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(a) Haptic drill (b)Haptic bone saw (¢c) handy-typed haptic drill
Fig. 1. Prototyped orthopedic medical devices
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(a) Drill interface (b) Simulator environment
Fig. 2. Developed drill simulator
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This R & D project aimed at development of innovative orthopedic drill with new functions of real-
time detection of cutting force and automatic stop of the drill tip when penetrating the spine, by
applying real haptics technology that can communicate actual haptic sensation. Furthermore, the
purpose was expanded to the development of a bone drill simulator with vivid haptic feedback function,
which can train advanced cutting movements. Then, by working closely with the setup company, the
final goal was to achieve the formulation of a business plan for the practical application of the
developed technology as a treatment device and training device.

In order to efficiently and surely achieve the above research objectives during the research period
from August 2019 to March 2021, the overall contents of this R & D project were divided into the
following five items.

(1) Mechanical design of haptic drill

(2) Prototype of haptic drill

(3) Development of data collection algorithm for cutting environment
(4) Development of penetration detection algorithm

(5) Performance evaluation

First, in the items (1) and (2), the design and prototype of a bone drill with real haptics function,
which is the main subject of this research and development subject, was carried out. As shown in Fig
1, the haptic drill was designed and prototyped in consideration of the performance and specifications
of the bone drill required for orthopedic surgery. Furthermore, with the aim of increasing the
applicability and usefulness of the developed technology, we have also completed prototype of haptic
bone saw and handheld haptic drill for orthopedics

In the item (3), we developed an algorithm to construct a simulator environment based on the
physical impedance model of the cutting environment from the motion data of the drill obtained by the
real haptics technology. We created a simulator environment and a drill interface as shown in Fig.
2. It was experimentally demonstrated that the developed simulator can relive the cutting motion
while perceiving the reproduced haptic sensation.

In the item (4), we developed an algorithm that can instantly detect penetration from the
differential signal of reaction force and the velocity signal of haptic drill, and can automatically
stop the drill. Furthermore, an algorithm for diagnosing deterioration of the drill tip based on the
reaction force information obtained from the haptic drill during excavation operation was also
proposed.

In the item (5), the development algorithm was integrated and implemented in the prototyped haptic
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drill. The experimental validation of the vertical excavation in the porcine spine was conducted
as shown in Fig. 3. In the experiment, two cases are compared; (A) The case where the surgeon
recognizes the penetration and stops the drill manually and (B) The case where the drill is
automatically stopped by the developed penetration detection algorithm. It turns out that the manual
stop by the surgeon takes 0.10 seconds to 0.20 to stop. On the other hand, it was possible to
quantitatively demonstrate that the programmatic penetration detection and automatic stop enables
extremely high—speed stop of 0.01 to 0.04 seconds. In addition, it was also confirmed that the amount
of travel after penetration can be much minified. It can be said that the development technology has
possibility to dramatically improve drill safety from the clinical application point of view.

As described above, in this R & D project, we were able to complete the prototype to demonstrate
the basic principle of an orthopedic drill that applies real haptics technology. We also developed a
spinal penetration detection algorithm and an automatic drill stop algorithm. Their utility was
demonstrated by penetration experiments on porcine spine. In this experiment, it was confirmed that
the developed system can perform fast penetration detection and precise automatic stop, compared to
the operator’ s operation. Furthermore, we constructed a drill simulator and showed that it is possible
to experience the excavation operation while perceiving haptic sensation reproduced by the recorded
data of the cutting object. In order to commercialize the developed technology, we will work closely
with setup company to create three business models: safe and secure medical hand drills, next-—
generation orthopedic surgery robots, and surgery simulators with vivid haptic feedback. The
achievements through this project have been summarized as one domestic and PCT application for
intellectual property rights, one tutorial paper in academic journal, two peer—reviewed international
conference presentation manuscripts, and one invited lecture. In addition, we plan to submit multiple
manuscripts to academic journals both in medical and engineering fields. We also have a plan to share
the results by invited lectures at the conferences. In this way, we were able to fully achieve the

goals set out in the original research plan.
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