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1. INTRODUCTION 

In recent years, Industry 4.0 has radically revolutionised 
manufacturing processes and industrial production [1]. The rapid 
increase in the level of automation and the introduction of 
information and communication technologies into the 
manufacturing world are enabling more efficient and more 
flexible production processes that can fabricate higher-quality 
goods at reduced cost and at high production rates [2]. In this 
context, industrial settings are transformed into smart factories; 
information about processes is shared in real time through the 
Internet of Things and cyber-physical production systems in 
order to improve efficiency and throughput as well as the quality 
of the final products [3], [4]. 

Although one of the main principles of Industry 4.0 is that the 
cyber-physical system should make decisions and perform tasks 
as autonomously as possible, the worker remains one of the most 
important resources inside the factory; in the era of digitalisation 

and data exchange, the supervision of workers’ actions inside the 
factory is crucial [5]. For example, manual tasks are often 
required to guarantee flexibility in the production process, 
especially in semi-automated or non-automated settings, and 
incorrect movements and action may significantly affect the 
production processes [6]. In other situations, workers control 
and supervise industrial robots to perform repetitive and 
exhausting tasks or for the inspection and maintenance of 
hazardous and extreme settings in plants [7]. A valuable way to 
interact with robots without physical interaction is the use of 
hand gestures [8]. An important key element in Industry 4.0 are 
collaborative robots, which are specially designed to work 
together with humans. In this context, the workers’ movements 
and position should be monitored continuously to ensure the 
workers’ safety and to improve the collaboration and the 
production workflow [9]. Finally, assembly tasks are based on the 
repetitive composition of different parts to produce the final 
product, and the quality of the product is affected by human 
errors, especially when the manual operations contain many steps 
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with a specific order and many different operating objects [6], 
[10]. Indeed, the efficiency of the operation depends on quickly 
finding the individual parts in the warehouse and on the degree 
of training enabling the worker to follow the specific assembly 
order effectively [11]. Furthermore, musculoskeletal injuries 
known as repetitive motion disorders are the result of the 
combination of incorrect and repetitive movements in 
workshops and individual predispositions [12].  

Motion tracking systems are currently used in different 
applications, and they are an ongoing topic of research [13]-[15]. 
Finger tracking systems are used for movement analysis during 
the execution of precise actions [16], for object design in 
combination with virtual reality [17], for rehabilitation purposes 
[18], [19] and for tracking hand gestures used with human-
machine interfaces [20]-[22]. Finger tracking systems are mainly 
used in vision-based and contact-based systems [8]. A vision-
based system consists of a set of cameras and image processing 
algorithms. Mechanical constraints are reduced, especially in the 
case of markerless motion capture systems, and this guarantees 
good freedom of movement in the space. In order to increase 
accuracy, several active or passive markers should be placed on 
the hand while multiple cameras record the displacement of 
markers in order to capture all the movements [23]. Opto-
electronic systems are extensively used to measure human 
kinematics (e.g. VICON, BTS, OptiTrack, etc.) [24]. In [25], an 
opto-electronic marker system was used to validate a glove 
equipped with 11 inertial measurement units. These systems 
require expensive and complex equipment, an accurate 
calibration algorithm and a confined space, such as a laboratory 
[26]. The illumination is a critical condition in order to properly 
capture properly all the segments [27]; moreover, waste and dust 
deposited on the lens may significantly affect the measurements. 
For all these reasons, vision-based systems are rarely adopted for 
industrial applications, in less-constrained settings or for 
continuous monitoring [28]. Contact-based systems include 
wearable devices equipped with sensors and electronics for 
elaborating and transmitting measurement data to an external 
elaboration unit. They are basically composed of low-cost 
components and they can be easily used in many applications and 
environments. A wearable device suitable for industrial 
applications should be easily wearable and should comply with 
workspace safety rules. Furthermore, the device should not 
introduce mechanical constrains that limit the task execution.  

In previous works [11] and [29], we proposed different 
measurement systems for tracking finger movement, composed 
of different wearable modules with embedded sensors and 
electronics. The electronics elaborate the measurement signals 
and transmit the elaborated data to a mobile device, which 
displays and collects the data by using a software specifically 
designed for this application. The wearable systems can be worn 
in a minimally invasive way, and we demonstrated that the system 
configurated with two measurement modules could be a valuable 
solution for many industrial applications by simulating tasks 
potentially performed by a worker in the industrial field. In this 
paper, we show the validation of the data collected by the 
wearable system proposed in [11] using a marker-based opto-
electronic system. In Section 2, we describe the measurement 
system. In Section 3, the experimental setup and protocol used 
for the data validation are given, and in Section 4, we show and 
discuss the experimental results. Finally, in the concluding 
section, the major findings are summarised.  

2. SYSTEM DESCRIPTION 

The proposed system (shown in Figure 1) was designed to be 
modular, light, low-cost, battery powered and cable-free. It is 
composed of two sections: 1) a wearable system equipped with 
sensors and electronics for measuring finger motion and 
transmitting data and 2) a local device (a laptop) for collecting 
and displaying data measurements.  

The wearable system is configurable, and it is composed of 
wearable and independent measuring modules (shown in Figure 
2). The number of modules depends on the application and on 
the physical constraints. Each module communicates with the 
laptop directly via Bluetooth, reducing the number of wires and 
cables that could obstruct the finger movements. In this work, 
two modules were used to test and validate the system: one was 
worn on the thumb and the other on the index finger of the right 
hand. The module design allows the system to be worn on 
different fingers of both hands with few changes. The box 
(dimensions: 36 mm × 25 mm × 10 mm) and the ring that 
supports this box are made of polylactic acid, and they were made 
using Fused Deposition Modelling technology for an easy and 
tailor-made fabrication of the module according to finger size. 
The box encloses the electronic board and the 40 mAh polymer 

 

Figure 1. Measuring system for tracking the movements of the index finger 
and the thumb. In this example, the system is worn on the right hand (index 
finger and thumb), but it could be worn on the left hand without changes. 
The wearable system provides information about the flexion/extension of 
the PIP joint by reading the resistance of the stretch sensors and about the 
orientation of the proximal phalanges through the IMU’s output. 
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Li-ion rechargeable battery (20 mm × 11 mm × 3 mm), for a 
total weight of 14 g. A more extended description of the module 
is reported in [11].  

The finger movements are measured by an inertial 
measurement unit (IMU) mounted on the electronic board and a 
piezoresistive sensor. The LMS9DS1, produced by 
STMicroelectronics, is used as a 9 Degrees of Freedom IMU, 
which incorporates a 3-axis accelerometer, a 3-axis gyroscope 
and a 3-axis magnetometer for the determination of the proximal 
phalanx (PP) orientation. The orientation of each sensor is 
shown in Figure 3. The three-dimensional (3D) coordinate 
system of the accelerometer and gyroscope do not satisfy the 
right-hand rule. Flexion and extension of the proximal 
interphalangeal (PIP) joint is monitored by the stretch sensor 
sold by Image Scientific [30], which is placed over the dorsal side 
of the finger. The stretch sensor is made of a conductive rubber 
whose electrical resistance varies with the applied force and thus 
with the sensor elongation. The nominal cord resistance is 

395 /cm in its unstressed state. One sensor end is anchored to 
the plastic ring, and the other one is fixed to an adjustable one-
wrap hook and loop fastener tied around the middle phalanx. 
The sensor length is determined by finger size. A voltage divider 
circuit included in the electronic board is used to convert the 
resistance change into a voltage measurement and thus into a 
digital signal. ATmega328P is the microcontroller for the 
electronic board and supervises the measuring process, such as 
the communication with the laptop. Once the communication 
with the laptop is established, the microcontroller collects the 
measurements from the sensors and sends them to the laptop 
every 45 ms. The resolution of the analogue–digital converter is 
3.22 mV/LSB, which corresponds to a resolution in the 
measurement of sensor resistance of 0.86 Ω/LSB. In order to 
reduce the power consumption, a Bluetooth Low-Energy (BLE) 
module, RN4871 from Microchip, is used for wireless 
communication. The GATT roles (Generic Attribute Profile) are 
used to exchange data in accordance with the BLE protocol. The 
module can properly operate with the input voltage of a 3.7 V 
rechargeable battery thanks to the on-board low-dropout voltage 
regulator (TPS71533, Texas Instruments), with an overall power 
consumption of 75 mW.  

On the laptop side, a LabVIEW Virtual Instrument 
developed for this specific application collects, stores and 
displays the data sent by the two modules on the same screen. 

 

3. VALIDATION PROCEDURE 

3.1. Experimental setup 

A male subject wore the measuring system on the thumb and 
the index finger of his right hand. The IMUs were calibrated 
according to the standard calibration procedures (an example is 
reported in [31]). The relationship between the strain and the 
resistance change of the stretch sensor is reported in [29] and 
[32]. The calculated gauge factor was 4.73 and the linear 
correlation coefficient (R2) was equal to 0.98 in the range 0–
10 %. 

A marker-based opto-electronic system (DX400, BTS 
Bioengineering S.p.A) including 8 cameras acquiring at 100 fps 
and a dedicated marker-set was exploited to have a ground truth 
reference for the joint kinematics. The calibrated acquisition 
volume was approximatively 1.00 m x 1.00 m x 1.00 m. 

In these tests, the measurements acquired by the proposed 
system and by the opto-electronic system were post-processed to 
estimate the orientation and rotation of the fingers. 

3.2. Marker Protocol 

A configuration of 11 markers was used, covering the palm of 
the hand, the proximal and distal phalanx of the thumb and the 
proximal and middle phalanx of the index finger (Figure 4). In 
particular, three markers were located approximately at the ulna 
styloid process, the radius styloid process and the dorsum of the 
hand (i.e. the middle of the third metacarpal bone). The thumb 
was fit with 4 markers, three at the PP – exploiting the thumb 
board enclosure – and one at the tip of the distal phalanx. 
Equivalently, 4 markers were used for the index finger: three 
markers at the PP – using the index board enclosure – and one 
on the distal joint of the middle phalanx. For both the static pose 
and each acquired movement, 3D marker coordinates were 
computed in every frame (100 fps) of the time sequence and used 
to calibrate the model and estimate joint kinematics. 

3.3. Coordinate Frames and Kinematic Assessment  

In order to correctly decompose joint kinematics, during the 
static phase a specific coordinate frame was defined for each 
segment involved in the kinematic chain. In particular, the 
coordinate frame of the hand segment was defined as in Figure 
4:  

 

Figure 2. Coordinate frame and description of the measuring module to be 
worn on the finger. 

 

Figure 3. Electronic board including IMU and electronic components for 
conditioning, elaborating and transmitting measurement data. The 
accelerometer and the gyroscope have a different orientation with respect 
to the magnetometer, and this aspect is considered in the data elaboration 
algorithm used to measure the phalanx orientation. 
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• X-axis is the direction identified by wrist flexion/extension 
axis (i.e. the axis connecting the markers placed on the ulnar 
and radial styloids). 

• Z-axis is the normal axis identified by the hand plane 
defined by the 2 markers on the wrist and the marker on 
the dorsum of the hand 

• Y-axis is the cross-product between the z-axis and y-axis 
for the hand.  

For both the thumb PP and the index finger PP, the markers 
placed on the board enclosures and the specific configuration 
were also used to define the anatomical coordinate systems:  

• Y-axis direction is defined by the two markers placed on 
the longer side of the enclosure. 

• X-axis direction is defined by the markers on the shorter 
side. 

• Z-axis is the cross-product between the x-axis and the y-
axis.  

The anatomical coordinate frames for the distal phalanxes 
were then defined by starting from the board coordinate frames 
and shifting them by an appropriate quantity, taking into account 
the dimensions of both the boards, the support and the fingers. 
For the distal phalanx of the thumb and the middle phalanx of 
the index finger, the coordinate frames were defined by keeping 
the hand in a neutral posture and considering the coordinate 
frames aligned with the most proximal ones but moved along the 
y-axis by the length of the proximal segments themselves. 

Once each coordinate frame was defined, the local position 
of each marker was defined. Then, for the kinematic analysis, the 
position and orientation of the coordinate frames were estimated 
by minimising the local position of each marker with respect to 
its global position. Minimisation was performed through least-
squares optimisation.  

The coordinate frame of moving IMUs was aligned as shown 
in Figure 2, and it was aligned with the coordinate frame of the 
segments (index finger and thumb) detected by the opto-
electronic system. The rotation matrix associated with the IMU 
measurements was calculated after the acquisition by using the 
Kalman filter algorithm implemented in Sensor Fusion and 
Tracking Toolbox (Matlab R2019b). Since the coordinate system 
of the accelerometer and of the gyroscope do not satisfy the 
right-hand rule, the measurements of acceleration in the x-
direction were swapped. 

The orientation of the segments and of the IMUs were 
referred to the neutral posture: wrist, thumb and index finger 
were kept unflexed with the index finger and palm parallel to the 
ground. 

Joint kinematics (i.e. angles) was then assessed by 
decomposing joint rotations following Euler’s XYZ notation 
(defined as roll, pitch, yaw). 

3.4. Experimental protocol 

During the experiment, the subject was seated in the chair and 
his forearm was supported by the table. Considering the 
experimental setup and the final application of the proposed 
system in industrial settings, we selected four simple movements 
shown in Figure 5. The selected movements involve the 
flexion/extension as well as the adduction/abduction of the 
fingers. Using simple movements and poses is considered a 
valuable method to validate wearable systems for tracking finger 
movements [11], [33]. All the motions started with the hand in a 
neutral position (all fingers were kept extended and closed). In 
M1, the subject grasped and released a ball, while in M2, the 
subject closed his hand, simulating the grasp of a small object. In 
M3, the subject grasped and released the screwdriver handle. 

 

Figure 4. Marker Protocol. 

 

Figure 5. Illustration of the movements involved in this study: M1 ball grasp; 
M2 virtual grasp; M3 screwdriver grasp; M4 pinch. 

 

Figure 6. Wrist flexion and extension for x-axis detection. On the left, the 
neutral posture is shown. 
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Finally, in M4, the subject executed the pinch trial. Each 
movement was repeated five times. Before starting the test, the 
subjected was asked to flex and extend his wrist (Figure 6) in 
order to determine the x-axis of the hand segment coordinate 
frame. 

4. RESULTS AND DISCUSSION 

For the opto-electronic system, according to the calibration 
procedure and to the experimental setup, the median root-mean-
square error (RMSE) on the estimation of the single axis of the 
associated coordinate frame was 0.5 deg, 0.4 deg and 0.6 deg for 
x-axis, y-axis and z-axis, respectively.  

The elaborated measurements of the index finger movements 
collected during the M1 test are shown in Figure 7 and Figure 8. 
Here, we analysed the postures of the index finger while the 
subject grasped and released the ball five times. The orientation 
of the PP of the index finger measured by the opto-electronic 
system and by the IMU is shown in Figure 7, where roll, pitch 
and yaw angles are the extrinsic rotation of the x-axis, y-axis and 
z-axis of the index PP frame relative to the index PP frame 
defined in the neutral posture. As expected, the main rotation is 
around the x-axis (of 30 deg maximum), whereas the yaw angle 
is limited; indeed, the metacarpophalangeal joint has only two 
degrees of freedom: flexion and extension and ulnar/radial 
deviation [31]. The summary of the results reported in Table 1 
shows the reliability of the IMU measurements, which are 
comparable to the ones obtained by the opto-electronic system 
as highlighted by the RMSE value. 

As shown in Figure 8, the stretch sensor measures a resistance 
change of 30 % with respect to the resistance measured keeping 

the hand in the neutral posture, and this result is obtained when 
the opto-electronic system measures a roll angle of 60 deg for the 
middle phalanx. In this case, the roll angle was calculated with 
respect to the rotating coordinate frame of the PP, and thus it 
represents flexion and extension of the PIP joint. The other two 
angles are not shown because their values are negligible; indeed, 
the PIP joint has only one degree of freedom [34]. The resistance 
variation of the stretch sensor with respect to the roll angle 

 
Figure 7. Orientation of the PP of the index finger measured by the opto-
electronic system (dashed line) and the IMU (solid line) during M1 
movement. 

 
Figure 8. Rotation of the PIP joint of the index finger measured by the opto-
electronic system (on the top) and by the stretch (on the bottom) during 
M1 movement. 

 
Figure 9. Rotation of a) PIP joint of the index finger measured by opto-
electronic system (x-axis) and by stretch (y-axis); b) metacarpophalangeal 
(MCP) joint of the index finger measured by opto-electronic system (x-axis) 
and by IMU (y-axis). 

Table 1. Summary of results depicted in Figure 7. For each orientation, span 
is the maximum range of motion measured by the opto-electronic system, 
RMSE is the deviation of the measurements obtained by the IMU from the 
ones obtained by the opto-electronic system, and nRMSE relates RMSE to 
span 

Orientation Span (deg) RMSE (deg) nRMSE (%) 

Roll 41.4 1.7   4.1 

Pitch 17.1 1.9 11.1 

Yaw 10.9 2.7 24.8 
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variation of the PIP joint measured by the opto-electronic system 

is 0.45 /deg. This value is the slope of the line that combines 
the measurements of the stretch sensors with the ones of the 
opto-electronic system, and it is calculated through the linear 
least-squares method. The correlation of the two systems is 0.988 
(Pearson correlation), and thus sensor output is linear 
throughout the PIP flexion/extension range with a negligible 
variation of the sensitivity, as shown in Figure 9a). The line 
represents the average of five repetitions, and the shaded area 
represents the standard deviation. The relationship between the 
roll angle of the PP of the index finger obtained from IMU 
measurements and the one obtained from the opto-electronic 
system is linear, as shown in Figure 9b). A similar result is 
obtained for the pitch angle of the PP of the index finger. 

The measurements obtained by the proposed measuring 
system and by the opto-electronic system during all the tests M1, 
M2, M3 and M4 for the index finger are summarised in Figure 
10 and Figure 11. For better viewing, only one repetition for each 
movement summarised in Figure 5 is shown, since the results are 
similar for the entire duration of the test, as proved by the results 
of the M1 test in Figure 7 and Figure 8. The roll angles measured 
by the two systems are shown in Figure 10, since the values of 

the other angles are negligible. Depending on the type of 
movement, the range of motion of both the phalanges changes. 
As expected, the maximum rotation is obtained when the subject 
grasps the handle of the screwdriver (M3 test), while the 
minimum rotation is obtained during the M1 test. In all of the 
cases, the median RMSE of roll angle is lower than 3.7 deg.  

The roll angles of the PIP joint and the resistance of the 
stretch sensor are compared in Figure 11 during one repetition 
of the movements M1, M2, M3 and M4. In these cases as well, 
the stretch sensor can be correlated with the flexion and 
extension of the PIP joint. Considering all of the tests, the 
resistance of the stretch sensor with respect to the roll angle of 
the PIP joint measured by the opto-electronic system is 

0.47 /deg, and it is similar in all the tests, as is the repeatability 
and the hysteresis. We verified that the correlations between the 
measurement systems are the same as shown in Figure 9a) and in 
Figure 9b) for all the movements.  

Although the flexion of the PIP joint is similar for movements 
M1 and M4, the combination of the measurements obtained by 
the IMU and the stretch sensor makes it possible to distinguish 
these two different gestures, and thus many others. 

 

Figure 10. Comparison between the opto-electronic system (dashed line) and the IMU (solid line) considering the rotation of the PP of the index finger. The 
roll angle represents the flexion and extension angle of the MPC joint during the following movements: M1 ball grasp; M2 virtual grasp; M3 screwdriver grasp; 
M4 pinch. An illustration of the movements is shown in Figure 5. 

 

Figure 11. Comparison between the opto-electronic system (on the top) and the stretch sensor (on the bottom) considering the PIP joint of the index finger. 
The roll angle represents the flexion and extension angle of the PIP joint during one repetition of the following movements: M1 ball grasp; M2 virtual grasp; 
M3 screwdriver grasp; M4 pinch. An illustration of the movements is shown in Figure 5. 
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5. CONCLUSIONS 

Median RMSE in roll angles of the PP of the index finger 
between the IMU and the opto-electronic marker system is 
between 1.7 deg and 3.7 deg. The smallest difference is observed 
when the subject grasps and releases a small ball, while the largest 
difference is observed during the pinch movement. 

The differences between the two systems could be partially 
explained by skin movements artifacts that cause the relative 
marker movements and that affect the estimation of the segment 
orientation. Drift errors of the IMUs and possible distortions of 
the static magnetic field could equally affect the measurements 
and the estimation of the segments. Finally, the decay of the 
resistance of the stretch sensor over time influences the 
measurements. All these sources of error are largely discussed in 
the literature [25].  

The proposed system equipped with IMUs and stretch 
sensors could be adopted for monitoring finger movement tasks 
in a variety of conditions, including in an industrial setting. For 
example, wearable electronics for finger tracking are used to 
evaluating workers’ tasks to improve their efficiency and safety 
[35] and for virtual reality [36]. These devices are usually 
equipped with IMUs, bend sensors and piezoresistive sensors 
due to their weight, costs and dimensions [37]; the resulting 
wearable devices unobtrusively detect fingers movements while 
the workers perform their tasks and provide affordable 
measurements. In the previous work [11], the proposed system 
was successfully used to supervise a worker during assembly 
operations and to identify simple gestures for human–robot 
collaboration. The validation tests and the results reported in this 
paper need to be considered for the interpretation of the data 
when the proposed system is used to monitor finger movements 
and gestures. 

The proposed validation protocol is adopted for the 
evaluation of the system’s performance when the system is used 
to measure thumb and index finger movements. Further 
implementations will be introduced to detect more complex 
movements of the hand. A gesture recognition approach based 
on a deep learning model will be considered for human–
computer interaction through the proposed wearable system. 
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