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Background: The study aims to develop a data-driven methodology to assess bone drilling in preparation for future
clinical trials in residency training. The existing assessment methods are either subjective or do not consider the
interdependence among individual skill factors, such as time and accuracy. This study uses quantitative data and radar
plots to visualize the balance of the selected skill factors.
Methods: In the experiment, straight vertical drilling was assessed across 3 skill levels: expert surgeons (N = 10),
intermediate residents (postgraduate year-2-5, N = 5), and novice residents (postgraduate year-1, N = 10). Motion and
force were measured for each drilling trial, and data from multiple trials were then converted into 5 performance indi-
cators, including overshoot, drilling time, overshoot consistency, time consistency, and force fluctuation. Each indicator
was then scored between 0 and 10, with 10 being the best, and plotted into a radar plot.
Results: Statistical difference (p < 0.05) was confirmed among 3 skill levels in force, time, and overshoot data. The radar
plots revealed that the novice group exhibited the most distorted pentagons compared with the well-formed pentagons
observed in the case of expert participants. The intermediate group showed slight distortion that was between the expert
and novice groups.
Conclusion/Clinical Relevance: This research shows the utility of radar plots in drilling assessment in a compre-
hensivemanner and lays the groundwork for a data-driven training scheme to prepare novice residents for clinical practice.

Introduction

Bone drilling is a crucial component of the orthopaedic
residency program that demands dexterity, precise motor

skills, and anatomical awareness. Historically, bone drilling has
been taught in an apprenticeship setting with an emphasis on
optimizing postoperative outcomes and minimizing complica-
tions1. Despite the benefits of this mode of learning, traditional
faculty evaluations are generally subjective and nonstandardized,

making them vulnerable to experiential bias and limiting their
utility as a reliable method of assessment2,3. Furthermore, studies
have shown that faculty evaluations are effective for learning
higher-order decision-making skills but lack the precision needed
to evaluate basic surgical tasks4,5.

To address the shortcomings of traditional faculty eval-
uations, several studies have explored quantitative assessment
techniques, primarily focused on the use of hand motion
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tracking to evaluate drilling performance6,7. For example, Zirkle
et al. used a VR simulation model to assess temporal bone
drilling8. The study evaluated 3 parameters (the number of
movements, distance traveled, and drilling time) and showed
that the simulator assessments were more sensitive than eval-
uator assessments. Close et al. used video tapes of mastoidectomy
procedures to compare performance evaluations by experienced
evaluators and computer tracking software3. The study revealed that
computer tracking software was more accurate than human eval-
uators in differentiating skill levels. These studies demonstrated the
potential of using quantitative assessment techniques to accurately
evaluate surgical drilling performance. However, there is no stan-
dardized platform or metrics to assess bone drilling. Furthermore,
VR and physical bone surrogates (e.g., plastic pipes or wood plates)
do not offer a realistic tactile environment, which can compromise
the reliability of quantitative performance assessment9.

To address these issues, the authors in a previous study
introduced a hybrid drilling system10. The system used 3D-
printed bone surrogates that replicated a healthy human cor-
tical bone to provide realistic drilling haptics and motion/force
sensors to provide quantitative data. The preliminary investi-
gation was conducted to identify appropriate performance
parameters by comparing motion and force data from expert
surgeons and novice residents. The results showed that the
experts generally exhibited a lower positional error, higher
force, and a shorter drilling time with better repeatability.
However, the results also showed a strong interdependence, for
example, a high positional error is correlated to a shorter time.
This finding suggests that assessing performance using a single
parameter can compromise another aspect.

For this reason, this current article proposes a compre-
hensive approach that involves the visualization of all perfor-
mance indicators on a global-normalized scale using radar plots.
Although the radar plots have previously been used to com-
prehensively evaluate residents' clinical competency11 and health
care data12,13, their application for assessing bone drilling per-
formance is new. In the context of drilling, the previous study

had identified that overshoot, drilling time, and drilling force are
effective metrics to distinguish expert and novice skill levels10.
The current study extends on this research by incorporating
stability and repeatability as additional parameters, resulting in a
5-factor radar plot for assessment. The objective was to deter-
mine whether the proposed methodology using radar plots can
detect noticeable differences between novice and expert groups
(i.e., construct validity). If so, these plots can then be used as
guidance for drilling training toward the expert level.

Methods
Physical Setup Design and Testing Procedure

As illustrated in Figure 1-A, a physical setup was developed
with the capability to simultaneously record motion and

force data during the drilling operation. A custom-made 3D-
printed bone surrogate emulating a femur shaft was chosen as a
test specimen (thickness: 5 mm and diameter: 35 mm). The
3D-printed bone surrogate was manufactured using a 2-step
approach, as detailed previously10,14,15. The base geometry was
first printed using a 3D-printable plaster and then infiltrated
with a commercial epoxy to mimic the hardness of a young
femur. The expert group in this study confirmed that the
drilling characteristics of the 3D-printed surrogate were com-
parable with those of a young adult femur.

In addition, the bone surrogate was attached to a 6-
degree-of-freedom force sensor (ATI gamma; ATI Industrial
Automation), which recorded the drilling forces along the 3
axes. A robotic arm (Geomagic Touch; 3D Systems) was used to
record the 3-dimensional motion data with an accuracy of
0.5 mm16. A Bosch hand drill (Bosch) was used with surgical-
grade 2.5-mm drill bits (Synthes, Switzerland) at 1,200 rpm.
This hand drill was chosen because of its close resemblance to a
typical surgical hand drill in size, weight, and rotating speed.
Also, the 2.5-mm bit was investigated throughout the study to
make sure no significant tool wear.

This study was approved by the Institutional Review
Board (HSC-MS-19-0361). Participants were recruited both

Fig. 1

(Fig. 1-A) Bone drilling experimental setup; (Fig. 1-B) vertical drilling on a 3D-printed bone surrogate.
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within and outside of the authors' institutions. Two groups
(experts and novices) of the same size were established for the
construct validity study, whereas a third group was added to
test whether this method can further differentiate the inter-
mediate skill level.

Expert group (N = 10): graduated and practicing ortho-
paedic surgeons;

Novice group (N = 10): residents postgraduate year-1
and medical students;

Intermediate group (N = 5): residents postgraduate
year-2 to postgraduate year-5.

The testing procedure involved drilling vertically through
the bone surrogate, as shown in Figure 1-B. To prevent any
potential bias in participants' behavior, no data examples or
metrics were provided. The participants were only instructed to
drill 5 consecutive holes at the maximum rotational speed (about
1,200 rpm) through both cortical sections as if they were in a
clinical setting. Participants also needed to pause for a few seconds
between each drilling. Furthermore, 2 or more practice trials were
given at the start of the task to familiarize participants with the
ergonomics of the setup and thus make sure the system success-
fully characterized their drilling. No data or feedback was pro-
vided to the participants for these practice trials as that could have
affected the performance of the subsequent data collection.

Data Recording and Extraction
Typical position and force data for an individual vertical dril-
ling trial are illustrated in Figures 2-A and 2-B. The cortical

drilling was identified by 2 steady slopes in the position plot
and 2 steady peaks in the force plot (shaded in the figure).
Three data features were extracted from a single trial, namely
overshoot, drilling time, and force fluctuation. The “overshoot”
represents the distance traveled by the drill tip beyond the far
cortical section. It was identified by the downward drop after
the second cortical section in the position plot. The “drilling
time” represents the total duration for which the drill bit is in
contact with the bone surrogate, excluding the setup time of the
drill and guide. This was identified from the start of the drilling
force to its end (as indicated by the vibrations in the force
profile). Finally, force fluctuation is a measure of the subtle
oscillations in the drilling region of the force profile, caused by
unsteady hand movements or reluctance during the drilling
trial. To evaluate this, the 1-dimensional wavelet decomposi-
tion technique was employed using MATLAB, which separates
the force profile into several subcomponents that represent the
overall shape of the profile and the minor fluctuations within it.
By excluding the dominant profile shape and the consistent
noise of the drill motor, the resulting force fluctuations attribut-
able to unsteady hand movements were isolated, as shown in
Figure 2-C. The force fluctuationwas quantified by computing the
root mean square of the resultant force fluctuation profile, which
provides a measure of the average amplitude variation of a signal.

Data Visualization and Statistics
Three data features, namely overshoot, drilling time, and force
fluctuation, were computed for each individual trial. The

Fig. 2

Sample data plots for vertical drilling: Gray and green shaded sections indicate first and second cortical sections, respectively. (Fig. 2-A) Sample position

plot for vertical drilling; (Fig. 2-B) sample force plot for vertical drilling; and (Fig. 2-C) extracted force fluctuation profile.
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subsequent step involved computing the average and SD of
overshoot and drilling time to assess consistency across the 5 trials.
This approach led to the identification of 5 performance indica-
tors, namely, average overshoot (AOV), average drilling time
(ADT), overshoot consistency (COV), time consistency
(CDT), and average force fluctuation (AFF).

The data analysis process comprised 4 major steps, as
illustrated in Figure 3. In Step 1, the position and force data
were imported into MATLAB code. These data sets represented
5 distinct drilling trials merged together for a specific partici-
pant. In Step 2, the individual drilling trials were extracted
from these data sets and analyzed independently. In Step 3,
overshoot, drilling time, and force fluctuation were extracted
for each trial, and the average and SD for overshoot and drilling
time were calculated. Finally, in Step 4, all individual perfor-
mance indicators were normalized (scored from 0 to 10), and
radar plots were generated.

One of themost important aspects of themethodology was
the ability to visualize performance outcomes on a normalized
scale. Therefore, the scoring for each performance indicator
should not only recognize the skill level but also be sensitive
enough to visually detect minor performance differences within a
skill level. This study used a database of 25 participants, consisting
of 10 experts, 5 intermediates, and 10 novices, and thus a total of
125 drilling trials to define the limits of the assessment metric.
For each performance indicator (x), the lower limit (L) was the
minimum value in the data set, whereas the upper limit (U) was
computed using the mean plus 2 SDs (95% confidence interval)
in the data set. This mathematical setting was chosen to avoid
negative L values. Individual performance indicators were scored
based on Equation 1:

N = 10 �
�
U 2 x

U 2 L

�
(1)

Fig. 3

Flowchart outlining the steps involved in the data analysis process to generate the radar plots (shaded region indicates the different drilling trials).
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The scoring ranged linearly from 0 to 10, with 0 being the
lowest and 10 being the highest score. Note the scores are
simply references and do not have physical meaning of being
good or bad. The score-to-performance-indicator conversion
is listed in Table I.

Results

The expert results based on 5 performance indicators: AOV,
A.DT, COV, CDT, and AFF are plotted in Figure 4. They

demonstrated a superior performance across all performance
indicators, with the radar plots closely resembling a well-
formed pentagon. To visualize the difference in performance
between the expert participants and the others, an “expert
band” was created using the expert scores by adding and sub-
tracting one SD from the mean values.

As evident from the radar plots in Figure 5, the novice
performances were much different than the experts. The novice
participants demonstrated a selective focus on either drilling
time or overshoot, leading to suboptimal outcomes. For
instance, Novices 3, 5, 6, 7, 9, and 10 displayed higher scores in
drilling time, yet their overshoot and force fluctuation were
comparatively weaker. On the other hand, Novices 1 and 2
displayed higher scores in overshoot but were much weaker in
drilling time. Novice 4 demonstrated a well-balanced perfor-
mance, similar to an expert, but still remained outside the
bounds of the expert band. It is also noted that the expert group
does not necessarily have a higher score in force fluctuation. This
is because of large variations in overall AFF data and a high
correlation with drilling time in the novice group. Therefore, the
balance of the pentagon shape is important. If using the pen-
tagon area as a sole parameter to present the shape, the difference
between the novices (N = 10) and experts (N= 10) is statistically
significant (p value = 0.00008) at the statistical power of 88.9%
for the 95% confidence.

TABLE I Reference Values Used to Obtain Normalized Scoring for
Each Performance Indicator*

Score ADT (s) AOV (mm) AFF (N) CDT COV

10 3.27 6.22 0.51 0.14 0.53

9 5.07 7.00 0.71 0.38 0.88

8 6.87 7.78 0.90 0.63 1.23

7 8.68 8.56 1.10 0.87 1.58

6 10.48 9.34 1.30 1.12 1.93

5 12.29 10.11 1.50 1.36 2.28

4 14.09 10.89 1.69 1.60 2.62

3 15.89 11.67 1.89 1.85 2.97

2 17.70 12.45 2.09 2.09 3.32

1 19.50 13.23 2.28 2.33 3.67

0 21.31 14.01 2.48 2.58 4.02

*Five performance indicators are included: average overshoot
(AOV), average drilling time (ADT), overshoot consistency (COV),
time consistency (CDT), and average force fluctuation (AFF).

Fig. 4

Radar plots of expert participants.
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Figure 6 shows the data from the intermediate group.
They participants displayed improved performance, with
their radar plots more closely resembling a regular pentagon
(Fig. 6). Intermediate participants 1 and 2 achieved a good
balance between drilling time and overshoot, but their scores
in force fluctuation were comparatively weaker. Intermediates
4 and 5 demonstrated an overall balanced performance on all
performance indicators, yet still fell slightly outside the expert
band.

Discussion of Results

The radar plots provide an easy-to-interpret visualization to
holistically evaluate the differenceswithin and among different

skill levels. The results of this study revealed that nonexpert groups
exhibited more distorted radar plots, in contrast to the well-formed
pentagons observed in the case of expert participants. In addition to
the visual differences in Figures 4–6, individual indicators were also
statistically assessed between groups using the expert group as the
baseline. Two-sample t test confirmed the difference (p value <0.05)

Fig. 5

Radar plots of novice participants in red; blue shaded region depicts the expert band.

Fig. 6

Radar plots of intermediate participants in yellow; blue shaded region depicts the expert band.
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in drilling time, overshoot, and force fluctuation, justifying their use
as performance indicators in the radar plot.

On the other hand, it is essential to acknowledge that the use
of radar plots exhibits variability, depending on the definition of
the upper and lower bounds of scoring, as well as the arrangement
of each performance indicator on the plot. Various approaches can
be used to define the scoring system, but given that all performance
indicators are uniformly scaled, the intended function of the radar
plot or statistical analysis remains unaffected. The most important
factor in creating the radar plot is its visual representation.
Therefore, the scoring must be sufficiently sensitive to perceive
variation while also being wide enough to encompass most sce-
narios. In addition, it should be noted that although there is cur-
rently no rigorous mathematical framework for analyzing the
radar plot, the use of the “expert band” provides a relatively
effective means of quantifying the comprehensive comparison
across various skill levels. Other shape parameters besides the area,
such as aspect ratio or angle variation, can be used to gauge the
shape distortion and run statistical comparison.

In practice, the radar plotsmay have psychological benefits,
providing more meaningful guidance to novice trainees. First,
although radar plots present the same information as their parent
raw data, they are more visually appealing. In cognitive science,
several studies have endorsed the use of visual aids and graphical
representation to enhance the effect of quantitative data on
human perception17-19. Second, radar plots can help to highlight
patterns and relationships in multivariate data that may not be
easily discernible from a table of numbers, such as the relationship
between overshoot and drilling time. This can aid trainees in
quickly understanding the overall picture of the data and im-
proving their performance. In addition, the presence of an expert
band on a radar plot may foster competition among junior resi-
dents, encouraging repeated practice and ultimately improving
performance in the presence of quantitative data.

The current teaching scenario in orthopaedic residency
programs lacks an objective methodology for providing cor-
rective feedback to improve surgical skills20. The proposed
methodology and use of radar plots offer 2 potential ap-
proaches to enhance drilling skills in a training setting. First,
experts can use radar plots to demonstrate proper drilling
techniques and factors contributing to optimal performance.
Novices can observe and learn from the radar plot under expert
guidance and practice consistently to improve their skills.
Second, novices can use the expert radar plot as a benchmark
for skill mastery. The current system costs around $10,000 USD
with the force sensor, robotic arm, data acquisition, and
computer, whereas this can vary depending on the precision

and accuracy needed for all the analyses. The ideal im-
plementationmodel is a self-directed learning scheme based on
the feedback from the system (radar plots).

This study has several limitations, which could shape
future research endeavors. First, the setup is relatively simple
and only focuses on vertical drilling. It should be noted that
the computational core of the setup could be extended to
oblique drilling (or more complex surgical procedures).
Additional performance parameters, such as approach angle
and angular deviation, can be integrated into the performance
matrix and radar plots with polygons. Second, a more uni-
form set of expert participants may help narrow the expert
band for a better representation of a benchmark for novice
participants. Finally, it is imperative to examine the long-term
effects of this training and assessment platform on junior
residents by conducting a multiphase feedback study that
evaluates the influence of quantitative data in the form of
radar plots on sustained performance improvement.

Conclusion

The research suggests that the use of radar plots provided an
easy-to-interpret method to collectively visualize all perfor-

mance indicators and deficiencies on 1 scale. Results showed that
expert participants had a more balanced control compared with
intermediate and novice participants when considering the shape
of all performance indicators on the plot. The findings further
endorse the construct validity of radar plots in highlighting the
disparities among and within different skill levels. Future work
will concentrate on refining the expert band and examining the
long-term effects of this comprehensive methodology on junior
residents' drilling performance over time. This work also serves as
the foundation for the future clinical trial in residency training. n
NOTE: This study was funded by the Orthopedic Research and Education Foundation (OREF-
0014566A).
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