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Abstract

Background and Aims: Lower extremity fracture reduction surgery is a key step in

the treatment of lower extremity fractures. How to ensure high precision of fracture

reduction while reducing secondary trauma during reduction is a difficult problem in

current surgery.

Methods: First, segmentation and three‐dimensional reconstruction are

performed based on fracture computed tomography images. A cross‐

sectional point cloud extraction algorithm based on the normal filtering of the

long axis of the bone is designed to obtain the cross‐sectional point clouds of

the distal bone and the proximal bone, and the optimal reset target pose

of the broken bone is obtained by using the iterative closest point algorithm.

Then, the optimal reset sequence of reset parameters was determined,

combined with the broken bone collision detection algorithm, a surgical

planning algorithm for lower limb fracture reset was proposed, which can

effectively reduce the reset force while ensuring the accuracy of the reset

process without collision.

Results: The average error of the reduction of the model bone was within

1.0 mm. The reduction operation using the planning and navigation system of

lower extremity fracture reduction surgery can effectively reduce the reduction

force. At the same time, it can better ensure the smooth change of the reduction

force.

Conclusion: Planning and navigation system of lower extremity fracture reduction

surgery is feasible and effective.
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1 | INTRODUCTION

At present, the computer‐assisted planning system for surgery has

become an important tool for surgeons.1,2 The important steps of the

surgical planning system are generally to input the medical image of

the patient's lesion, segment the medical image, determine the

surgical approach, determine the size and design of the surgical

instrument or prosthesis, perform the surgical simulation in the

navigation system, and finally support the entire surgical navigation

system completes real clinical operations.3–5

In spinal surgery, Ferrero et al.6 proposed a three‐dimensional

(3D) surgical planning software, SpineEOS, which combines stereo-

scopic radiological images to assist users in preoperative planning.

Knez et al.,7 Qi et al.,8 and others proposed a surgical planning

method for spinal curvature treatment through 3D reconstruction of

vertebrae and shape simulation of vertebral screws, which increased

the degree of vertebral screw fixation and greatly improved the

treatment effect. In joint replacement surgery, Miura et al.,9 Gao

et al.,10 and others proposed the Zed knee joint system, which can

help users perform preoperative planning for total knee arthro-

plasty surgery. For hip‐related surgery, Sugano11 proposed a

nonimaging computer‐assisted navigation system for total hip

arthroplasty. Even though there is no actual hip reduction experi-

ment, the postoperative effect of different femoral neck lengths can

be seen through the system. The data of the operation can also be

stored in the system to complete the simulated hip replacement

operation.

For fracture reduction surgery, Fürnstahl et al.12 proposed a

computer‐assisted fracture reconstruction method based on the

contralateral bone mirror model. This method uses the healthy

contralateral bone as a template and cooperates with GPU registra-

tion calculations to complete surgical planning. For complex proximal

humerus fractures, it minimizes user interaction and planning time

compared to manual reduction planning. Han et al.,13 Zhao et al.,14

and others proposed a surgical planning system based on multibody

3D registration in pelvic fracture surgery, which reduced image

registration errors and fracture reduction errors. Liu proposed a

semiautomatic fracture damage measurement system for commi-

nuted fractures of the tibia,15 which performed a 3D reconstruction

of the fracture by defining the degree of fracture damage to

complete the reduction plan. Lee proposed an optical tracking

system‐free image‐guided semiautomatic registration master‐slave

robotic system for long bone fracture surgery, which can eliminate

the line‐of‐sight limitation of image‐guided robotic surgery and

increase the rotation angle of the traditional Stewart platform

workspace.16

At present, there are few systematic studies of the planning

system for lower limb fracture reduction surgery. Due to the diversity

of lower limb fractures and the difficulty of reduction, and the

fracture process also involves the reduction force generated by

the soft tissues,17,18 excessive reduction surgery can easily cause

secondary damage to the soft tissues at the fracture site.19 Some

studies on fracture surgery planning use the method of using the

contralateral bone generation prediction model to complete the

reduction. Some systems use deep learning or statistics to build bone

models.20–22 This system also needs to be more heavily dependent

on the quantity and quality of healthy bone data. Therefore, research

on surgical planning for lower extremity fracture reduction still needs

to be developed and improved.

This study aims to develop a planning and navigation system for

lower extremity fracture surgery. While ensuring accurate registra-

tion and tracking, it can also complete preoperative fracture

reduction planning and intraoperative visual assistance, which can

effectively improve the reduction accuracy of fracture sections. It

also addresses the problem of secondary soft tissue damage at the

fracture site caused by excessive resetting force.

The main contributions of this study are as follows: (1) The

method of extracting the sectional point cloud using the long axis

of the bone and the normal angle is proposed. This method

extracts more points, reduces the effect of missing matching

points on the alignment, and improves the stability of the

alignment of distal and proximal bones. (2) A detailed analysis of

the reduction force was performed to determine the optimal

reduction sequence for the reduction parameters. Based on this, a

fracture reduction path planning algorithm was designed and

implemented to avoid interosseous collision and reduce reduction

force.

2 | MATERIALS AND METHODS

2.1 | Medical image segmentation and
reconstruction of lower extremity fractures and
registration of fracture planes

In this section, after segmentation and reconstruction of the original

medical image of the lower extremity fracture, the point cloud model

of the broken bone is first obtained by point cloud sampling, and the

bone long axis normal filtering method is designed to extract the

point cloud of the fracture section. The position and attitude change

from the fracture state to the reset state were obtained through

point cloud registration.

2.1.1 | Medical fracture image reconstruction and
point cloud sampling

The region growing segmentation algorithm and the watershed

segmentation algorithm have been used in combination to obtain

relatively pure fracture regions.23,24 3D reconstruction of 2D medical

tomography images based on VTK using the marching cube

algorithm.25 The point cloud model is then obtained by uniform

sampling. Figure 1 shows the results of uniform sampling of the

model bone.
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2.1.2 | Bone long axis normal filtering method to
extract cross‐sectional point cloud

In this study, the method of the angle between the long axis of

the bone and the normal line is used to extract the cross‐sectional

point cloud. This method will extract more points, which can

reduce the negative effect of loss of matching points caused by

gaps and other reasons, and the impact on registration will

be less.

In this method, the long axis of the bone is a vector

representing the axial direction of the lower limb bone. The

position of the long axis of the bone is not fixed and can be

selected flexibly. The number of points in the point cloud is large,

and fractures will cause a relatively obvious angle between the

cross‐section and the bone side wall. The randomness of manually

selecting the long axis of the bone has a small impact on the

registration, when determining the long axis of the bone, two

points on the side of the bone can be manually selected to

generate the long axis of the bone. As shown in Figure 2, manually

select two points on the side of the bone to obtain the long axis l of

the bone.

Because the lower extremity bone is approximately cylindri-

cal, the normal of most points on the bone sidewall point cloud is

approximately perpendicular to the direction of the long axis of

the bone. In contrast, while the angle between the normal of the

points on the fracture section and the direction of the long axis of

the bone is small. This feature can be used to classify the point

cloud by setting an appropriate empirical threshold. Points with

an angle greater than the threshold are considered to be on the

sidewall. Otherwise, they are on the cross‐section as shown in

Figure 3.

Use kd‐tree to search and traverse the point cloud, get the

adjacent point set of each point, and use the point set to fit the plane

through the least square method to get the normal vector of the

point. The angle between the normal of the broken bone model point

and the direction of the long axis can be obtained by calculating the

cosine value of the angle by the equation:

θ
v v v

v l

l
cos =

×

‖ ‖ ( ) + ( ) + ( )
.

i

ix iy iz
2 2 2 (1)

Combined with Figure 3B, it can be seen that when the value

of εθ is 60, the cross‐section point cloud can be separated. In actual

operation, the εθ value can be manually modified to meet different

F IGURE 1 Broken bone model point cloud sampling.

F IGURE 2 Select the bone long axis.

F IGURE 3 Angle change between the normal of the fracture point cloud and the long axis of the bone. (A) Origin cloud model. (B) Angle
change between normal and long axis (angle 0°–90° corresponds to verticality 0–1).
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types of broken bones. By setting the threshold εθ, traverse the

entire bone model point cloud according to the kd‐tree search

method, and keep the points of  θ ε< θ in the point cloud, so as to

obtain the filtered cross‐sectional point cloud, as shown in

Figure 4.

After extracting the section point cloud, there will be an error

point cloud and some outlier noise points similar to the nature of the

section, the system will automatically remove abnormal noise points.

This study adopts the method of point cloud clustering and bilateral

filtering to eliminate these outliers. The actual effect of section

extraction and outlier processing on a fractured bone point cloud

model is shown in Figure 5.

2.1.3 | Cross‐section point cloud registration using
ICP algorithm

In this study, the ICP algorithm is used to achieve the matching and

alignment of the sections, taking advantage of the fact that the

fracture sections are originally on the same plane. Starting from a

random or given initial correspondence, the algorithm continu-

ously iteratively finds the optimal correspondence between point

clouds to compute the pose transformation of two sets of point

clouds.

The actual registration point cloud and registration results are

shown in Figure 6, where the yellow, blue, and green point clouds

represent the source point cloud, target point cloud, and point cloud

after registration respectively. It can be observed that the registered

point cloud almost coincides with the target point cloud that is, the

cross‐sectional registration alignment is completed.

F IGURE 4 Bone long axis normal method to extract cross‐
sectional point cloud.

F IGURE 5 Effect of outlier processing. (A) Raw point cloud. (B) Point cloud after section extraction. (C) Point cloud after outlier processing.

F IGURE 6 Cross‐section point cloud registration.

F IGURE 7 Schematic diagram of the relationship between the
original coordinate system and the target coordinate system.
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2.2 | Lower extremity fracture repositioning path
planning algorithm

This section mainly studies the planning of the reset path. First, the

parameters of the reset path planning algorithm are determined, and

then the interbone collision and reset force are studied separately,

and the corresponding interbone collision detection algorithm and

the optimal reset process sequence are designed. Integrate a safer

and more effective reduction path planning algorithm for lower

extremity fracture reduction surgery.

2.2.1 | Determine algorithm parameters for reset
path planning

To complete the planning in the coordinate system established by the

computed tomography (CT) image, it is necessary to establish

the coordinate system before and after the fracture reduction in the

reconstructed 3D space coordinate system to determine the planning

parameters of the fracture reduction In the clinical surgical treatment of

lower limb fractures, stretching, traction and manual reduction are

achieved by displacing the distal, the coordinate systems are re‐

established on the proximal broken bone and the distal broken bone,

respectively, to obtain the posture transformation of the distal bone

during the reduction process.

v1 and v2 are the normal vectors of any two points, and the unit

vector orthogonal to them is taken as the bone long axis l12.

l
v v

v v
=

×

‖ × ‖
.12

1 2

1 2
(2)

The normal vector of the point cloud is randomly divided into

two sets with the number of elements k , and the best bone long axis

direction l is obtained by traversing the two sets:

∑
n

l
v v

v v
=
1 ×

‖ × ‖
.

i j

k
i j

i j=1, =1

(3)

The other two axes in the coordinate system are perpendicular to l.

Using the long axis l of the other end bone as a reference, select the

second coordinate axis, that is, the direction vector perpendicular to the

plane composed of the two fractured bones, defined as t; determine the

third coordinate axis s according to the rule of the Cartesian rectangular

coordinate system, As shown in the following formula:

t l l× ,  (4)

s l t× . (5)

This results in the complete target Cartesian coordinate system:







C

s t l o
=

0 0 0 1
.t (6)

Let the homogeneous coordinate transformation matrix obtained

by cross‐sectional registration be T, after taking the inverse, the

original position of the distal bone before reduction can be obtained

through the coordinate system of the target position.

C T C= .i
−1

t (7)

TABLE 1 Fracture reduction parameter table.

Parameter Describe Calculation expression

ts (mm) s axis displacement parameter T14


tt (mm) t axis displacement parameter T24


tl (mm) Displacement parameter along the long axis of the bone T34


α (°) The angle of rotation parameter around the s axis 





α = atan2 /

β β

T T

cos cos
32 33
 

β (°) The angle of rotation parameter around the t axis β T= −asin( )31


γ (°) The angle of rotation parameter about the long axis of
the bone







γ = atan2 /

β β

T T

cos cos
21 11
 

F IGURE 8 Bone collision detection.
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In this way, the relationship between the target coordinate

system after reset, the original coordinate system before reset, and

the coordinate transformation matrix obtained by section registration

is obtained, as shown in Figure 7.

In this study, the three position parameters and three angle

parameters of the relative coordinate system are used as the basis for

adjustment, which is consistent with the clinical technique of lower

extremity fracture reduction.

First, based on the target coordinate system Ct, obtain the relative

homogeneous transformation matrix T′ of the coordinate system

T C C′ = .t
−1

i (8)

That is, in the target coordinate system, the distal bone moves to

the initial position of the distal bone through the coordinate

transformation matrix T′, and the position parameters in the relative

position transformation matrix are the values that need to be

adjusted for each parameter in the reset and reverse process. The

corresponding translation amount in T′ is the corresponding

translation parameter ts, tt, and tl. The angle parameters α, β, and γ

need to be calculated by the rotation matrix T′ in R to obtain Euler

angles, and the process of rotating around the α, β, and γ axes

successively is selected for calculation. All fracture reduction

parameters obtained and their descriptions are shown in Table 1.

2.2.2 | Bone collision detection algorithm design

In the fracture reduction planning process, the corresponding inteross-

eous collision detection algorithm is designed to ensure that the planned

F IGURE 9 Muscle model. (A) Calf skeletal
muscle model. (B) Muscle‐tendon unit. CE,
contraction unit; PE, parallel unit; SE,
series unit.

F IGURE 10 Passive stress of muscles under different reset sequences. (A) Reset sequence (α,β→dis→s,t→γ→1 + dis). (B) Reset sequence
(dis→γ→α,β→s,t→1 + dis).
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reduction path is collision‐free. The specific implementation steps of the

interosseous collision detection algorithm are as follows:

1. The fractured bone model reconstructed through VTK is stored in

the data format of PolyData. Traverse the spatial points in the

reconstructed distal bone PolyData data, and for each point,

determine the inclusion relationship with the proximal bone

PolyData polyhedral model using the priming ray method.

2. If the result of the judgment at the current point is inside the

proximal bone model, the result is judged to be a collision, the

algorithm loop is terminated, and the result is returned.

3. If the result at the current point is outside the proximal bone model,

mark and find the next point to continue the inclusion relationship

judgment until all the spatial points in the distal bone PolyData are

judged and marked as outside the proximal bone model, then the

result is no collision, terminate the algorithm and return the result.

F IGURE 11 Reset planning algorithm flowchart.

F IGURE 12 Schematic diagram of the fracture reduction process.
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Figure 8 shows that when the algorithm is executed and the

172nd point is traversed, it is detected that the point is inside the

proximal bone polyhedron model, indicating that a collision has

occurred.

2.2.3 | Analysis of the reduction force of lower
extremity fractures

In clinical fracture reduction surgery of the lower extremity, if the

reduction is not performed properly, excessive force will be

applied to the local soft tissues, which will cause secondary

damage to the soft tissues at the fracture site. To analyze the

influence of the adjustment sequence of the reset parameters on

the reset force, the open‐source human skeletal muscle model

3DGaint2392 provided by OpenSim is used, as shown in Figure 9A.

As shown in Figure 9B, the skeletal muscle model is idealized to

consist of multiple muscle‐tendon units, and each unit is composed

of a contraction unit (CE), a parallel unit (PE), and a series unit

(SE).26 The force of the skeletal muscle also corresponds to the

sum of the active force of the muscle, the passive force of the

muscle, and the force of the tendon.

Taking as an example a total translation of 5mm and a total

rotation of 20°, add a stretch of 20mm, reset these parameters in

different orders, and record the magnitude of the passive force on

the muscle fibers during the reset process. The results are shown in

Figure 10.

There are many clinical treatment methods, but they basically

include preoperative diagnosis, stretching and traction, manual

reduction, and fixation and recovery. If stretching and traction are

performed directly without angle reduction, multiple muscles will

generate large reduction forces due to torsional deviation, which is

consistent with the results shown in Figure 10A.

F IGURE 13 Fracture reduction surgery navigation system platform. (A) Hardware platform. (B) Conversion between coordinate systems.

F IGURE 14 Model bone. (A) Tibia model bone. (B) Model bone after amputation. (C) Distal bone jig and fixation.

TABLE 2 Reset planning parameter table.

Parameter type Parameter value

Kd‐tree search radius 4mm

Long axis filter threshold 60°

Outlier statistics number range 50

Iterative closest point furthest registration range 25mm

Planning step 2mm
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F IGURE 15 Reset planning path
visualization preview.

F IGURE 16 The relationship between passive force and length of each skeletal muscle.
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2.2.4 | Algorithm design and integration of reset
path planning

The reduction path planning should ensure that the fractured bones

do not collide during the reduction process and minimize the

reduction force during the entire reduction process. The reset path

planning algorithm is shown in Figure 11. The actual reset process is

to output in reverse order according to the planned coordinate

transformation matrix sequence, and then perform pose transforma-

tion on the actual position of the distal bone. The actual reset process

is shown in Figure 12.

3 | EXPERIMENTS

3.1 | Experimental setup

The experimental setup is shown in Figure 13A. It includes the

surgical navigation workstation responsible for carrying the surgical

planning and navigation software system, the multieye surgical

instrument positioning and tracking system responsible for obtaining

target pose information, and the surgical actuator responsible for the

actual operation. As shown in Figure 13B, the system is integrated

through image registration and machine registration.

3.2 | Lower extremity fracture reduction surgery
experiment

In the experiment, a human tibia model made of polymeric materials

was used to simulate the broken bone of a fractured patient, and

steel balls with a diameter of 1mm were attached to the model bone

as feature points for registration. The model bone is truncated at the

middle part of the bone in advance. A relative pose relationship is set

between the two broken bones to simulate the situation of the

patient after a fracture, and its CT image is scanned. The proximal

bone is fixed on the test bench with a clamp, and the distal bone is

fixed at the end of the robot for pose adjustment. The model bone is

shown in Figure 14.

The whole experimental process is the same as the clinical

fracture reduction surgery. First, the CT image is input, and image

segmentation, 3D reconstruction and cross‐sectional point cloud

registration are sequentially performed. After the cross‐sectional

registration is completed, the reduction path is planned. After

verifying that there is no abnormality in the planned path in the

planning preview window, you can enter the planning results into the

robot control plug‐in to perform the reset. The reset parameters are

shown in Table 2. Figure 15 shows the visualized preview result of

the plan.

The reset path after the coordinate conversion is transmitted to

the robot through the control plug‐in, the reset operation is

performed, and the actual position of the robot end positioning

point is recorded in real time.

In terms of force analysis, an experiment was designed to

simulate the muscle reset force at the fracture site to verify that the

system's planned path for lower extremity fracture reduction can

reduce the reset force during the reset process. Use OpenSim to

analyze the relationship between the passive force of muscle fibers

and the total length of muscle‐tendon, as shown in Figure 16,

simulate the main skeletal muscles near the fracture through

F IGURE 17 Muscle simulation for
resetting force test. (A) Simulation of muscles
using springs in the experiment. (B) Simulation
of muscles using springs in the experiment.

F IGURE 18 Actual reset path and planned reset path.
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different spring combinations, and record the reset force under

different reset paths to verify the reset planning method in this study

effectiveness.

The total length of the muscle‐tendon is stretched 0–20mm

compared to the relaxed state as a reference standard, Springs with

different basic parameters are combined to simulate the stress state

of each muscle. The screws are fixed by referring to the four skeletal

muscle attachment points in the OpenSim model, as shown in

Figure 17. An ATI force sensor is connected between the end of the

robot and the distal bone fixture.

4 | RESULTS

In this experiment, the registration errors of image registration and

machine registration were 0.2841 and 0.2934mm, respectively, and

the errors were within the normal range. In the above experiment,

the actual position of the positioning point at the end of the robot

was recorded, and the actual trajectory was compared with the

planned trajectory. The results are shown in Figure 18.

As shown in Figure 18, the actual trajectory is basically the same

as the system planning trajectory, and the reset process is

successfully completed according to the planning result. Figure 19

shows the cross‐section of the model bone before and after

reduction. It can be seen that the reduction of the section is visually

complete, and the section is well aligned.

Before the model bone is amputated, the coordinate data of the

steel ball on the model bone is stored by the optical positioning

system. After, the reset is completed, the reset steel ball is positioned

in the same order. To avoid the influence of measurement errors, the

positioning data of 16 steel balls on the model bone were actually

measured in the experiment, and finally, eight noncoplanar position-

ing points were randomly selected as a group for error calculation. A

total of 4 groups were calculated. The reset accuracy results are

shown inTable 3, and Figure 20 shows the positions of the first set of

anchor points before and after resetting in 3D space.

It can be seen from the experimental results that the average

error of the reduction of the model bone is within 1.0 mm, and the

reduction results are good through discussions with cooperating

clinicians. The visual reset condition is normal.

According to the experimental platform that simulates muscles,

the reset process records the force in all directions of the ATI force

sensor in real time. Then, a comparative test is performed, and the

F IGURE 19 Model bone reduction effect. (A) Before fracture reduction. (B) After fracture reduction.

TABLE 3 Reset accuracy table.

Anchor group number Error value (mm)

1 0.8637

2 0.9271

3 0.8946

4 0.8539

F IGURE 20 Position of anchor point before and after reset.
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results of the two recorded forces and the resulting force calculations

are shown in Figure 21.

It can be seen from the figure that the maximum reset force

generated during the reset process can be significantly reduced by

using the reset path planned above. At the same time, since the

manual reduction process relies on vision and experience to align

the cross‐section, the angle is repeatedly fine‐tuned in the later

stage of reduction, and hand‐shaking is unavoidable, so the

reduction force fluctuates greatly, which may easily cause

secondary damage to muscles and other soft tissues. The reset

planning of the surgical navigation system can effectively avoid

these situations.

5 | CONCLUSION

Aiming at the low precision of lower limb fracture reduction and

secondary trauma easily generated during the reduction process, this

study designs and implements a planning and navigation system for

lower limb fracture reduction surgery.

First, the uniform point cloud model of the fractured bone was

obtained by 3D reconstruction and uniform sampling of the fractured

bone. On this basis, we innovatively proposed the bone long axis

normal filtering method, which successfully realized the stable and

reliable extraction of the point cloud of the distal bone and proximal

bone sections, Then we completed the accurate point cloud

alignment of the distal bone and proximal bone sections.

Then, in combination with clinical practice, the reduction

parameters of lower extremity fractures were determined. A collision

detection algorithm was designed and implemented for the reduction

process of lower extremity fractures. At the same time, based on the

analysis of the reduction force generated by the soft tissue near

the fracture, a safe reduction path evaluation method based on the

minimum reduction force was proposed. The reduction force path

planning algorithm for lower extremity fractures can effectively

reduce the intraoperative reduction force while ensuring accurate

reduction, thereby reducing secondary trauma during the reduction

process.

Finally, the experimental platform for the planning and naviga-

tion system of lower limb fracture reduction surgery was built, and

the lower limb fracture reduction surgery experiment and the reset

force experiment were conducted. The feasibility and effectiveness

of the system are verified.
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