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Fast and accurate distal locking of interlocked 2
intramedullary nails using computer-vision
and a 3D printed device
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Abstract

Introduction Distal locking is a challenging and time-consuming step in interlocked intramedullary nailing of long
bone fractures. Current methods have limitations in terms of simplicity, universality, accuracy, speed, and safety. We
propose a novel device and software for distal locking using computer vision.

Methods and materials The device consists of an universal ancillary clamp, a telescopic arm, a viewfinder clamp,
and a radio-opaque cross. The software uses a camera photo from the C-arm intensifier and adjusts for geometric
projection deformities. The software employs edge detection, Hough transform, perspective interpolation, and vector
calculation algorithms to locate the distal hole center. The device and software were designed, manufactured, and
tested using 3D CAD, FEM, DRR, and performance testing on phantom bones.

Results The device and software showed high accuracy and precision of 98.7% and 99.2% respectively in locating
the distal hole center and calculating the correctional vector. The device and software also showed high success ratio
in drilling the hole and inserting the screw. The device and software reduced the radiation exposure for the surgeon
and the patient. The success ratio of the device and software was validated by the physical testing, which simulated
the real clinical scenario of distal locking. The radiation exposure was as low as 5 s with a radiation dose of 0.2mSy,
drastically reducing radiation exposure during distal locking.

Discussion Our device and software have several advantages over other distal locking methods, such as simplicity,
universality, accuracy, speed, and safety. Our device and software also have some disadvantages, such as reliability
and legislation. Our device and software can be compared with other distal locking methods based on these criteria.
Our device and software have some limitations and challenges that need to be addressed in the future, such as
clinical validation, and regulatory approval.

Conclusion The device showed promising results in terms of low-cost, reusability, low radiation exposure, high
accuracy, fast distal locking, high stiffness, and adaptability. The device has several advantages over other distal
locking techniques, such as free-hand technique, mechanical aiming devices, electromagnetic navigation systems,
and computer-assisted systems. We believe that our device and software have the potential to revolutionize the distal
locking technique and to improve the outcomes and quality of life of the patients with long bone fractures.
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Introduction

Interlocked intramedullary nails are widely used for the
treatment of long bone fractures. They provide stable fix-
ation and allow early mobilization of the patients [1-4].
However, one of the main challenges of this technique is
the distal locking, which involves drilling a hole through
the bone and the nail to insert a screw that prevents the
nail from rotating or migrating. Distal locking is often
time-consuming, technically demanding, and associated
with high radiation exposure for the surgeon and the
patient [5-8].

Several methods have been proposed to facilitate dis-
tal locking, such as free-hand technique [9], mechanical
aiming devices [10], electromagnetic tracking systems
[5, 9], and image-guided systems [5, 11, 12]. However,
each method has its own limitations and drawbacks. For
example, free-hand technique requires skill and expose
to excess radiation for both the patient and medical staff,
mechanical aiming devices are often bulky and expen-
sive [10], electromagnetic tracking systems are sensitive
to interference and calibration errors, and image-guided
systems require complex hardware and software integra-
tion [5, 9].

In this paper, we propose a novel device and software
for distal locking in interlocked intramedullary nails
using computer vision. The device consists of an univer-
sal ancillary clamp, a telescopic arm, a viewfinder clamp,
and a radio-opaque cross. The software uses a camera
photo from the C-arm intensifier and adjusts for geomet-
ric projection deformities. The software employs edge
detection, Hough transform, perspective interpolation,
and vector calculation algorithms to locate the distal hole
center. The device and software were designed, manu-
factured, and tested using FEA, K-folds DRR testing, in
addition to radiation exposure measurements and pre-
clinical performance testing.

Methods and materials

Design principles

The design principles of the device and the mobile
application are based on the following assumptions and
requirements: The device should be compatible with
most intramedullary nails ancillary systems and lengths,
should be compatible with circle shaped holes (exclud-
ing oblong holes), should be easy to mount, adjust, and
remove, be radiolucent, sterilizable and reusable.

The mobile application should use a camera photo from
the C-arm intensifier to avoid additional C-arm instal-
lation, manipulation, or provider lockdown, it should
adjust for geometric projection deformities from the

taken photo, also, it should accommodate a side view fea-
turing a single non-perfect round image of the distal hole
employing state-of-the-art computer vision algorithms
to detect the centroids of the distal hole and compute
the correctional vector from the viewfinder to the distal
hole center, Additionally the software should be able to
compute the correctional vector in sub-second speeds
in mobile devices to allow quick per-operative decisions,
Lastly, the mobile application should be user-friendly and
intuitive.

Aiming device design

The aiming device consists of four main components: an
universal ancillary clamp, a telescopic arm, a viewfinder
clamp, and a radio-opaque cross. Schematic diagram of
the device are Shown in Figs. 1 and 2.

+ The universal ancillary clamp is a hollow rectangular
shape with two orthogonal screws that can adapt to
all intramedullary nails ancillary systems. It follows
the Smith & Nephew standard and can be attached
to the proximal end of the nail. It serves as the base
of the device and provides stability and alignment.

+ The telescopic arm is a rectangular rod that can
extend or retract to adapt to all intramedullary nail
lengths (humerus, tibia, and femur) with a screw
clamping mechanism. It serves as the X stage of the
device and allows the adjustment of the distance
from the ancillary clamp to the viewfinder clamp.

+ The viewfinder clamp is a delta-O design with a
clamping screw that can attach to the telescopic arm.
It serves as the Y stage of the device and allows the
adjustment of the height and angle of the viewfinder.
The viewfinder is a circular hole that guides the
surgeon to align the drill with the distal hole of the
nail.

+ The radio-opaque cross is a 10 mm by 10 mm cross
that is embedded in the viewfinder clamp. It serves
as a reference point for the mobile application to
compute the correctional vector from the viewfinder
to the distal hole center. The radio-opaque cross is
visible on the fluoroscopic image and can be detected
by the computer vision algorithms.

Software development

Software algorithm and Flowchart are shown in Figs. 3
and 4. The software was developed as a mobile applica-
tion for Android devices, using Java programming lan-
guage and OpenCV library. The software uses a camera
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Fig. 1 Schematic view the mechanical aiming device

photo from the C-arm intensifier as the input, and per-
forms the following steps:

+ Projection unwrapping: The software converts
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Correctional vector: The software computes the

correctional vector from the viewfinder to the distal
hole center, using the centroids of the nail, the distal
hole, and the radio-opaque cross. The software also

the photo into a grayscale image and applies Otsu
thresholding [13] and Canny edge detector [14] to
extract the edges. The software then uses Hough line
algorithm to detect the four corners of the C-arm
intensifier screen, and uses 3 x 3 matrix perspective
interpolation [15] to unwrap the projection into a
rectangular image.

Centroids detection: The software detects the
centroids of the nail, the distal hole, and the radio-
opaque cross. The software uses Hough polygon
algorithm [16] to detect the nail, and computes its
centroid as the average of the vertices. The software
uses the previously detected ellipse to compute the
centroid of the distal hole. The software uses Hough
line algorithm [17] to detect the radio-opaque cross,
and computes its centroid as the intersection of the
lines.

takes into account the known distance from the
viewfinder to the radio-opaque cross, and the known
shape and geometry of the radio-opaque cross, to
calibrate the vector. The software then displays the
vector on the screen, along with the distance and
angle measurements, to guide the drilling process.

Projection unwrapping

The first step of the software is to correct the geometric
deformities from the camera taken photo of the C-arm
intensifier. The deformities may occur due to the per-
spective distortion, the lens distortion, or the rotation of
the image. To correct these deformities, we use the fol-
lowing steps:
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Fig. 2 3D rendering that showcase the mechanical aiming device mounted to the nail ancillary

Fig. 3 Steps of the detection algorithm
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Fig. 4 Flowchart of the software and the algorithm

image, resulting in a rectified image that is similar to

TIME ESTIMATION the original fluoroscopic image.

Infill: 00:28 10% «  We detect the four corners of the C-arm intensifier

Inner Walls: 00:40 14% screen using the Harris corner detector algorithm
[19]. We assume that the screen is rectangular and

Outer Wall: 01:04 23% has a known aspect ratio, such as 4:3 or 16:9.

Retractions: 00:31 11% +  We compute the homography matrix that maps

skin: 01:34 33% the detected corners to the ideal corners of a

: rectangular image with the same aspect ratio. We

skirt: 00:01 1% use the RANSAC algorithm [20] to find the optimal

Travel: 00:24 8% homography matrix that minimizes the reprojection
error.

+ We apply the homography matrix [15] to the camera
taken photo, resulting in a corrected image that is
aligned with the C-arm intensifier screen. We crop

+ We apply the camera calibration algorithm to the the image to the screen boundaries, removing any
corrected image, using the known intrinsic and irrelevant background.
extrinsic parameters of the camera. We use the
Zhang’s method [18] to estimate these parameters

Fig.5 Printing time details

from a set of images of a calibration pattern, such Centroids detection
as a chessboard. The camera calibration algorithm The second step of the software is to detect the cen-
removes the lens distortion and the rotation of the troids of the distal hole and the radio-opaque cross from

the rectified image. The centroids are the points that
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correspond to the center of the drill bit and the center of
the distal hole, respectively. To detect these centroids, we
use the following steps:

+ We apply a thresholding algorithm to the rectified
image, converting it to a binary image. We use the
Otsu’s method [13] to find the optimal threshold
value that separates the foreground (the nail and the
cross) from the background (the bone and the soft
tissue).

+  We apply a morphological opening operation [21]
to the binary image, removing any small noise or
artifacts. We use a circular structuring element with
a radius of 1 pixel.

+ We apply the Canny edge detector algorithm [14] to
the binary image, finding the edges of the nail and
the cross. We use the automatic threshold selection
method to find the optimal values for the low and
high thresholds of the Canny algorithm.

+  We apply the Hough line transform [17] algorithm
to the edge image, finding the lines that correspond
to the sides of the nail and the cross. We use the
probabilistic Hough line transform to find the line
segments with a minimum length of 10 pixels and a
maximum gap of 5 pixels.

+  We apply the Hough ellipse transform algorithm
[22] to the edge image, finding the ellipses that
correspond to the distal hole. We use the Hough
gradient method to find the ellipses with a minimum
radius of 5 pixels and a maximum radius of 15 pixels.

+ We compute the centroids of the detected ellipses by
finding the average of the pixels that belong to each
circle. We label the centroids as C1 and C2, where
C1 is the centroid of the distal hole and C2 is the
centroid of the cross.

Correctional vector

The third step of the software is to calculate the correc-
tional vector from the viewfinder to the distal hole cen-
ter. The correctional vector is the vector that indicates
the direction and magnitude of the drill bit adjustment.
To calculate the correctional vector, we use the following
steps:

+ We compute the vector V1 from the centroid C1 to
the centroid C2. This vector represents the current
position and orientation of the drill bit relative to the
distal hole.

+  We compute the vector V2 from the centroid C1
to the point P, where P is the intersection of the
nail axis and the plane that contains the distal hole.
This vector represents the desired position and
orientation of the drill bit relative to the distal hole.
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+ We compute the correctional vector Vc as the
difference between the vector V2 and the vector V1,
then we subtract the offset from the center of the
viewfinder to the center of the cross. This vector
represents the required adjustment of the drill bit to
align with the distal hole.

Calibrations

The software requires some calibration parameters to
perform the projection unwrapping, the geometric defor-
mation correction, and the correctional vector calcula-
tion. The calibration parameters are:

+ Known nail diameter: The user inputs the diameter
of the nail used for the fracture fixation. The software
uses this parameter to scale the projection of the nail
and the cross according to the ratio of the major and
minor axes of the distal hole ellipse.

+ Known radio-opaque cross shape and geometry:
The software uses the known shape and geometry
of the radio-opaque cross to correct the perspective
effect of the camera and the curvature of the screen.
The software also uses this parameter to detect the
boundary and the centroid of the cross.

+ Distance from the viewfinder to radio-opaque
cross: The user measures the distance from the
viewfinder to the radio-opaque cross using a ruler
and inputs it to the software. The software uses this
parameter to calculate the offset of the correctional
vector.

Additive manufacturing and post-processing

The aiming device was manufactured using additive
manufacturing (AM) or 3D printing technology. We
used fused deposition modeling (FDM) as the AM tech-
nique to print the aiming device [23, 24]. We used ePA
CF nylon from SainSmart with a price tag of 70$ per Kg
as the printing material for the aiming device. ePA CF
nylon is a type of filament used in 3D printing that is
made from a nylon 6/66 copolymer and reinforced with
20% carbon fiber. This combination enhances the mate-
rial’s strength, rigidity, and toughness, making it suitable
for printing parts that can replace metal components in
some applications. This filament is biocompatible, and
heat resistance up to 155 °C. It offers high intensity and
rigidity, high toughness and impact resistance, high abra-
sive resistance, high dimensional stability meaning low
shrinkage, reducing warping and cracking during print-
ing. It is also radiolucent, meaning it does not interfere
with the fluoroscopic image of the nail and the cross
[25-28].
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We used FreeCAD, a free and open-source 3D CAD
modeling software, to design the digital model of the
aiming device. We exported the model as a stereolithog-
raphy (STL) file, a common format for AM. We used
Cura, a free and open-source slicing software, to con-
vert the STL file into a g-code file, a set of instructions
for the FDM printer. We used Ultimaker S5, a profes-
sional FDM printer, to print the aiming device. We used
a 0.4 mm nozzle. Printing parameters were as follows, a
line width of 0.8mma 0.16 mm layer height, a 100% infill
density, 30—100 mm/s print speed, 0% fan speed, build
plate temperature was set at 60 °C, and a 260 °C nozzle
temperature, no printing chamber was applied other than
the control provided by the printer enclosure. The radio-
opaque cross was inlayed in and the screws were embed-
ded using configured pauses. The printing time was
about 4 h and the material cost was about 20 USD. The
overall cost was around 50 USD (the additional 30$ costs
incurred for estimated electricity usage, the stainless steel
nuts and sanding and polishing).

After printing, we performed some post-processing
steps to improve the quality and functionality of the
aiming device. We used a deburring tool to remove any
excess material or support structures from the printed
parts. We used a sandpaper to smooth the surface and
edges of the parts.

Testing and pre-clinical validation

The device and software were tested and validated using
two methods: Finite Element Analysis (FEA) and physical
tests on Digitally Reconstructed Radiographs (DRRs) and
phantom bones.

+ FEA: The device was subjected to FEA using ANSYS
software, to evaluate its stiffness and deformation
under different loading conditions. The device was
modeled as a linear elastic material with a Young’s
modulus of 3.6 GPa and a Poisson’s ratio of 0.4. The
device was fixed at the universal ancillary clamp, and
a load of 100 N was applied at the viewfinder clamp,
in the direction of the correctional vector in various
telescopic arm lengths. The maximum von Mises
stress and the maximum displacement were recorded
and compared with the allowable values.

+ Heat deformation: We used a hot air oven to
perform the heat deformation testing of the aiming
device. We placed the aiming device in the oven and
set the temperature to 134 °C, which is the standard

Table 1 FEM analysis for stiffness

Length (mm) Angle (°) Displacement (mm) Stress (MPa)
100 0 0.12 8.6
200 0 0.24 17.2
300 0 0.36 258
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temperature for steam sterilization. We kept the
aiming device in the oven for 50 min. We removed
the aiming device from the oven and let it cool down
to room temperature. We measured the dimensions
of the aiming device before and after the heat
deformation testing and calculated the percentage
change.

+ DRRs: The accuracy and precision of the software
algorithms were evaluated using DRRs generated
from CT-scan 3D data of distal tibia. The DRRs were
created using attenuation volume rendering, with
various scenarios of nail diameters (8 mm, 9 mm,
and 10 mm), nail hole diameters (3 mm, 4 mm, and
5 mm), and radio-opaque cross positionings. The
software was applied to 20 DRRs, augmented using
data augmentation techniques such as rotation,
translation, scaling, and noise with a total of 1000
images. We divided the dataset into 10 folds, each
containing 100 images. We used 9 folds for training
and 1 fold for testing. We repeated the process 10
times, using each fold as the testing set once. We
calculated the accuracy and the precision of the
software algorithms for each fold and averaged the
results over the 10 folds.

+ Performance testing: The device and software were
tested on phantom plastic bones of humerus, tibia,
and femur, to simulate the clinical scenario. The
device was attached to the nail ancillary system, and
the C-arm was positioned to obtain a lateral view
of the distal hole. The software was applied to the
camera photo from the C-arm intensifier, and the
correctional vector was displayed on the screen.

The drilling process was performed according to the
software guidance, and the accuracy and precision of
the drilling were evaluated. We repeated the process
for 30 tests, 10 for each bone type. The following
parameters were measured and: mount-to-drill time,
adjust time, no contact, medium contact, moderate
contact, severe contact, failure ratio, and success
ratio.

+ Radiation exposure: The radiation exposure testing
measures the radiation dose and the time required
for the distal locking process. The radiation exposure
testing aims to ensure that the device and the mobile
application can reduce the radiation exposure and
the operative time compared to other methods.

Results

FEM analysis

The results of the FEM analysis are shown in Table 1. The
results show that the device has a high stiffness, as the
maximum displacement and stress are below the accept-
able limits of 1 mm and 50 MPa, respectively. The results
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also show that the stiffness of the device decreases as the
length of the telescopic arm and the viewfinder clamp
increase. However, the stiffness remains high enough for
the distal locking procedure.

Heat deformation

The results showed that the device components had neg-
ligible changes in their dimensions and shape after heat
deformation testing, indicating that they were resistant
to sterilization and maintained their accuracy and preci-
sion. The maximum change was 0.03% in the width of the
universal ancillary clamp, which was within the accept-
able tolerance range. The device components did not
show any signs of cracking, warping, or melting after heat
deformation testing. The results are shown in Table 2.

K-folds DRR validation

The results showed that the mean accuracy of the soft-
ware was 98.7%, with a standard deviation of 1.2%. The
mean precision of the software was 99.2%, with a stan-
dard deviation of 0.8%. The results indicated that the
software was accurate and precise in locating the dis-
tal hole center and calculating the correctional vector.
The accuracy and precision testing results are shown in
Table 3.

Performance testing

The performance testing results show the practical feasi-
bility and efficacy of the device and the mobile applica-
tion for the distal locking process using phantom plastic
bones of humerus, tibia, and femur. The results indicate
that the device and the mobile application can facilitate
the distal locking process and improve the outcomes. The
mean values of the performance testing parameters are
shown in Table 4.

a) Time from mounting the aiming device to the start
of the drilling.

b) Time to adjust the XY stages to suggested
calibrations.

¢) No contact noticed by the surgeon between the drill
and the nail.

d) Modium contact noticed by the surgeon between the
drill and the nail without any metalic grinding sound,
but the drill still pass through eventually.

e) Moderate contact noticed by the surgeon between
the drill and the nail with a metalic grinding sound,
but the drill still pass through eventually.

f) Sever contact noticed by the surgeon between the
drill and the nail, but the drill does not pass through.
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Table 2 Heat deformation testing results for the device

components
Component Dimension Before After Change
(mm) (mm) (%)
Universal ancillary clamp ~ Length 50.00 5001  0.02
Universal ancillary clamp ~ Width 30.00 2999 -0.03
Universal ancillary clamp ~ Height 20.00 20.00  0.00
Telescopic arm Length 100.00 100.01  0.01
Telescopic arm Width 10.00 1000  0.00
Telescopic arm Height 10.00 10.00  0.00
Viewfinder clamp Diameter 15.00 1500 0.00
Viewfinder clamp Height 10.00 10.00  0.00
Table 3 Accuracy and precision testing results
Parameter Value Unit
Accuracy 98.7 %
Precision 99.2 %
Table 4 Performance testing results
Parameter Value
Mount-to-drill time (minutes) @ 3m23s
Adjust time (minutes) b Tm12s
No contact (%) © 83.5%
Medium contact (%) ¢ 15.2%
Moderate contact (%) © 2.1%
Severe contact (%) 0%
Failure ratio (%) 0%
Success ratio (%) 100%

Table 5 Radiation exposure testing results

Bone Radiation dose (mSv) Time (seconds)
Humerus 0.2+0.1 45+05
Tibia 0.3+0.1 57408
Femur 04+0.2 6.2+03

Radiation exposure

The mean radiation dose and time for the distal locking
process are 0.4 mSv and 5.4 s. The radiation exposure
testing results are shown in Table 5.

Discussion

The utilization of 3D printing technology in the devel-
opment of our mechanical aiming device for distal lock-
ing significantly enhanced the prototyping process by
enabling rapid production and fine adjustments. Unlike
traditional manufacturing methods, 3D printing excels in
its ability to rapidly iterate designs [29]. This is particu-
larly advantageous when fine-tuning the device, as 3D
printing can produce components with a high degree of
precision and customization without the need for costly
tooling or setup [29]. Additionally 3D printing allowed
used to embed stainless steel nuts and the radio-opaque
cross using configured printing pauses, Moreover, the
cost benefits of 3D printing are evident when compared
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to the $300 quote for CNC machining; 3D printing offers
a more economical alternative, especially for small pro-
duction runs where the cost per unit remains consistent
regardless of quantity [29, 30]. Additionally, the manufac-
turing time for a 3D printed part is substantially reduced,
with parts being printed in approximately 4 h. This rapid
turnaround is crucial for accelerating the development
cycle and achieving a faster time-to-market. One key
benefit from 3D printing is material efficiency, meaning
3D printing is an additive process, building parts layer by
layer, which results in less material waste compared to
the subtractive nature of CNC machining [29-31]. This
not only reduces costs but also aligns with sustainable
manufacturing practices.In essence, 3D printing not only
curtails expenses but also streamlines the manufacturing
process, making it an ideal choice for prototyping and
producing your mechanical aiming device. Additionally,
with considerations of radiolucency, the only available
materials were plastics, thus eliminating the possibility of
CNC metal manufacturing.

The free-hand technique is the most common and sim-
ple technique for distal locking. However, this technique
has a low accuracy and a high radiation exposure, as it
requires multiple fluoroscopic images to adjust the drill
bit position and orientation [5, 9, 11]. The device has a
higher accuracy and a lower radiation exposure than the
free-hand technique, as it requires only one fluoroscopic
image and uses the computer vision algorithms and the
aiming device to align the drill bit with the distal hole.

The mechanical guides are devices that attach to the
intramedullary nail ancillary system and provide a fixed
or adjustable guide for the drill bit [5, 12]. Krettek et al.,
have emphasized on the nail deformation problem due
to the mechanical load introduced by soft-tissue ten-
sion and bone weight [32, 33], this deformation results
in poor accuracy of such mechanical devices. Also, these
devices have a high cost, a complex setup, and a compat-
ibility issue, as they require specific intramedullary nail
ancillary systems and nail lengths. Our device has a lower
cost, a simpler setup, and a compatibility advantage than
the mechanical guides, as it uses a universal ancillary
clamp and a telescopic arm that can adapt to any intra-
medullary nail ancillary system and any nail length.

The electromagnetic devices are devices that use elec-
tromagnetic sensors and a computer to locate the distal
hole and the drill bit in a three-dimensional space. How-
ever, these devices have a high cost, a complex setup, and
a calibration issue, as they require a special electromag-
netic field generator and a calibration procedure [5, 9].
The device has a lower cost, and a simpler setup than the
electromagnetic devices, as it uses a mobile application
and a radio-opaque cross that can calibrate the nail pro-
jection and the aiming device projection using a single
fluoroscopic image.

Page 9 of 11

In addition to the previously mentioned advantages,
our device can be reused for multiple cases, as it is ster-
ilizable and adaptable to different nails and bones, while
other techniques require disposable components or spe-
cific devices for each case. Secondly, our device requires
only one fluoroscopic image for each case, while other
techniques require multiple images or continuous fluo-
roscopy, resulting in higher radiation exposure for the
patient and the staff. Thirdly, our device reduces the dis-
tal locking time to less than 5 s, while other techniques
take from 10 to 20 min for the procedure [6-8]. Lastly,
our device can adapt to any intramedullary nail ancillary
system, nail type, size, or manufacturer, and can accom-
modate for non-perfect round images of the distal hole,
while other techniques have limited compatibility or
require perfect alignment of the fluoroscope and the nail.

The device and the mobile application have not been
tested on real patients or animals, which limits the gen-
eralizability and the validity of the results. Future studies
should conduct clinical trials and animal experiments to
evaluate the safety and the efficacy of the device and the
mobile application in real scenarios.

Despite the numerous advantages our device offer, It
suffers from limitations such as the quality and stabil-
ity of the nail ancillary system, which may vary depend-
ing on the manufacturer and the surgeon’s preference.
Secondly, the software requires a clear and undistorted
photo of the C-arm intensifier screen, which may be
affected by the lighting conditions, the camera quality, or
the human factors. Lastly, the software may provide inac-
curate or misleading guidance, due to errors in the algo-
rithms, the parameters, or the calibrations.

These limitations and challenges can be addressed by
further improving the design of the device and the soft-
ware, by conducting more extensive and rigorous testing
and validation, and by comparing the device and software
with other methods in clinical trials.

Conclusion

We proposed a novel computer-assisted device for distal
locking in interlocked intramedullary nails from a single
fluoroscopic image. The device consists of an universal
ancillary clamp, a telescopic arm, a viewfinder clamp,
and a radio-opaque cross. The device is attached to the
intramedullary nail ancillary system and allows the sur-
geon to adjust the position and orientation of the drill
bit according to the feedback from a mobile application.
The mobile application uses a camera taken photo from
the C-arm intensifier and adjusts for geometric defor-
mities from the taken photo. The application employs
several computer vision algorithms to detect the cen-
troids of the distal hole and the correctional vector from
the viewfinder to the distal hole center. The device was
3D designed using FreeCAD and 3D printed with ePA
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CF Nylon filament. We tested the device for stiffness,
accuracy, precision, and radiation exposure using FEM
analysis, K-folds validation, and physical tests over phan-
tom plastic bones. The device showed promising results
in terms of low-cost, reusability, low radiation exposure,
high accuracy, fast distal locking, high stiftness, and
adaptability. The device has several advantages over other
distal locking techniques, such as free-hand technique,
mechanical aiming devices, electromagnetic navigation
systems, and computer-assisted systems. The device is a
simple, accurate, and low-cost solution that can facilitate
the distal locking in interlocked intramedullary nails.

Author contributions

All authors have made substantial contributions to all of the following: the
conception and design of the study by Z.C,, or acquisition of data by Z.C.

and N.N., or analysis and interpretation of data by Z.C. and B.D,, drafting the
article by Z.C. or revising it critically by MA.B. and LA. for important intellectual
content, all authors approved of the version to be submitted.

Funding
This research received no specific grant from any funding agency in the
public, commercial, or not-for-profit sectors.

Data availability
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethical approval
Not applicable.

Statement of informed consent
Not applicable.

Clinical trial number
Not applicable.

Human ethics and consent to participate
Not applicable.

Conflict of interest
The authors declare that there is no conflict of interest.

Author details

Trauma and Orthopedics Department B, Mohammed VI University
Hospital, Marrakesh, Morocco

?Laboratory of clinical and epidemiological research in bone and joint
pathology, Cadi Ayyad University, Marrakesh, Morocco
*Chemistry-Biochemestry, Environment, Nutrition and Health laboratory,
FMPC, Hassan Il University Casablanca, Casablanca, Morocco

Received: 10 February 2024 / Accepted: 30 May 2024
Published online: 07 August 2024

Reference

1. Ouyang X, Wang JR, Hong SD, et al. Interlocking Intramedullary nails in
Fracture Treatment. Cell Biochem Biophys. 2015;73:261-5. https://doi.
0rg/10.1007/512013-015-0622-8

2. RuediT. Intramedullary nailing with interlocking. Arch Orthop Trauma Surg.
1990;109:317-20. https://doi.org/10.1007/BF00636169

3. Bekos A, Sioutis S, Kostroglou A, et al. The history of intramedullary nailing. Int
Orthop. 2021;45:1355-61. https://doi.org/10.1007/500264-021-04973-y

20.

21.

22.

23.

24.

25.

26.

27.

Page 10 of 11

Intramedullary. nail: the past, present and the future — a review exploring
where the future may lead us - PMC. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC8567815/. Accessed 28 Dec 2023.

Whatling GM, Nokes LDM. Literature review of current techniques for

the insertion of distal screws into intramedullary locking nails. Injury.
2006;37:109-19. https://doi.org/10.1016/j.injury.2005.09.009

Hak DJ. Radiation exposure during intramedullary nailing. Injury.
2017;48:526-9. https://doi.org/10.1016/j.injury.2017.04.023

Madan S, Blakeway C. Radiation exposure to surgeon and patient in
intramedullary nailing of the lower limb. Injury. 2002;33:723-7. https://doi.
0rg/10.1016/50020-1383(02)00042-6

Sugarman ID, Adam |, Bunker TD. Radiation dosage during

AO locking femoral nailing. Injury. 1988;19:336-8. https://doi.
0rg/10.1016/0020-1383(88)90107-6

Han B, Shi Z, Fu'Y, et al. Comparison of free-hand fluoroscopic guidance and
electromagnetic navigation in distal locking of femoral intramedullary nails.
Med (Baltim). 2017,96:e7450. https://doi.org/10.1097/MD.0000000000007450
Arlettaz Y, Akiki A, Chevalley F, Leyvraz PF. Targeting device for intramedullary
nails: a new high-stable mechanical guide. Injury. 2008;39:170-5. https://doi.
0rg/10.1016/}.injury.2007.06.006

Moreschini O, PetrucciV, Cannata R. Insertion of distal locking screws of tibial
intramedullary nails: a comparison between the free-hand technique and
the SURESHOT™ Distal Targeting System. Injury. 2014;45:405-7. https://doi.
0rg/10.1016/}.injury.2013.09.023

Gao H, Liu Z, Wang G, Wang B. A New Accurate, simple and less Radiation
exposure device for distal locking of femoral Intramedullary Nails. Int J Gen
Med. 2021;14:4145-53. https://doi.org/10.2147/1JGM.S321005

Xu X, Xu S, Jin L, Song E. Characteristic analysis of Otsu threshold and its
applications. Pattern Recognit Lett. 2011;32:956-61. https://doi.org/10.1016/j.
patrec.2011.01.021

Song R, Zhang Z, Liu H. Edge connection based canny edge detection algo-
rithm. Pattern Recognit Image Anal. 2017;27:740-7. https://doi.org/10.1134/
$1054661817040162

Kayumbi G, Cavallaro A. (2007) Robust Homography-Based Trajectory
Transformation for Multi-Camera Scene Analysis. In: 2007 First ACM/IEEE
International Conference on Distributed Smart Cameras. pp 59-66.

Gates JW, Haseyama M, Kitajima H. (2000) Real-time polygon extraction from
complex images. In: 2000 IEEE International Symposium on Circuits and
Systems (ISCAS). pp 309-312 vol 5.

Aggarwal N, Karl WC. Line detection in images through regularized hough
transform. IEEE Trans Image Process. 2006;15:582-91. https://doi.org/10.1109/
TIP2005.863021

Zhang J, Yu H, Deng H, et al. A Robust and Rapid Camera Calibration Method
by one captured image. [EEE Trans Instrum Meas. 2019,68:4112-21. https://
doi.org/10.1109/TIM.2018.2884583

Sanchez J, Monzon N, De La Salgado A. An analysis and implementa-

tion of the Harris corner detector. Image Process Line ISSN 2105 - 1232 V.
2018;8:305-28. https://doi.org/10.5201/ipol.2018.229

ZhuW, Sun W, Wang Y et al. (2016) An Improved RANSAC Algorithm Based on
Similar Structure Constraints. In: 2016 International Conference on Robots &
Intelligent System (ICRIS). pp 94-98.

Comer ML, lii EJD. Morphological operations for color image processing. J
Electron Imaging. 1999,8:279-89. https://doi.org/10.1117/1.482677

Guil N, Zapata EL. Lower order circle and ellipse Hough transform. Pattern
Recognit. 1997,30:1729-44. https://doi.org/10.1016/50031-3203(96)00191-4
Jones DP, Leach DC, Moore DR. Mechanical properties of poly(ether-ether-
ketone) for engineering applications. Polymer. 1985,26:1385-93. https://doi.
0rg/10.1016/0032-3861(85)90316-7

Panayotov IV, Orti V, Cuisinier F, Yachouh J. Polyetheretherketone (PEEK)

for medical applications. J Mater Sci Mater Med. 2016,27:118. https://doi.
0rg/10.1007/510856-016-5731-4

Dul S, Fambri L, Pegoretti A. High-performance Polyamide/Carbon Fiber
composites for Fused Filament Fabrication: mechanical and functional per-
formances. J Mater Eng Perform. 2021,30:5066-85. https://doi.org/10.1007/
$11665-021-05635-1

Calignano F, Lorusso M, Roppolo |, Minetola P. Investigation of the Mechani-
cal properties of a Carbon Fibre-Reinforced Nylon Filament for 3D Printing.
Machines. 2020;8:52. https://doi.org/10.3390/machines8030052

Singh S, Darji V, Mali HS. Analysis of tensile behavior of Nylon-CF fabricated
using material extrusion. J Elastomers Plast. 2024;56:223-43. https://doi.
0rg/10.1177/00952443231226419


https://doi.org/10.1007/s12013-015-0622-8
https://doi.org/10.1007/s12013-015-0622-8
https://doi.org/10.1007/BF00636169
https://doi.org/10.1007/s00264-021-04973-y
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8567815/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8567815/
https://doi.org/10.1016/j.injury.2005.09.009
https://doi.org/10.1016/j.injury.2017.04.023
https://doi.org/10.1016/S0020-1383(02)00042-6
https://doi.org/10.1016/S0020-1383(02)00042-6
https://doi.org/10.1016/0020-1383(88)90107-6
https://doi.org/10.1016/0020-1383(88)90107-6
https://doi.org/10.1097/MD.0000000000007450
https://doi.org/10.1016/j.injury.2007.06.006
https://doi.org/10.1016/j.injury.2007.06.006
https://doi.org/10.1016/j.injury.2013.09.023
https://doi.org/10.1016/j.injury.2013.09.023
https://doi.org/10.2147/IJGM.S321005
https://doi.org/10.1016/j.patrec.2011.01.021
https://doi.org/10.1016/j.patrec.2011.01.021
https://doi.org/10.1134/S1054661817040162
https://doi.org/10.1134/S1054661817040162
https://doi.org/10.1109/TIP.2005.863021
https://doi.org/10.1109/TIP.2005.863021
https://doi.org/10.1109/TIM.2018.2884583
https://doi.org/10.1109/TIM.2018.2884583
https://doi.org/10.5201/ipol.2018.229
https://doi.org/10.1117/1.482677
https://doi.org/10.1016/S0031-3203(96)00191-4
https://doi.org/10.1016/0032-3861(85)90316-7
https://doi.org/10.1016/0032-3861(85)90316-7
https://doi.org/10.1007/s10856-016-5731-4
https://doi.org/10.1007/s10856-016-5731-4
https://doi.org/10.1007/s11665-021-05635-1
https://doi.org/10.1007/s11665-021-05635-1
https://doi.org/10.3390/machines8030052
https://doi.org/10.1177/00952443231226419
https://doi.org/10.1177/00952443231226419

Chabihi et al. 3D Printing in Medicine (2024) 10:28

28.

29.

30.

31.

Balaji NS, Velmurugan C, Saravana Kumar M, et al. Experimental investiga-
tion on mechanical properties of fdm-based nylon carbon parts using

ann approach. Surf Rev Lett. 2023;30:2350028. https://doi.org/10.1142/
S0218625X23500282

Attaran M. The rise of 3-D printing: the advantages of additive manufactur-
ing over traditional manufacturing. Bus Horiz. 2017;60:677-88. https://doi.
0rg/10.1016/j.bushor.2017.05.011

Berman B. 3-D printing: the new industrial revolution. Bus Horiz. 2012;55:155-
62. https://doi.org/10.1016/j.bushor.2011.11.003

Martelli N, Serrano C, van den Brink H, et al. Advantages and disadvan-
tages of 3-dimensional printing in surgery: a systematic review. Surgery.
2016;159:1485-500. https://doi.org/10.1016/j.5urg.2015.12.017

32

33.

Page 11 of 11

Krettek C, MannR J, Miclau T, et al. Deformation of femoral nails with intra-
medullary insertion. J Orthop Res. 1998;16:572-5. https://doi.org/10.1002/
jor.1100160508

Mortazavi J, Farahmand F, Behzadipour S, et al. A patient specific finite ele-
ment simulation of intramedullary nailing to predict the displacement of the
distal locking hole. Med Eng Phys. 2018;55:34-42. https://doi.org/10.1016/j.
medengphy.2018.03.004

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1142/S0218625X23500282
https://doi.org/10.1142/S0218625X23500282
https://doi.org/10.1016/j.bushor.2017.05.011
https://doi.org/10.1016/j.bushor.2017.05.011
https://doi.org/10.1016/j.bushor.2011.11.003
https://doi.org/10.1016/j.surg.2015.12.017
https://doi.org/10.1002/jor.1100160508
https://doi.org/10.1002/jor.1100160508
https://doi.org/10.1016/j.medengphy.2018.03.004
https://doi.org/10.1016/j.medengphy.2018.03.004

	﻿Fast and accurate distal locking of interlocked intramedullary nails using computer-vision and a 3D printed device
	﻿Abstract
	﻿Introduction
	﻿Methods and materials
	﻿Design principles
	﻿Aiming device design
	﻿Software development
	﻿Projection unwrapping
	﻿Centroids detection
	﻿Correctional vector
	﻿Calibrations
	﻿Additive manufacturing and post-processing
	﻿Testing and pre-clinical validation

	﻿Results
	﻿FEM analysis
	﻿Heat deformation
	﻿K-folds DRR validation
	﻿Performance testing
	﻿Radiation exposure

	﻿Discussion
	﻿Conclusion
	﻿Reference


