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Abstract When placing a screw or wire (K-wire) into bone orthopaedic surgeons attempt to make the first drill pass the only drill pass. This is difficult,
however, as they are dealing with complex 3-dimensional shapes with limited
access due to the soft tissues. In current practice intra-operative fluoroscopy
is used to assist the surgeon but this is limited to 2-dimensional images for
the majority of Operating Rooms (OR). This results in multiple attempts in
order to achieve optimal positioning, making the process time-consuming and
potentially damaging to the soft tissue and bone, resulting in excessive removal of material from the bone, as well exposing the OR staff to increased
doses of radiation. Although there are existing tracking methods using optical
or forced-based techniques these are time-consuming to setup, suffer from occlusions or lowered precision depending on conditions. This paper documents
the initial development of a Drill Guidance System (DGS) to help surgeons
drill into bones, especially smaller ones, accurately at the first attempt using
a localised vision-based approach. The proposed system can be used easily
retrofitted to existing drilling equipment and, being localised to the surgical
field, is not prone to accidental occlusions during operation. We are presenting
original laboratory results which demonstrate that for usable drilling distances
for screw/wire placements of 300mm and 400mm, accuracies of 0.45±0.56mm
and 0.39±1.2mm respectively can be achieved which is safely below the desired
accuracy of 2mm as set by discussions with surgeons.
Keywords Orthopaedic Surgery · Machine Vision · Computer Assisted
Surgery · Surgical Guidance
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1 Introduction
One of the most common operations in orthopaedic surgery is the drilling of
bones for fracture fixation. The surgeon is using a pneumatic or electric drill
to place Kirschner wires (K-wires) and screws to secure bone fragments. These
can secure other metal components (usually plates) to ensure stability or used
on their own for smaller and more delicate fractures. For example, in the case
of the scaphoid [6] the surgeon has to place percutaneously a guidance Kwire along the longitudinal axis of the scaphoid and across the fracture site
and then use this to guide a cannulated screw to secure the fracture. In this
case drilling accuracy is very important to ensure that minimum damage to
soft-tissue as well as minimum removal of bone tissue is ensured. The exact
placement of the screw can affect the quality of the surgical outcome and this
in turn impacts patient health and costs of further treatment.
The current practice is for surgeons to use 2-dimensional imaging with preoperative radiographs (X-rays) for planning and intra-operative fluoroscopy
(C-arm) for guidance. This can work adequately, but not infallibly, for large,
simple shaped bones but not with smaller, complex shaped bones such as the
scaphoid, distal humerus and talus. In such cases, surgeons are required to redrill multiple times into a bone before they are satisfied with the placement.
Three to five attempts per hole is common even for experienced surgeons,
particularly on smaller bones. This increases the duration of surgery which in
turn increases the risks for the patient and increases costs. Inaccurate drilling
can also damage delicate tissue around the bone, leading to complications for
the patient [7], especially in fractures involving a bone with an articulation
surface [3]. Even with patience and experience, imperfect screw positioning
may be (or must be) accepted as the previous drill holes guide the drill into the
previous drill tracks making repositioning difficult. In addition, patients and
Operating Room (OR) staff are exposed to increased radiation, as each drilling
attempt requires at least two fluoroscopic images, usually an anteroposterior
(AP) and a lateral view, to ensure that the axis of the drilling tool is aligned
with the desired drilling axis, and even a higher number in complex cases [11].
There is a number of solutions that are trying to assist the surgeon in performing drilling operations but mainly aim for complex and sensitive areas [5].
These methods in their original version were using force-sensing techniques to
detect penetration of the cortical part of the bone [1, 2] to update the surgeon
on the status of the operation. The later versions moved more closely to using
full-robotic solutions to perform the critical elements of the procedure under
the supervision of the surgeon [10, 15]. Finally, there is a number of solutions
that have reached the market and are aiming for performing spine operations
under image-guided conditions like the Renaissance (Mazor Robotics Ltd. Caesarea, Israel) and iSYS 1 (iSYS Medizintechnik GmbH, Kitzbuehel, Austria)
systems. Another category of computer and robotic assisted orthopaedic operation is arthoplasty. There are image-free hand-held solutions using visual
markers (fiducials) [9] or semi-autonomous solutions like the Mako RoboticArm Assisted Surgery (Stryker, Kalamazoo, USA) described in [12].
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These systems involve use of multiple pre-operative scanning modalities
(CT-scanning, X-rays), expensive and bulky computer equipment and setting
up (optical trackers) making them not practical for treatment of fractures,
especially for non-elective cases. There is a need for a system that can improve accuracy over current freehand methods with little prior set-up, while
offering long-term benefits through reduced operative time and fewer complications. It has been proposed previously that such a system could be realised
using fiducial markers and existing computer vision algorithms [8]. This paper
documents the initial development of the proposed Drilling Guidance System
(DGS) and the experimental evaluation of the system’s accuracy.

2 System Overview
2.1 DGS system details
The DGS system is made up of a tracking unit which is attached to the
orthopaedic drill and a probe with fiducial markers attached. The tracking
unit attached to the drill itself is comprised of five main elements:
1.
2.
3.
4.
5.

Sterilisable housing
Processing unit
Camera and optics
Touch-screen
Battery

All the other components are located within the sterilisable housing, a
concept design of which can be seen in Figure 1.

Fig. 1: Drill Guidance System sterilisable housing
The probe, which is used to indicate the desired exit point, could take a
number of forms but for ease of use and manufacture it is currently envisioned
as a standard surgical probe with a plastic cube affixed to the top with markers
on each face. A model can be seen in Figure 2.
Aruco markers [13] were selected for this project due to the extensive literature, availability in both Python and C++ and reported low detection times.
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Fig. 2: Drill Guidance System probe

Details of how markers are detected can be found in the Aruco documentation [14] and will not be discussed. However, pose estimation will be reviewed
due to its direct effect on the DGS’ accuracy
In order to estimate 3D information from 2D images (pose estimation) it is
necessary to understand the characteristics of the camera and lens combination
used. This is achieved by mapping known 3D world points to corresponding
2D points, this is often achieved using a chequerboard of known size. The relative locations of the squares corners are known in the real world and their
2D location can be found in the 2D image due to the marked change from
black to white at the corner locations. The accuracy with which these corners
are found naturally impacts the accuracy of the calibration. Therefore, subpixel refinement algorithms are used to estimate the most likely location of a
corner within a pixel. There are a number of methods to achieve this but the
chosen method is implemented within OpenCV. The accuracy with which the
calibrated model of the camera and lens arrangement represents the physical
system is quantified by the mean re-projection error. This is the mean difference between the corner locations found by the subpixel corner algorithm and
the corner locations that would be expected based on the calibrated model.
Once this calibration has been found it, plus the corner locations of each
marker (found using the same subpixel corner method as used in calibration)
and the known dimensions of the marker are used by the Aruco library to
calculate the Rodriguez rotation [4] and translations which would map the
camera frame of reference onto the marker’s frame of reference. This method
is naturally very sensitive in inaccuracy in the detection of corner positions.
This problem can be exacerbated by the construction of the markers because
the subpixel algorithm can resolve to an incorrect corner if the search area of
the algorithm is large enough. This can be seen in Figure 3.
Within the Aruco library it is possible to improve the accuracy of pose
estimation by using marker boards instead of single markers. A marker board
is a number of identically sized markers with known spacing between them.
Figure 4 shows a marker board made up of 2 x 2 14mm Aruco markers with
2mm spacing.
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Fig. 3: Incorrect corner from subpixel refinement

Fig. 4: Aruco marker board

As the board is made of multiple markers and known sizing of white space
its pose can be more accurately estimated as it is less sensitive to errors in
individual corners or part obscuring on markers. However, using the same size
markers the board is significantly larger than one individual marker which
leads to a trade-off between size and accuracy as larger individual markers are
also generally more accurate for pose estimation.
Assuming the pose of a marker can be accurately estimated it is still necessary to use this information to guide the tip of the drill to the point of the
probe instead of the camera to the center of the marker. Therefore, additional
calibration will be necessary. The relationship between probe tip and marker
(or board) centre could be determined in the manufacturing of the probes but
as the unit is intended to be retrofitted to existing drills the relationship between camera and drill tip must be calculated after installing the device onto
a drill.

2.2 Clinical Workflow
The use of the DGS in the clinical context will consist of two distinctive phases,
the setup, and the operation phase. In the setup phase, the tracking unit of
the DGS is placed on the available drill following OR procedures to ensure
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sterilisation and the sterilised DGS probe is made available to the surgeon
along with the other surgical tools. The positioning of the tracking unit on the
drill will be either unique for the drill or a fast, automated calibration process
will take place before the start of the operation.
In the tracking phase, the surgeon will place the K-wire or screw on the
drill and this will be registered by the DGS tracking unit. Following this, the
surgeon will select an exit point on the operated bone and place the tip of the
DGS probe on this while placing the wire/screw tip on the entrance point.
The final step will be to pivot the drill so they can align the tip with the exit
point, using the indication on the tracking unit. The unit will be calculating
the desired motion to achieve the alignment (e.g. pivot left/right/up/down)
based on the information from the visual system as interpreted by the fiducal
markers.

3 Experimental Set-up
In order to verify that the underlying libraries on which the DGS is built are
capable of achieving the 2mm target accuracy bench testing was undertaken
within the University of Bath. Figure 5 shows the camera set-up:

Fig. 5: Experimental camera set-up

The camera used for all results within this paper is the Ximea MQ042CGCM with a KOWA LM8HC lens attached. The iris of the lens was set at
the beginning of the tests and then locked in place while focus was varied as
required. No local lighting was used in the gathering the results as it is not
intended to be part of the DGS system.
The Matlab tool was used to realise the calibration used through-out this
report. Equation 1 shows the camera matrix and distortion coefficients found
and Figure 6 shows the mean re-projection errors for each image.

8

Nathan P. Sell et al.



1476.5 0 1017.3
camera matrix =  0 1480.3 1003.5
0
0
1
radial distortion = [−0.1678, 0.1131, −0.0238]
tangential distortion = [−8.701, 5.569] × 10−4

(1)

Fig. 6: Camera calibrations re-projection errors
Attempting to accurately record the location of the camera and markers in
3D space in order to test the system accuracy would be both time consuming
and challenging. Moreover such a calibration method is impractical in the
target application environment, i.e. in an OR. Therefore, an approach similar
to that used for calibration was taken using the relative pose of 24 boards of
markers which were laser printed onto an A4 sheet instead of the absolute pose
of a marker board with respect to the camera. Two assumptions are inherent in
using the relative pose. Firstly, that the spacing between the boards is known
perfectly and secondly that the paper is perfectly flat in all images captured
meaning all boards have the same orientation. There will some error in results
due to these assumptions, with the marker size likely to vary slightly from
expected (due to printing) and whilst the sheet of paper was clamped along
each of its edges it is likely that there was still some variation in the markers’
orientation across the sheet Both of these are assumed to be insignificant.
The marker boards used each featured 4 markers of 14mm with 2mm of
white space between markers. This enables a probe with marker cube of 35mm
to be realised which is the smallest probe expected to be required (and therefore the least accurate). They were printed in a grid of 4 horizontal and 6
vertical with equal spacings of 48mm x 41mm respectively. The translational
error of each board was calculated by taking the mean of the absolute error
between from the board to all other boards. The rotational errors were found
by converting the Rodriguez rotation returned by Aruco into Euler angles and
finding the difference between each board’s angles and the mean angles of all
other boards. The rotational and translational errors were then combined to
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give the total error in drill tip position that would be expected due to these
errors. The equations used by the algorithm for doing this can be found in
Equation 2.

X

∆xθ =

q

2 · x2probe (1 − cos(∆θx ))

∆yθ =

q

2
2 · yprobe
(1 − cos(∆θy ))

∆zθ =

q

2
2 · zprobe
(1 − cos(∆θz ))

Error =

q

∆x2θ + ∆yθ2 + ∆zθ2 + ∆xyz

(2)

where xprobe is the distance between the tip of the probe and the centre of rotation in the x-axis. It is assumed within this paper that xprobe =
zprobe =150mm and that yprobe =0mm as the tip can be directly under the
centre of the marker cube.

4 Results
Figure 7 shows an original image of the Aruco boards and its undistorted
counterpart.

Fig. 7: Effect of camera calibration

A series of 140 test images were captured with the board 300mm from the
camera. The relative error of single markers within a board was then compared
with the inter-board error, Figure 8.
It is clear that using boards provides an advantage, despite the sample
size being reduced as only images where all markers were detected were used,
justifying the desire to use boards. Figure 9 shows the total error from a
selection of boards across the images taken.
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Fig. 8: Comparison of marker and board error

Fig. 9: Total error of boards

It can be seen that the total error is significantly greater than the target
error for the DGS. Figure 10 shows the constituent parts of the error for one
of the boards.
It can be seen that the greatest contribution comes from error in rotation
around Z. This is a result of a limitation with fiducial markers as using only
a single image allows for two possible mirrored versions of the Z axis. This
limitation is discussed in the Aruco documentation [14] and means that the
method of determining the correct orientation from the mean of all other
boards in the image is invalid for the Z direction as the errors in each board
are not Gaussian but deterministic. In use this is less of a concern as the flip
can be easily detected from frame to frame and corrected. If the Z error is
replaced by the X error (which should be representative of the error without
the issue of Z axis mirroring) then the total error reduces significantly.
As mentioned in Section 2 the final accuracy of pose estimation is highly
dependant on the sub-pixel refinement method used to determine the corner
positions. Thus far all the results have used the OpenCV sub-pixel refinement
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Fig. 10: Constituent errors for a board

Fig. 11: Total error of boards without Z axis mirroring

algorithm with its default settings which uses 5 rows and columns of pixels
surrounding the detected corner to refine its location to a sub-pixel accuracy.
Figure 12 shows how the mean accuracy and standard deviation were affected
by changes to these settings.
The results show little improvement in accuracy from considering more
than 4 rows and columns of pixels and also indicate that ignoring the detected pixel and those immediately surrounding it improve accuracy further.
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Fig. 12: Effect of sub-pixel settings on DGS accuracy
Using these settings with the 140 images captured provides a mean accuracy
of 0.45mm and standard deviation of 0.56mm, Figure 13

Fig. 13: Error with boards 300mm from camera
When the same test is conducted with 400mm between the camera and
board the mean accuracy reduces to 0.39mm but the standard deviation increases to 1.2mm.

Fig. 14: Error with boards 400mm from camera

Moving to 500mm from the camera, results in a large increase in standard
deviation to 59.36mm, whilst the mean error increases slightly to 8.64mm.
This is largely due to markers not being detected in each image giving rise to
some boards having errors of over 30mm (nearly a whole marker of shift). It
these are discounted then there is a marked improvement in the results, with

Accuracy Evaluation of a Drill Guidance System for Orthopaedic Surgery

13

mean error becoming 1.85mm with a standard deviation of 2.85mm, Figure
16.

Fig. 15: Error with boards 500mm from camera

Fig. 16: Error with boards 500mm from camera with all markers detected

5 Discussion
With the current experimental set-up it has been possible to achieve the 2mm
accuracy target with the marker board 300mm away from the camera, for
a large number of surgical procedures this would likely prove sufficient. For
surgery on larger bones this may be a limiting factor but the required accuracy is also generally lower in these cases. If the variation in accuracy with
distance is categorised then information can be relayed to the user allowing
them to make an informed decision on moving the probe closer to the camera
or accepting the reduction in accuracy.
In order to achieve the accuracies stated above it is necessary to detect
and mitigate the mirroring of the z-axis. This should be possible as the instant where the z-axis flips should be detectable as an unreasonable jump
which would allow the z-axis to then be mirrored before the probe’s pose is
determined. It was also found that, unsurprisingly, pose estimation was much
higher when all markers were detected and that there was a loose trend between marker and board accuracy. This information could be used to estimate
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the likelihood that any particular frame is likely to be sufficiently accurate
with frames wherein too few markers or too large a marker error are detected
being discarded. This requires the capture and processing rate to be in advance
of the display rate to the user (expected to be >10fps for smooth viewing and
low latency) which in turn affects the amount of computational power required
by the DGS unit.
It is believed that there is also potential for increasing the system accuracy
through better controlling the lighting, modifications to the corner refinement
technique to use all edge pixels rather than simply the identified corner or
optimising the camera lens combination. It would also be possible to provide a
large accuracy gain through replacing the single camera in the current system
with a stereo camera setup as originally discussed in [8], this would have
drawbacks for the cost, size and computational power of the DGS but does
provide a means of increasing accuracy if required and would provide a solution
to the mirroring of the Z-axis.

6 Conclusion
The use of fiducial markers to aid in the accurate and fast placement of screws
or K-wires in orthopaedic surgery appears to be achievable using single camera
systems with an accuracy of 0.45±0.56mm being measured in laboratory testing when there is 300mm between markers and camera. If proven this method
could also reduce the radiation exposure of those in surgery by reducing or
eliminating the use of fluoroscopy. To achieve these results individual fiducial
markers were replaced with boards composed of 4 markers and the parameters
of the sub-pixel refinement method were optimised. As the distance between
the marker and camera increases there was a corresponding reduction in accuracy which would provide a limit on the systems useable range. The biggest
limitation of the single camera approach is the ability for any object to have
two possible pose’s with mirrored z-axis. This challenge should be minimised in
real-time operation where the flipping between the two pose’s should be easily
detectable frame-to-frame due to the unrealistic motion implied. A number of
ideas for further improvement to the accuracy of the DGS are currently being
investigated including improved lighting, varying camera and lens combinations and modifications to the corner location algorithm.
There also remain a number of other challenges to the realisation of a
field-testable solution, including achieving sufficiently high frame rates whilst
minimising the device size, making the device suitable for sterilisation and
providing error checking to detect those frames that provide extremely inaccurate results (>10mm). Work is on-going with a view to conducting initial
clinical trials in 2020.
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