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3D Cognitive Training System with
Ultrasonic Haptic and Infrared
Hand Tracking
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Abstract

This project presents a multisensory cognitive training system that integrates
ultrasonic haptic feedback, infrared hand tracking, and a three-dimensional
interactive platform developed in Unity. As aging populations and neurologi-
cal conditions such as stroke, mild cognitive impairment, and attention-relat-
ed disorders become increasingly important issues, there is a growing
need for cognitive training systems that are interactive, repeatable, and
objectively measurable. Most existing digital cognitive training methods rely
mainly on visual stimuli displayed on a two-dimensional screen. Although
these methods are easy to implement, they often place a high demand on
visual processing and lack real tactile feedback. To address this limitation,
this project introduces non-contact ultrasonic haptic feedback into a 3D
cognitive training environment.

The system consists of two major parts. The first is an ultrasonic haptic
module based on a dual-layer phased array structure. The upper and lower
ultrasonic arrays are driven by an FPGA, which calculates the required time
delay for each channel and controls the emission timing of the transducers.
By synchronizing the ultrasonic waves at a designated focal point in mid-air,
the system can generate tactile stimulation without requiring the user to
wear gloves or hold any device. This provides a more natural, hygienic, and
non-contact interaction experience compared with traditional wearable
haptic devices.

The second part is the Unity-based cognitive training platform, which is
integrated with the Ultraleap Leap Motion Controller 2 for infrared hand
tracking. Users can interact with virtual objects directly through natural
hand movements. In the training game, multiple balls move randomly in
a three-dimensional space. The user must identify red target balls, grasp
them, drag them to a transparent target region, and keep them there
for a required amount of time. Once the condition is satisfied, the red
ball turns back into a white ball, completing one successful operation.
This process trains visual search, selective attention, spatial positioning,
hand-eye coordination, timing control, and action planning.

The difficulty of the game increases progressively. Higher levels include
more balls, faster movement, and longer required holding times, creating a
gradually increasing cognitive and motor load. A key feature of the system
is the integration of haptic feedback into the task. When the user grasps a
red ball, tactile feedback is generated at the finger position.
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When the holding condition is completed, the tactile feedback disappears,
allowing the user to determine the correct release timing through touch
rather than relying only on visual cues.

The platform also records quantitative behavioral data, including the
number of completed tasks, the success rate after grasping a target, and
the time interval between consecutive operations. These indicators allow
the system to evaluate task efficiency, operation accuracy, reaction speed,
and task-switching ability. Overall, this project combines FPGA-based
ultrasonic haptics, infrared hand tracking, and Unity interaction to build
a natural, measurable, and multisensory cognitive training platform with
potential applications in rehabilitation, elderly cognitive health, attention
training, and human-computer interaction research.
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Fig. 2 System structure.
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