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Abstract. The potential for advancing augmented reality technologies is closely tied to the im-
provement of wearable input-output devices. The work presents a hardware-software system
for human-computer interaction in the form of a cyber-glove. The system includes a manipu-
lator developed using a wearable microcontroller board equipped with orientation and finger
bending sensors, microcontroller firmware, a server application that reads and processes da-
ta using the Madgwick filter, and a client application that visualizes command execution. The
use of the filter for processing sensor data enables stable determination of the manipulator’s
spatial orientation, while finger bending degree provides gesture-based commands. The pro-
posed architecture and application programming interface allow the manipulator to be used
for remote control tasks.

Keywords: cyber glove, human-computer interaction, virtual reality, Madgwick filter, aug-
mented reality.

Problem Statement. The increasing precision of data provided by microelectromechan-
ical systems (MEMS) [1], combined with advances in bidirectional human-computer commu-
nication [2], has facilitated the emergence of new forms of human perception and experience
— namely, virtual and augmented reality [3]. At the same time, the development of communi-
cation channels has enabled the use of manipulator devices for real-time control of remote
robotic systems.

Today, the potential for advancing augmented reality technologies is closely tied to the
improvement of wearable input-output devices. Image latency during rapid manipulator
movement and unintuitive control schemes remain key challenges that hinder synchronization
between the perceived and expected visual output, ultimately degrading immersion in the
mixed reality continuum [4, 5]. For instance, a computer mouse, as an input device, captures
motion only within a plane, while virtual reality (VR) system controllers incorporate buttons
or triggers that are unnatural to human interaction. Such devices not only limit the ability to
fully leverage intuitive hand and finger gestures but also necessitate additional layers of ab-
straction during the design of graphical user interfaces.

Analysis of recent research and publications. Among VR controllers, devices that use
cameras (e.g., Oculus Rift [6]) or beacons (Lighthouse systems, such as HTC Vive [7]) for
spatial tracking are in common use. The operation of such controllers requires fixed base sta-
tions equipped with cameras or optical systems. The latter have an advantage because these
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stations do not require a direct line of communication with the personal computer and do not
limit the number of sensors operating simultaneously. The control elements of these control-
lers mostly include buttons, triggers, analog sticks, and touchpads.

Regarding cyber gloves, existing devices do not require the installation of external
tracking stations, which significantly simplifies the setup of such manipulators at the work-
space. Cyber gloves can be connected either via cable or via wireless protocol. In this case,
hand orientation in space is determined by a built-in inertial measurement unit (IMU), while
additional sensors track finger movements, as implemented in CaptoGlove [8]. There are also
more advanced models that provide haptic feedback through vibration motors or even include
exoskeletons to restrict finger movement, such as CyberTouch and CyberGrasp from Cyber-
Glove Systems LLC. Overall, cyber glove-based solutions are significantly more expensive
than VR controllers, but their applications extend beyond VR systems. Manufacturers claim
these devices are used for animation, modeling, biomechanics, robotics, and medical
fields [9].

To determine the orientation of an object in space, the readings from inertial measure-
ment sensors are processed using a filtering algorithm. The traditional approach employs the
Kalman filter, which has a rather complex implementation and requires a large number of
computations per update cycle, making its use infeasible on portable low-performance sys-
tems. Alternative filters based on quaternions have also been developed specifically to reduce
computational load on portable systems [10]. For example, the Mahony filter [11] first esti-
mates orientation from gyroscope readings and then corrects it using magnetometer data.

The Sebastian Madgwick filter is one of the newest methods for calculating spatial ori-
entation based on accelerometer, gyroscope, and magnetometer readings (the magnetometer is
optional) [12]. Applications based on this algorithm process data significantly faster than
comparable methods, which is why it is often used in software development for quadcopters,
as they need to respond quickly to changes in rotation angle while minimizing energy con-
sumption. The variant of the filter that uses a magnetometer is more popular because it com-
pensates for magnetic distortions and gyroscope bias. The filter represents the rotation angle
using quaternions. In addition to sensor noise, one of the main challenges in calculating orien-
tation based on gyroscope and magnetometer data is zero drift and magnetic distortion. The
Madgwick filter compensates for these anomalies.

Research objective. To develop and validate a cyber-glove-based system for the input
of orientation commands and state control of an object based on integrated finger bend sens-

ing.

Main research content. Sensor Data Fusion Filter. The Madgwick algorithm was im-
plemented in JavaScript as a server-side module according to the following approach.

The core of the Madgwick filter is the determination of orientation based on angular ve-
locity and vector observations. Since the gyroscope measures angular velocity, the values ob-
tained relative to the three axes can be used to define the vector (1), whose derivative de-
scribes the rate of change of the object's orientation relative to the Earth (2).
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As a result of integrating the quaternion derivative éqw,t , the orientation of the Earth rela-

tive to the object at time t (3) is obtained. Provided the initial conditions are known, the orienta-

tion values can be determined as (4).
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When determining orientation based on vector observations, the filter utilizes quaterni-
on representation of orientation, as it helps to find a unique orientation value, unlike Euler an-

S
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gle—based solutions, which can yield infinitely many solutions. The sensor’s orientation E q is
considered as the value that aligns a predefined field direction in the Earth’s coordinate sys-
tem Ed . An optimization problem is formulated to represent 2q as the solution of equation
(5), where (6) defines the objective function.
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where S5 — is the measured field direction in the sensor's coordinate system.
Gradient descent method is selected as the optimization algorithm. Based on the initial

value éﬁo and the step size y, the orientation value can be computed over n iterations of (7).
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Gradient descent algorithm ensured high performance at low sampling rates. As a rough
estimate, each filter update involved 277 minimization iterations (or 109 if magnetometer data
was unavailable), which was significantly less than what was typically required by an extend-
ed Kalman filter.

Hardware Implementation. The hardware development of the interaction system involved the
MPU-9250 motion-processing unit (MPU) under the control of a SAM D21 microcontroller featur-
ing a single core with a 32-bit Armv6-M architecture. The MPU integrated three spatial sensors —an
accelerometer, a gyroscope, and a magnetometer — providing sufficient data to determine the ob-
ject’s spatial orientation with defined accuracy [13]. The board interface included analog-to-digital
converter inputs, which were used to connect finger bend sensors based on resistive elements. The
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glove (Fig.1) was connected to the computer via a USB 2.0 cable. Compared to wireless connec-
tions, this solution minimized signal latency, supplied power to a wearable device, and was justified
in conditions where radio-electronic countermeasures are active. The cable ran under the shirt sleeve
and did not restrict movement; the limited range imposed by the cable did not pose difficulties, con-
sidering the tasks and configuration of the hardware-software system.

Figure 1 — A low-cost cyber-glove with finger bend monitoring

Software Implementation. The client—server architecture of the software system, illus-
trated in Fig. 2, enables the glove to be used both on a single PC as well as on remote com-
puters.

SAM D21 Node.js server JavaScript client
serial port

ane )

a » USB l websocket Three.js

ADC & » 7 MPU data, ADC

a =4 JSON Ha.nd model
1T l Object model

MPU-9250 quaternions

sensors degree of finger flexion

Figure 2 — Data flow diagram in human-computer interaction system

Wearable device firmware implementation. The firmware for the SAM D21 microcon-
troller was developed in C++. The main functionality of the firmware routines is to read data
from the sensors and transmit it via the USB hardware port. Data is transferred in JSON for-
mat — a text-based data interchange format derived from JavaScript, and supported by many
other programming languages. Using JSON allows for an intuitively readable data structure
and enables data validation, as a parsing module will return an error if the string is corrupted.

Server implementation. Within the system, the personal computer acted as the master
device where all computations were performed, including the Madgwick filter. Unlike the
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typical approach, where filtering is done directly on the microcontroller, data processing was
entirely moved to the server side that ran on the computer.

Initialization of the cyber-glove began with starting the calibration procedure on the
server, implemented in Node.js. During this process, the boundary values for each resistive
sensor were determined — corresponding to the fully extended and fully bent positions of the
finger. The obtained data were then used for normalization, which was necessary for accurate-
ly calculating the degree of finger flexion.

Hand modeling. The hand model was created in Blender software using a rig for skele-
tal animation (Fig. 3). This approach enabled easy adjustments to the appearance and anima-
tion of model elements by modifying the settings of corresponding skeleton components.

Figure 3 — 3D model of a hand with bone configuration

Client implementation. The client application was implemented using the JavaScript
programming language and the Three.js library. The 3D model formats selected for use were
FBX and GLTF, which enabled access to the built-in animation module functionality of
Three.js.

The Three.js animation module allows for the manipulation of the model’s bones (pro-
vided that a rig has been configured and bound to the polygonal mesh); sets of vertex posi-
tions for automatic interpolation between them; material properties, including color and trans-
parency; visibility; position and rotation.

Skeletal animation, which employs rigging (the process of creating a skeleton structure), ena-
bles manipulation of a large number of a model's components using a relatively small set of control
elements — namely, the skeleton’s bones. Due to the hierarchical structure of the bones, the offset of
each dependent bone is influenced not only by its own transformation, but also by the transfor-
mations of all its parent bones and joints.

Each Three.js object possesses two transformation matrices: a local matrix, which con-
tains the position, rotation, and scale values relative to its parent, and a global matrix, which
represents the object's absolute position in the scene.

To modify the wrist’s rotation, a transformation matrix was used, while the visualiza-
tion of finger bending was achieved through appropriate skeleton configuration of the 3D
model (Fig. 4).
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Figure 4 — Visualization of the cyber glove’s orientation along with hand virtual model
(avatar)

The client implementation featured several visualization modes for the controller. In one of
the modes, the user could solve a Rubik’s Cube using hand gestures. A quick inward twitch of a
finger triggered the rotation of the corresponding face.

Conclusions. The work presented a hardware-software command input system for hu-
man-computer interaction, which included a physical manipulator, firmware for the manipula-
tor’s microcontroller, a server application that read and processed data using a sensor fusion
filter, and a client-side web application that visualized command execution. The use of a sen-
sor fusion filter provided a stable determination of the manipulator’s spatial orientation and
finger flexion, with an average delay of 36 ms.

The developed application programming interface made it possible to use the manipula-
tor for remote control tasks with visualization on any device with an Internet connection and
WebGL support — such as a smartphone.
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Komnnexc nio0uno-wawiunnoi 63aemooii
Ha 0CHOGI Kibep-pyKasuuKu 3 peccmpayicio 32Uty nanbvyie

Tlomenyian po3sumky mexnHonozit 0ONOBHEHOI pealbHOCMi MICHO NO8'a3aHUll i3 800CKO-
HANEeHHAM HOCUMUX NPUCPOi8 86e0eHHA-8usedenHs. Memoio docnioxcenHs € po3pobka ma 8a-
J0ayisi NPoSPaAmMHO-anapamuo20 KOMNIEKCY Ha OCHOBI Kibep-pyKasuuku Ol 66e0€HHS KOMAHO
opienmayii ma Kepysanus CMmanom 00 €Kma Ha OCHOBI IHMe2POBaAH020 BUMIPIOBAHHS 32UHY Na-
avyie. Komnnexc sxnrouae maninynamop, po3poobienuil Ha 0OCHO8I HOCUMOI Naamu MiKPOKOHM-
poJepa, oCHawWeHoi 0amuyukamuy opieHmayii ma 32uny naivyie, NPoulUeKy MIKpOKOHmMpoepa,
cepeepHull 3aCMOCYHOK OJi 3UUMYBAHHSA MA 0OPOOKU OaHUX 3 8uUKopucmanHuam girempa Ma-
0JIC8IKA, A MAKONHC KIIEHMCbKUL 3ACMOCYHOK OJisl 8i3yanizayii UKOHAHHA KOMAHO. Bukxopuc-
manus Qinempa 015 00pOOKU OAHUX 0aMUUKi6 3abe3neuye cmaodiibHe BUSHAYEHHS NPOCOPO-
601 opieHmayii Maninyiamopa, a CMyniHb 32uHy naibyie — nooawy KOMaHo Ha OCHOBI Hcecmis.
3anpononosana apximexmypa ma inmepgeric npopamyeants 3acMoCyHKI8 00360110Mb GUKO-
PUCmO8Y8amu MaHinyasamop 0Jis 3a0a4 OUCMAHYIUHO20 KePYBAHHS.

Kniouosi cnoea: xibeppykasuuxa, 63aemMo0isi 1IOOUHU 3 KOMN'TOMepoMm, GipmyanvHa pea-
JbHicmb, Qhinemp Meodcsixa, 0onosHena peanbHicme.
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