 
mm below the medial tibial plateau (Figure 3B) with a posterior tibial axis tilt of 5 perpendicular to the coronal tibial axis (Figure 3A). 
The sagittal cutting plane consists of a plane perpendicular to the transverse cutting plane and passing through the medial edge of the 
medial tibia. The geometric model of the tibial plateau after the cutting is shown in Figure 2A. Finally, according to the requirements of 
UKA surgery, the UKA prosthesis was installed on the cut tibial plateau. The final postoperative geometric model diagram of UKA was 
shown in Figure 2C.

Figure 3: Tibial platform cutting (Figure A is a schematic diagram of lower limb force lines; B is the offset distance of the tibial plateau 
cutting plane; C figure for cutting plane rotation angle). Figure 3. Cutting plane of tibial

Design of Four Punching Modes

Place the two pin holes according to the design of the tibial cutting guide. The use of two combinations of punch and horizontal 
translation of the cutting guide produces four pin configuration models, the schematic of which is shown in Figure 4. In modes 1 (Figure 
4A) and 2 (Figure 4B), the tibial guide is aligned with the sagittal plane. Modes 3 (Figure. 4C) and 4 (Figure 4D) are established by 
moving the proximal portion of the cutting guide laterally horizontally to align with the tibial force line (i. e ., using M/L at the axis of 
the assembly) while maintaining a lateral cut perpendicular to the force line.
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Figure 4: Four different drilling patterns (pattern 1 in Figure A, two holes against the sagittal tibial cutting plane; Figure B shows 
pattern 2 with one hole against the sagittal tibial cutting plane and the other hole against the edge of the tibial plateau, near the medial 
aspect of the tibia; Figure C shows mode 3 with the two holes against the force line; Figure D shows pattern 4 with one hole against the 
force line and the other centrally located in the transverse tibial incision). Figure 4. Four types of two pin-holes

Finite Element Model Establishment

In Abaqus software (dassault systemes, USA), because 
the surface of the tibial geometry is irregular, we use tetrahedral 
mesh to divide the tibial model. The mesh size is 3mm, and about 
784000 tetrahedrons are produced. The finally produced mesh 
model is shown in Figure 5. According to the material properties of 
the literature [25], the young’s modulus of the polyethylene liner, 
titanium alloy tibial plateau, and bone cement layer were 0.65 GPa, 
110.6 GPa, and 2.65 GPa, with poisson’s ratios of 0.46, 0.33, and 
0.46, respectively. The Young’s modulus of cortical and trabecular 
bone is defined as 0.83 GPa and 13.4 GPa with a poisson’s ratio 
of 0.3. The load was applied as a 1000 N load down the force line 
(shown in Figure 3A) on the surface of the polyethylene liner to 
simulate a 68 kg body weight patient standing. A binding constraint 
was established between the polyethylene liner and the titanium 
alloy tibial plateau, and contact was established between the tibial 
plateau and the bone cement, and between the bone cement and the 
trabecular bone. A common node constraint is establish between 
that trabecular bone and the cortical bone.

Figure 5: The mesh of tibial FEA model.

Finite Element Solution

The model analysis mode is set as a static model. Static, 
Genera analysis type using Abaqus software. The solver uses 
an autoincrement step with an initial increment step length of 

1, a minimum increment step of 1E-5, and a maximum number 
of iterations of 100. Solvers were run on ThinkPad P15 mobile 
workstation and each model was solved in approximately 15 
minutes.

Result
In order to study the effect of perforation location on stress 

distribution of tibial plateau after UKA operation, we used the von-
Mises stress results of finite element analysis. When processing 
von-Mises stress analysis, we used the default post-processing 
parameters of results in Abaqus software, and in the Average 
element output at nodes option, and set the Averaging threshold 
to 75%. We analyzed the stress magnitude, the distribution of 
the stress cloud picture and the stress concentration on the tibial 
model. As shown in Figure 6, the stress nephogram of the four 
modes shows that the distribution shapes of stress iso-surface 
are known, and the high-stress area is shown in the Figure. The 
yellowish area of the stress nephogram is concentrated on the left 
side of the sagittal cutting plane, and the stress in the high-stress 
area remains at the level of 7MPa, which is far lower than the yield 
strength of cortical bone material [26] (take the research data of 
50-year-old women for example, the yield strength value is about 
140MPa). However, in the case of mode 2, stress concentration 
occurred in the distal hole and the value remained high, as shown 
in Figure 7, reaching 29MPa. It was also unevenly distribute over 
that circumference of the hole near the tibial edge and concentrate 
in the lower left region of the hole. With reference to the other 
three modes in Figure 6, the stress in the circumferential region 
of all the holes is basically in the range of 2-7MPa. The stress 
concentration near the hole in mode 2 is about 4 times of the stress 
peak around the hole in the other three modes. In the four models, 
the sagittal plane cutting plane edge stress is the largest. In mode 2, 
a high stress area was distributed around the sagittal incision. The 
maximum von-Mises stress appears in the mode 2 hole. Von-Mises 
stress is the lowest in mode 3 hole. In the four modes, von-Mises 
stress tends to increase and the stress is more concentrated when 
the hole position is away from the force line. The von-Mises stress 
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tends to decrease and the stress distribution area is uniform when the hole position is closer to the center position. Under the four modes, 
the maximum von-Mises stress of the tibia was about 30MPa except for Mode 2, and the maximum stress in Mode 2 reached 60MPa, 
which was about twice the value of the other three models. A higher stress means a lower safety factor. In mode 2, the stress is highly 
concentrated and maintained at a high level.

Figure 6: Stress nephogram of tibia after UKA operation in four punching modes, The stress distribution on tibial.

Figure 7: Stress nephogram of area near hole in case of mode 2, The stress distribution on tibial with mode two 

Discussion
Significance of finite element analysis for drilling of UKA implant 

The structural stability of the UKA implant and the surrounding bone is essential for the early recovery of the patient. In this study, the 
von-Mises stress distribution on the tibial surface due to different combinations of perforations generated during the placement of the 
tibial cutting guide was evaluated by finite element analysis. Analysis result indicate that placing that punch position closer to the tibial 
force line results in a decrease in proximal tibial pressure as compared to place it closer to the medial aspect of the tibia or below the 
sagittal tibial cutting plane. The incidence of periprosthetic fractures of the tibial plateau reported in the literature ranges from 0% to 10% 
[27,28]. Periprosthetic fractures of the medial tibial plateau below the tibial floor are a very serious complication after the UKA. Early 
non-displaced stress fractures can be treated conservatively with either protective weight-bearing or screw fixation. However, displaced 
fractures accompanied by loosening of the implanted prosthesis require revision of total knee arthroplasty, and acute fractures require 
medial support plate fixation [9]. After the repair surgery, the patient also needs to install protective supporting instruments to restore 
the walking function of the patient. Therefore, once the fracture situation is sent after UKA surgery, we face the greater invasive surgical 
treatment brought by reoperation, which brings more bone tissue cutting or anatomical tissue destruction, thus prolonging the patient’s 
rehabilitation device and bringing some potential complications such as infection. So this goes against the original intent of the UKA 
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procedure. At present, most UKA-related finite element analysis 
studies have focused on the fracture risk associated with the tibial 
tray. Some researchers have proposed that valgus or varus of any 
tibial component above 6 in any tibial component would increase 
the pressure on the proximal end of the medial tibia [13]. In order 
to avoid the interference caused by the varus/varus malposition in 
the finite element analysis model, we simulated the osteotomy in a 
horizontal plane perpendicular to the tibial force line.

Effect of UKA Punching Mode on Stress Distribution Around 
the Hole After Operation

In this study, we found that there are similar unique high-
stress areas (yellow areas in Figure 6) on von-Mises stress diagrams 
in four modes. In this study, the high-stress areas develop along the 
medial tibia, and the sub-high-stress areas (areas between green 
and yellow in Figure 6) surround the high-stress areas. In this 
study, they are called stress peripheral zones. This phenomenon is 
consistent with the clinical cases of fracture after UKA [15]. The 
drilling position of the fixing pin of the tibial cutting guide rail is 
placed close to the medial area of tibia, as in the case of drilling 
mode 2, which will cause excessive stress concentration, which is 
much higher than that of other drilling modes. The hole at the far 
end of the punch hole in the model 4 shows the minimum stress, 
which is far away from the stress center zone and the peripheral 
zone; However, the proximal pinhole of Mode 4 is also in the 
central zone, so it is also related to the high stress value (Figure 
6). In mode 3, the near-end and far-end drilling are far away 
from the central and peripheral zones, and the stress value is the 
smallest, which indicates that this is the safest drilling scheme. 
From the above analysis results, it can be concluded that each hole 
will cause the stress around the hole to rise, but the rising value is 
quite different, which is closely related to the distribution of the 
hole location. The farther the hole is from the central zone and the 
peripheral zone, the more uniform the stress distribution around 
the hole is, and the lower the stress peak value is. In this study, 
we found that there are similar unique high-stress areas (yellow 
areas in Figure 6) on von-Mises stress diagrams in four modes. 
In this study, the high-stress areas develop along the medial tibia, 
and the sub-high-stress areas (areas between green and yellow in 
Figure 6) surround the high-stress areas. In this study, they are 
called stress peripheral zones. This phenomenon is consistent with 
the clinical cases of fracture after UKA [15]. The drilling position 
of the fixing pin of the tibial cutting guide rail is placed close to the 
medial area of tibia, as in the case of drilling mode 2, which will 
cause excessive stress concentration, which is much higher than 
that of other drilling modes. The hole at the far end of the punch 
hole in the model 4 shows the minimum stress, which is far away 
from the stress center zone and the peripheral zone; However, the 
proximal pinhole of Mode 4 is also in the central zone, so it is also 
related to the high stress value (Figure 6). In mode 3, the near-end 
and far-end drilling are far away from the central and peripheral 
zones, and the stress value is the smallest, which indicates that 
this is the safest drilling scheme. From the above analysis results, 
it can be concluded that each hole will cause the stress around the 

hole to rise, but the rising value is quite different, which is closely 
related to the distribution of the hole location. The farther the hole 
is from the central zone and the peripheral zone, the more uniform 
the stress distribution around the hole is, and the lower the stress 
peak value is.

Effect of UKA Drilling Mode on the Peak Stress of Tibia After 
Operation

The peak stress of tibia after UKA is shown in Table 1. In four 
modes, the peak stress of tibia plateau appears at the intersection 
of transverse plane and sagittal plane, and the peak stress of 
intersection is closely related to the position of proximal hole. 
The only difference between mode 3 and mode 4 is the position of 
proximal hole. Mode 3 is located in the area close to the force line, 
and mode 3 is located in the center of the central belt. In this case, 
the peak stress of tibia plateau is the smallest, compared with mode 
1 and mode 3. The proximal hole of Model 4 is located directly 
below the center of UKA prosthesis. In other modes, the proximal 
hole deviates from the center of the prosthesis. Therefore, the 
proximal hole located directly below the center of the prosthesis 
will reduce the von-Mises stress peak of the tibia, that is, relieve 
the stress concentration at the intersection of the transverse plane 
and the sagittal plane.

Punch model Von-Mises Stress peak(MPa)

model 1 31.5223

model 2 60.5302

model 3 32.1939

model 4 27.0325

Table 1: The peak von-Mises stress on tibial with four kinds of 
pin hole.

The Best Punching Method and Punching Guidance in UKA 
Surgery

In order to reduce the risk, the two-pin drilling method 
needs to fix the position of the distal hole in the area close to the 
force line. For example, the distal holes of Mode 3 and Mode 4 
are located close to the force line. Model 4 is recommended for 
patients who need to introduce two punching laws. For patients 
with osteoporosis, you can choose to drill a distal hole near the 
force line first, and then cut it. Although it brings some problems of 
vibration in the cutting process, it is a safe attempt for patients with 
osteoporosis to avoid stress concentration caused by placing a hole 
in the central belt. Because of the nonlinear relationship between 
the fatigue life of bone materials and stress, smaller peak stress 
means longer fatigue life [29,30]. For patients with osteoporosis, 
the peak value To sum up, in UKA surgery, the drilling scheme 
of mode 4 is adopted, in which the hole near the distal end of the 
force line is drilled first, and in case of vibration, the hole near the 
center of the central belt is drilled.
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Innovation and Deficiency

In this study, the largest drilling scheme was explored through 
finite element analysis, which provided a theoretical guidance for 
reducing the risk of fracture after UKA surgery. This study showed 
that a reasonable drilling method could reduce the maximum stress 
of the tibial plateau after surgery and make the stress distribution 
of the tibial plateau more uniform, thus reducing the medium and 
long-term bone tissue fatigue and further inducing the risk of 
fracture. The risk was lower than that of patients with osteoporosis, 
and it was very important to reduce the stress concentration and 
stress peak value of the tibial plateau. There are some limitations 
in this study. First, it was a preliminary finite element study to 
evaluate the stress distribution associated with different punch 
locations at the proximal tibia. The reconstructed model is based 
on a normal Chinese female tibial model, and its generalization 
to other races or genders is unknown. Second, we simulated the 
virtual tibial incision according to the design and description of 
ZUK’s surgical technique. FEA may change if testing other brands 
of fixed bearing UKA or moving bearing UKA. Third, the stress 
values presented in this study were only used for comparison and 
risk assessment between the four modes. The correlation between 
stress values and actual material failure may require further 
verification by biomechanical testing. In the subsequent research, 
biomechanics of the corpse can be added as verification. The 
displacement during the loading process is monitored by an optical 
tracking system, such as NDI equipment, and the stress changes 
on the tibia and the surface of the prosthesis are recorded by using 
a membrane pressure sensor. The unique data and pressure data 
obtained can be used as reference for improving the finite element 
analysis model.

Conclusion 
In this study, the finite element analysis technology was used 

to simulate the four patterns of UKA drilling with two pins method, 
and the von-Mises stress distribution of the tibia was obtained. It 
was analyzed that drilling the distal hole close to the force line and 
the proximal hole near the center of the central band could reduce 
the peak stress of the tibia and make the stress distribution uniform, 
thus reducing the risk of postoperative fracture. UKA procedures 
should avoid proximal drilling near the medial edge of the tibia.
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