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Background and Rationale

With the rapid aging of Japan’s population, the prevalence of spinal disorders has been increasing steadily, leading to a marked
rise in spinal surgeries. More than 80,000 spine operations are performed annually nationwide, many of which involve bone
drilling near delicate neural structures. During such procedures, even a few millimeters of excessive drilling can cause dural
tears or neural injury, resulting in paralysis, re-operation, or prolonged hospitalization. The incidence of postoperative
complications ranges from 2 % to 43 %, and neurological injury has been reported in 2 %—13 % of cases. Because surgeons
must rely on tactile sensation and experience to judge the penetration moment, human reaction delay (=0.12 s) inevitably
limits safety. These facts highlight the urgent need for an autonomous safety mechanism that detects penetration and stops
drilling automatically, independent of surgical skill or experience.

Purpose and Concept

The present project aimed to develop an innovative haptic bone-drill system equipped with penetration-detection and
automatic-stop functions. The system integrates Real-Haptics® technology—originally developed at Keio University—to
capture micro-scale cutting-force variations as electrical signals and analyze them in real time. Through a proprietary
algorithm, penetration is detected within 0.01 s, and the motor is instantly stopped. This represents a tenfold improvement
over human reaction time and reduces the penetration depth from an average of 3.8 mm to 0.47 mm, effectively preventing
mechanical injury to the dura and spinal cord.

Development Structure and Technical Achievements

The project was conducted under a strong industry—academia—government collaboration among the International University
of Health and Welfare, Keio University, the Kanagawa Institute of Industrial Science and Technology, Motion Lib Inc., and
Medtronic Japan Co., Ltd.

The engineering teams achieved miniaturization and weight reduction of the hardware while increasing the rotation speed
from 30,000 rpm to 75,000 rpm. Force-sensing accuracy was improved by optimizing signal-noise ratio and integrating
Motion Lib’s proprietary high-response control chip “ABC Core.” A user interface was newly developed to visualize force
data in real time, allowing non-engineer clinicians to verify drill behavior easily. Artificial-intelligence—based signal filtering
reduced false detection to below 2 %, achieving reliability suitable for medical use.

Pre-clinical Evaluation

A comprehensive pre-clinical study using porcine spinal models was carried out at Keio University. Drilling trials were
performed by expert spine surgeons, junior surgeons, and non-specialists under identical conditions. In all groups, the haptic
drill consistently stopped within 0.01 s after cortical breakthrough, irrespective of operator experience or bone density.
Additional tests under lateral drilling and metal-fixture conditions confirmed stable performance without false activation,
demonstrating robustness under realistic surgical environments. These results established 100 % POC for autonomous
penetration detection.

Regulatory and Industrial Progress



Regulatory consultations with the PMDA concluded that the developed device, sharing indications with existing orthopedic
drills, could be classified as a conventional powered surgical instrument with an additional safety mechanism. Therefore, no
clinical trial would be required before marketing authorization. Collaboration with Medtronic Japan and its U.S. headquarters
advanced commercialization planning, including evaluation for integration with the global Midas Rex® drill platform. The
technology has also been showcased at international meetings such as IMAST, EuroSpine, and IEEE ISIE, receiving strong
interest from both academic and industrial sectors.

Significance and Impact

This project represents a paradigm shift from passive to active surgical safety. The developed haptic drill autonomously senses
danger and halts motion, providing consistent safety regardless of surgeon skill. It is expected to dramatically reduce
neurological complications, equalize surgical quality between institutions, and alleviate mental and physical fatigue among
surgeons. Economically, if the system can halve the current 2 % incidence of drilling-related neural or dural injuries in Japan’s
80,000 annual spine surgeries, the estimated reduction in combined medical and productivity costs would exceed 24 billion
yen per year.

Beyond spine surgery, the technology can be applied to neurosurgery, orthopedics, otolaryngology, and dental fields, as well
as to robotic and remote-surgery platforms. Integration with Al-based imaging and autonomous robotic control is already
being explored, aiming for next-generation “smart decompression” systems.

Future Prospects

The consortium will proceed to productization in collaboration with Medtronic Japan. Verification of durability, sterilization
compatibility, and electromagnetic safety following ISO standards is in progress, along with physician-led usability
assessments. Parallel efforts will establish a digital database of drilling parameters for use in surgical education and simulation.
In conclusion, this project successfully demonstrated that Real-Haptics—based sensing enables machines to surpass human
tactile limits, achieving real-time intelligent control that ensures both safety and efficiency. As a Japan-originated innovation
bridging engineering and medicine, the haptic bone-drill system provides a powerful foundation for globally deployable,

sustainable surgical technologies.



