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Abstract

:

A prototype portable device that allows for simultaneous hand and fingers motion and precise force measurements has been. Wireless microelectromechanical systems based on inertial and force sensors are suitable for tracking bodily measurements. In particular, they can be used for hand interaction with computer applications. Our interest is to design a multimodal wireless hand grip device that measures and evaluates this activity for ludic or medical rehabilitation purposes. The accuracy and reliability of the proposed device has been evaluated against two different commercial dynamometers (Takei model 5101 TKK, Constant 14192-709E). We introduce a testing application to provide visual feedback of all device signals. The combination of interaction forces and movements makes it possible to simulate the dynamic characteristics of the handling of a virtual object by fingers and palm in rehabilitation applications or some serious games. The combination of these above mentioned technologies and open and portable software are very useful in the design of applications for assistance and rehabilitation purposes that is the main objective of the device.
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1. Introduction


Currently, new paradigms of natural interactions with computer are explored. One of the most used is hand gestures as control input in Human–Computer Interaction (HCI) [1,2]. Hand movements are a means of non-verbal communication and can take the form of either simple actions or more complex ones. Therefore, it stands to reason that using the hands can be an intuitive method for communication with computers [1,2]. New Virtual Reality [3] systems need, not only information about hand position, but also force values from the controlled input device. There is a need for kinematic and kinetic information in real time. Additionally, the combination of these above mentioned technologies are very useful in design applications for assistance and rehabilitation purposes, which is our main objective.



Hands can be considered as a complex biomechanical structure with a high number of degrees of freedom (DOF) [4]. Therefore, it should be possible to use the hands as a high DOF control device in a wide range of applications (ludic or medical) [1,2,3,4]. Two major types of technology for HCI can be identified, namely contact-based and vision-based devices. Contact-based devices (CBD) rely on physical interaction with the user. On the other hand, vision-based devices (VBD) analyze one or more video streams for determining hand motions. VBD technology can measure the motion of the end-effectors (fingers and the whole hand), but not the force done to catch an object. A large number of contact-based data gloves have been developed over the last thirty years [5], whereas vision-based tracking of the hands has been in development for about two decades [6]. We are aware of the complex challenges in hand gesture vision recognition and also of their limitations. Thus, we are more oriented to consider new low-cost contact-based systems, less invasive than the traditional gloves. Furthermore, the CBD can fill in the data gap that occurs with VBD during camera occlusions.



An interesting subset of CBD is the wireless microelectromechanical based sensors (WMES). These systems use a set of interconnected sensors for motion and force measurements. Different aspects of fingers and hand motion are considered, and the combined data is used for higher-level feature extraction in gesture recognition and force performance [7].



To our knowledge, very few low-cost, wireless systems for hand tracking and force measurement are proposed in the literature. In [8], an interesting system to evaluate upper link task in Parkinson disease is proposed. This system considers a low-cost RGB-Depth camera using a monitor for visual feedback of the hand movements of the patient. The user’s equipment is a pair of black silk gloves with imprinted color markers, which are used for the gestural control of the system and for task assessments. In the paper, a comparison between the offered solution and consumer devices is provided. In a precise qualitative evaluation, the system has been compared favorably with popular consumer alternatives. If we consider the system as a VBD, the forces done by the end user cannot be measured.



A study using a data fusion approach is presented in [9]. The system combines the Nimble VR vision-based system, using the Kinect camera, with the contact based 5DT Data Glove. This is an approach that uses the fusion of vision and contact, increasing the data completeness, and thus providing substantial advantage over the sole use of one device. In this system, the hands are detected using infrared depth information obtained from the Kinect camera. Using a previous hand’s skeletal model, an estimation of the orientation and position of the hand and fingers is calculated. The 5DT Data Glove was added to this setup, allowing for a double validation of the system. In the first method, a wooden articulated manikin hand model hand was used. The second method used dynamic hand movements with three human hands of different sizes to assess the robustness of the Kalman filter output. From the results observed in the paper, the application of the Kalman filter for fusing vision-based data with contact-based tracking data provided substantial improvements in precision and to a lesser extent improvement in accuracy. This method allows the system to mitigate the visual self-occlusion of the fingers and data completeness is obtained. On the other hand, the system is a little bit invasive and unable to measure the force done by hand and fingers.



Another Data Glove approach is presented in [10]. The main idea is to obtain an accurate measurement of thumb carpometacarpal (CMC). The CMC-joint movement is still a challenge due to crosstalk between the multi-sensor outputs required to measure the degrees of freedom. In order to properly measure CMC-joint configurations, sensor locations that minimize sensor crosstalk must be identified. This work presents a novel approach in identifying optimal sensor locations. Although the proposed method improves the accuracy of the sensing system, from the pictures provided we can conclude that it is very invasive and user’s preparation time can be very high.



The research ideas most similar to our proposal are considered in [11]. A full evaluation of motor task performance during grasp movements requires, besides kinematic, also kinetic measures. An emerging microelectromechanical system (MEMS) for HCI purposes is proposed. The instrumentation setup consists of 3D accelerometers and gyroscopes embodied in a single chip (ST LSM330DLC), which are distributed along the dorsal side of the hand. The system attached to the hand is robust, flexible and low-cost. The system’s evaluation is done measuring kinematic and kinetic sensor data simultaneously, applying orientation filters and subsequently applying a recursive system identification algorithm. The system offers an approach for measuring pressure sensing and gesture recognition in a combined manner. This solution opens the ability to gather profound insights into interaction optimization between the human body and its environment, in particular for VR applications. Another interesting and novel haptic exoskeleton device is presented in [12]. The device can measure the user’s hand motion and assist hand motion while remaining portable and lightweight. The device consists in a five-finger mechanism actuated with miniature DC motors through antagonistically routed cables at each finger, which act as both active and passive force actuators. The glove can be wirelessly linked to a computer for displaying and recording the hand status through 3D Graphical User Interface (GUI) in real-time. A positive aspect of this system is its portability (wireless) and its adaptability to a wide variety of finger sizes. The user’s fatigue is low, the system is inexpensive, and over one hour of continuous operation is reached without the need for recharging. Unfortunately, this version of the glove does not include an inertial measurement unit and it is also highly invasive. The SAFE Glove needs mechanical refinement directed towards the use of smaller and stronger components to reduce bulkiness and improve comfort for the wearer.



Another important aspect to note is the advancement in the area of sensors and actuators. Papers [13,14,15] explore the advances in tactile sensing technologies. The three abovementioned papers show different surveys about various technologies and transduction methods. The work done in [16] shows a survey of hand exoskeleton technologies for rehabilitation and assistive engineering, from basic hand biomechanics to actuator technologies. The main requirements of these hand exoskeleton devices are also identified, and the mechanical designs of existing devices are classified. The paper is oriented to the world’s aging society and an increased demand for the practical application of assistance and rehabilitation technologies.



The low cost of the final device proposed for human motion and force measurement is an important factor in order to achieve future commercialization. In papers [17,18], the authors propose a cost-effective three-finger exoskeleton hand motion-capturing device [17] or a sensor glove with vibrotactile feedback and multiple finger joints and hand motion sensing [18]. The first device provides 12 DOFs data of finger motion by a unique bevel-gear structure as well as the use of six 3D magnetic sensors. The system enables feasibility of object manipulation as far as the needs go in various tasks in virtual environment. The second glove allows separate measurements of proximal and distal finger joint motions as well as position/orientation detection with an inertial measurement unit (IMU). These sensors and tactile feedback induced by coin vibration motors at the fingertips are integrated within a wireless, easy-to-use, and open-source system. The main advantages of this system are an easy-to-use and low-cost system with wireless connection to the host computer.



From a holistic point of view, we can analyze the human motion with multisensorial information. This perspective is proposed in [19]. The author presents a generalized framework integrating multiple modules: sensor integration, signal preprocessing, correlation study of sensory information, and motion identification. Three types of sensors are integrated to simultaneously capture the finger angle trajectories, the hand contact forces, and the forearm electromyography (EMG) signals. The paper shows accurate results and effective solutions for motion capturing, data synchronization and segmentation, correlation study of the sensory information, and motion recognition. The proposed framework integrates the state-of-the-art sensor technology, mature machine learning methods, and signal processing algorithms.



Along the same lines, Ref. [20] shows a complete review of multimodal human hand motion sensing and analysis. The work is current and includes the most recent data gloves available in the market. Additionally, clear figures and diagrams show all multimodal force-based and vision-based sensing information flow and signal processing.



The work done in [21] offers a new review on multimodal human hand motion sensing. In this novel paper, a summary of hand motion analysis methods, including contact and non-contact devices, is presented. Additionally, surface electromyography (EMG) is analyzed as a tool for evaluation of the biofeedback of muscle movements by measuring the EMG signal on the surface of the skin. In Ref. [22], another data glove solution for hand motion tracking and gesture recognition is proposed. The KHU-l data glove consists in three tri-axis accelerometer sensors, one controller, and one Bluetooth module. The system can send full information to the PC through wireless communication using Bluetooth. The implemented 3-D digital hand model is based on the kinematic chain theory utilizing ellipsoids and joints. Due to the sensor’s technical specification, we conclude that the system is highly intrusive. Furthermore, the number of hand gesture recognition possibilities are very limited (scissor, rock and paper). The system needs faster computation to reduce the time delay between actions recognition. The optoelectronic approach is an alternative for the evaluation of motor and cognitive capabilities. In Ref. [23], a method to capture motion of a pen through a mo-cap optoelectronic system was developed. Four IR passive markers were placed on a pen cap. Once a pen was equipped with the cap, track of tip was computed through a numeric algorithm using the 3D coordinates of markers provided by the optoelectronic system. The system is oriented to evaluate precisely the writing and drawing techniques on a tablet using this pen cap. The contribution is the new acquisition protocol using a new marker’s configuration of the system. In this situation, the marker was not placed on the pen but on a surmounting cap, in order to allow a free and as natural as possible grasp of the pen. This new solution allows for a very accurate reconstruction of the pen tip coordinates and had the advantage to be suitable for handwriting and movement acquisition for pathologic subjects. The system does not measure any force done by subject over the pen tip. Additionally, the system requires higher costs than a computerized tablet and a dedicated room with trained staff.



A hand tracking perspective based on magnets attached to fingers and an electronic wristband is presented in [24]. This system exploits advanced design of magnetic flux sensors and recent research on hand-based communication. It is wireless, portable, unobstructive and convenient. The proposed method considers two computational steps. The first step estimates the locations and orientations of the magnets and the fingertips from the measured flux densities; and the second step reconstructs the finger postures from the locations and orientations of the fingertips based on a geometric model of the fingers. The system is validated against a Vicom motion tracking system. In general, the estimation based on magnetic data was reasonably consistent with the direct measurement of the joint angles. Unfortunately, problems arise in the magnetic flux measurements when the system is operated near objects constructed of magnetic materials.



To present the most important contribution of wearable sensing gloves, we consider the work done in [25,26]. The first contribution presents a wearable sensing glove with embedded hetero-core fiber-optic nerve sensors that detect finger flexion to achieve unconstrained hand motion monitoring. The hetero-core fiber sensor is suited to the wearable sensing glove because it is capable of optical intensity-based measurements with excellent stability and repeatability using single-mode transmission fibers and is unaffected by temperature fluctuations. The system has been validated using a virtual reality application and the sensitivity and accuracy in the detected flexion angles are small. In paper [26], a data glove equipped with force sensors is presented. The force sensor is made of a steel plate substrate where the commercial strain gauges are attached. The plate is attached to the thumb. The system has a sensor calibrated to measure between 0 and 100 N, with a resolution of 0.38N and excellent repeatability. In any case, we consider that the system is obtrusive and needs direct connection to a PC.



All of the above presented systems include wearable sensors with applications in human biomechanical and health monitoring. In order to summarize the progress and challenges in fabrication of wearable sensors, recent work done in [27] was reviewed. A similar practical application using wearable thermal sensors was presented in [28].



In tune with the above mentioned state of the art, a summary of the main objectives and research contributions of this work follows below.



	(a).

	
The proposed hand grip device uses sensors, not influencing natural hand and finger movements.




	(b).

	
A wireless, portable and flexible prototype hand grip device that allows simultaneous hand and fingers precise motion and force measurements is presented.




	(c).

	
The device design is oriented for its use in medical rehabilitation applications or serious games, but it is it can also be considered in ludic VR applications.




	(d).

	
The software is plain and simple to use, and integrates easily in all platforms with standard communications protocols.




	(e).

	
The cost of all electromechanical parts used in the device have been carefully analyzed in order to fit the final cost. In addition, hardware architecture is defined in such a way to easily incorporate extensions of new wearable sensors (EMG, EEG, Heart Rate, etc.).







The rest of the paper is organized as follows: first, the materials and methods of the system are described, along with the details of its HCI in Section 2. Next, in Section 3, the experimental setup for every device is detailed, and the main results presented including an exhaustive validation testing for 3D hand position tracking evaluation and force error evaluation against several commercial devices is presented. Finally, Section 4 summarizes the main contribution of our proposed device and future improvements.




2. Materials and Methods


In this section, the main requirement of the system’s design is introduced and the different electronic devices and their layout are described. The minimum requirements or functionalities that the wireless hand device needs to satisfy in order to be useful as a rehabilitation system are proposed. These main requirements are:




	
Gauges or linear potentiometers to obtain the magnitude of the hand’s force;



	
Accelerometer and Gyroscope (9DOF) to obtain device’s 3D position and orientation;



	
Resistive pressure sensors FSR for the fingers;



	
Self-contained device with incorporation of batteries;



	
A PIC to convert the A/D data and send it by RF to the PC;



	
Wireless communication, RF module (Bluetooth).








Considering the previous functional requirements and taking into account portability and low-cost, we opted for items with the following mechanical properties: tensile strength and sufficient compression to withstand the grip force exerted by the hand without deforming or breaking apart. For all these reasons, the material used was polyvinyl chloride (PVC).



The device has two blocks. The first block contains all electronic components, such as, sensors, battery, microcontroller and the communication module. This block is subdivided in three parts: the main body and two covers, the block was put together using 4 screws in each cover. The second block is responsible for transmitting the force exerted by the hand to the two force sensors. This block is attached to the main body with 4 screws; sufficient clearance is provided as to not affect the force measurements. Additionally, the central part of the main body is reinforced using a 4 mm × 140 mm aluminum sheet. Three-dimensional shaders of the prototype are shown below in Figure 1.



The original PVC block was milled using an industrial CNC Odisea milling machine and all data and coordinates was introduced using the machine’s front panel. In the case of commercial industrial production, a mechanical design using plastic injection will be considered in order to decrease final costs.



2.1. Hardware Implementation


Figure 2 depicts the hardware components of the device, which are briefly described below.



	
Power of the system: This part includes a battery that provides a 3V voltage, which is converted to 5V through a DC/DC regulator.



	
Sensors: This block contains a gauge that measures the force made by the user’s hand; four sensors are able to detect the pressure of the fingers; a gyroscope and an accelerometer measures hand movements (velocity and acceleration) in order to detect user’s tremors.



	
Control of the system: A microcontroller circuit is in charge of controlling the system. This circuit presents A/D converters at some inputs, and then analog inputs are presented to the microcontroller. These inputs are necessary since the output of some of the considered sensors is analog and they must be processed by the full system.



	
Communications block: The hardware also includes a RF circuit that is able to communicate with a laptop. This feature allows data presentation on the laptop’s screen. It is a desirable element in the design of games with ludic or rehabilitation therapy objectives.






One of the most important sensors is dedicated to the measurement of the force that is applied by the user’s hand. In this prototype, a force cell based on a Wheatstone bridge composed by four gauges has been considered. In particular, two identical cells are placed at both ends of the device. Each cell is capable of measuring a force up to 45.35 kg, thus the total force is the sum of the forces applied two both cells, that is 90.7 kg.



Based on experimental studies performed in [29,30,31,32] that show the development of a normative data table for hand grip and pinch strength and a summary of grip strength measurements obtained recently, we propose several electromechanically devices that allow the capture of hand motion and force. We also propose a comparative evaluation of our solution against the commercial dynamometer used in [32]. Another important contribution is related to the ergonomically evaluation of biomechanical hand function presented in [33]. Ref. [34] presents a review of the measurement of grip strength in clinical and epidemiological studies, whereas this paper proposes a standardized method for a more consistent grip strength measurement.



These cells give us an output of 16–24 mV depending on the applied force. An instrumentation amplifier (AD627) is used for signal conditioning to obtain a voltage range compatible with the control block (analog inputs of the microcontroller). This instrumentation amplifier is rail-to-rail, presents a low consumption (85 microamperes), and the gain can be controlled by using a resistor between pins 1 and 8 of the chip. The response time is 135 microseconds. All these features are adequate and comply with the device requirements. Figure 3 shows a picture of the sensor used.



Another component of the sensor block is dedicated to the detection of hand movement. In this part, an inertial measurement unit (IMU), which includes a gyroscope (ITG-3200 model) and an accelerometer (ADXL345 model), has been considered. This unit, produced by SparkFun Corporation, allows for six measurements (Roll, Pitch, Yaw, X, Y, Z). With this data, we can estimate the movements of the hand in terms of position, velocity and acceleration. This information is very important in the detection of tremors. The two chips (accelerometer and gyroscope) are placed on a PCB with reduced dimensions and incorporated to the device. The communication between these sensors and the control block is done through I2C protocol. The last set of sensors is resistive force sensors. These sensors control the adequate positioning of the fingers. In this case, a high precision sensor is not necessary. The use of these sensors, based on a polymer film (PTF) that shows a reduction of its resistance value when a force is applied, is acceptable. For ludic applications of the device, only finger position will be required; for therapeutic applications, the system would also detect changes in the force generated by the patient. These force sensors are connected to the inputs of the control block in a pull up configuration, where each sensor is connected between the power supply and a 10K grounded resistor. A good comparative study of the performance evaluation of five commercially available low-cost piezo resistive sensors with potential application in compression therapy is provided in [35].



The microcontroller considered in the control block is the ATmega328. A PCB Arduino Nano, which contains the ATmega328 microcontroller, has been used. This platform has 8 analog inputs, which are enough to read the voltage values of the analog outputs of sensors.



The communication between the microcontroller and the computer is done at two levels:




	
USB: This option is only used to upload the software into the Arduino Nano PCB. Once the program is loaded, this communication is no longer needed. This communication is not necessary when the device is performing ludic or therapeutic tasks since it works as a real wireless device. The device’s application will be defined in the program design. In general, the microcontroller will read data from the different sensors and, depending on the data, will perform different actions. These actions include data visualization, data storage, data analysis or its interaction with ludic or therapeutic games.



	
RF communication: This is a new part of the device complying with the communication block mentioned above. It is composed by a BlueSMIRF Silver V2 Bluetooth wireless modem by SparkFun Corporation. The communication range is 18 m, good enough for the specifications of the device. The modem is placed on a PCB with reduced dimensions that could be integrated inside the device.








The last part of the hardware is the power supply. Considering the wireless requirement of the device, the main element of the power supply is a battery. We have considered a rechargeable 3.75V ion-lithium battery with a capacity of 2.2 Ah. The rechargeable circuit is the MAX1811 integrated circuit, which is compatible with the battery used and can be charged via USB connection. The dimensions of the battery are 69 mm × 21 mm × 18.5 mm, and its weigh is 55g. All the circuits are biased between 0–5 V (note that the instrumentation amplifier is a rail-to-rail 0–5 V), and this facilitates the power supply implementation. The last component of the power supply is a DC/DC converter, which converts the 3.75 V of the battery to 5 V. The MAXIM683 chip is considered. This circuit is based on a charge pump, has a yield of 85%, a fixed output voltage of 5 V and a current output of about 150mA. All these parameters are adequate for the complete device.



All PCBs, designed and fabricated for the device, must satisfy the following requirements:




	
Reduced size: in order to be placed inside the device allowing for a comfortable and useful prototype;



	
Easy connectability between them;



	
Noise reduction techniques must be considered.








In Figure 4, we show a view of the PCB (printed circuit board) implemented. The motion sensor communicates with the microcontroller using the I2C protocol is connected to pins 4 and 5, corresponding to the SDA and SCL lines, respectively. For wireless communication, Bluetooth is connected to the RX and TX lines of the Arduino Nano that correspond to TX and RX, respectively.



The pressure sensors, resistors that depend on the pressure made, are connected in series with a resistance and act as a retainer splitter. This signal is read by pin 0 (analogue inputs to SI) up to pin 3 for the other sensors. The final device with all the mechanical and electronic elements has a weight of 390 g. A standard empty cup of coffee weighs 370–375 g. The grip of the device is similar to that of taking a cup. Other types of grips are possible, but the device is designed for grips that imply a certain strength rather than fine wean. In any case, the sensors allow to perceive fine variations of the orientation (tremors) that can be very useful in the diagnosis of neurodegenerative diseases.




2.2. Software Implementation


The software architecture used to offer service to different applications is presented. The prototype offers on-line device data to as many applications as needed, both locally and remotely. Data is sent from the device to the server using the Bluetooth component. Server application is responsible for distributing the data to any connected application. For force evaluation, we compare the data generated by the proposed device against two commercial devices dynamometer (Takei model 5101 TKK, Constant 14192-709E). We show the linearity of the three devices and the mean error for each device is calibrated.



The server has been implemented using multithreading. One thread is in charge of communication with Arduino: data request, parsing, processing and storing. At the same time, it receives client’s requests. For each client, a thread is created. Figure 5 shows a simplified UML Communication Diagram between Arduino, server and client.



2.2.1. Sending Data from Control to Server


Data collected by the sensors is sent by the Arduino component via Bluetooth component. CSV format has been chosen among the different transmission package formats. Initially, CSV format was used for visual inspection, and it provides an easily readable format. With CSV format, debugging has been an easy job. Once the initial development tasks were completed, other binary formats were evaluated. After performance testing, we concluded that Bluetooth connection bandwidth, even low band rates, is enough to transmit in CSV text format. For this reason, even though CSV format was only considered for debugging and testing, the decision to maintain it as final transmission protocol was taken.



Data sent from device looks like:



RotationX, RotationY, RotationZ, Pressure1, Pressure2, Pressure3, Pressure4, Force1, Force2



15.2,4.52,7.236,0.01,0.9567,0,0,0.4599,0.2387# (1)



Rotation (angle) is expressed in degrees, while Pressure and Force measurements are values scaled between 0 and 1. At the end of each data package, a control character (#) has been added to mark the end of package.




2.2.2. Server Data Processing


Data is received in a computer that will carry out server tasks. The computer will provide this data to any clients as needed. Different operations are offered by the application that is running as service:




	
GetDeviceConfiguration: returns information about the configuration: list of devices available for connection, device used to receive data, status of the device (searching, connecting or connected), and retry-time between connections.



	
SetDeviceConfiguration: enables changes in service configuration, such as name of the device to connect to, and time between connection attempts.



	
Connect: an asynchronous method to connect to the default device.



	
Refresh: provides an updated list of available devices.



	
GetData: returns the last device data obtained by the server.








The server runs permanently and is configurable. Data is provided to the application using WCF protocol. In addition to the data received from the controller, useful data is added: a frame identifier and a timestamp.



Any application that wishes to connect to the device must go through the server that acts as a gateway. An authentication layer to prevent unauthorized access can be added.




2.2.3. Client Application


A client application, that verifies service and develops applications, has been developed in NET Framework 4.5. This test application allows the user to change server configuration by selecting the device between lists of available devices. The test client application displays the data numerically, a renderization that verifies the controller’s orientation has been included. Figure 6 shows two tabs of the application.



To better visualize the physical features, a graphical interface with 6 columns has been created. The first two columns correspond to the force gauges, and shows the maximum force exerted (kg) and the current force (kg), the average values are also indicated. The other four columns belong to the SFR sensors data and indicate the grip being exerted by the fingers in a uniform way. A cube is used to represent all the movements. In the upper part, a graph that represents the force exerted by the gauges is depicted.






3. Results and Validation


In this section, the main results of the work are presented. First of all, an example of execution of the testing application in Figure 7 and Figure 8. In this example, all parameters of the device are visualized in the screen. The force visual feedback given to the user includes force done and finger sensors activation. The virtual object changes position and orientation depending on hand and force values. In order to include visual variation of force sensors, a timeline is also provided. Furthermore, in every medical rehabilitation therapy the visual feedback will be adapted to specific objectives. An introductory video showing device performance is available online as additional information (http://ugivia.uib.es/video/ (accessed on 28 June 2021) or see Supplementary Materials). As a security measure, and in order to avoid the dropping or throwing of the device, a “velcro” band (similar to those in Valve Index Controllers) is included. This band guarantees that the hand grip is always in contact with the hand even when the user completely opens the hand.



3.1. Orientation Degree Error Measurement


The ITG-3200 datasheets specify that the maximum rotation speed is  ± 2000°/s. This limitation does not pose a problem for the rehabilitation applications, for which the controller has been developed. The error made in the measurements due to noise must be considered. This error is not indicated in the specifications of the remote control, so an experiment to bound it has been carried out.



In order to measure noise, we have computed the probability of getting a measurement with an error higher than one degree.



The control has been immobilized for different orientations and the noise of the orientation measurement has been measured for 1000 records. A total of 35 recordings have been made in arbitrary orientations. The measurement results for the highest noise are shown below. They corresponded to the orientation yaw = −176.8162, pitch = −17.0508 and roll = 109.87212.



To carry out the statistical analysis, the orientations with the higher error (high mean error) have been selected. This set of measurements is called  M .



Figure 9 presents the graphical evolution of the orientation signal. Point (0, 0) corresponds to the average orientation (yaw = −176.8162, pitch = −17.0508 and roll = 109.87212). The error measurement is defined as the vector from the unitary orientation vector to the mean center orientation line.



For each orientation, we have   n = 1000   stationary measurements, called    m i  ∈ M  . For each measurement, its error vector   m  e i    is computed as the 2D vector from the orientation to the mean orientation. The greatest scalar error is   m e =   max   1   ≤   i   ≤   n    |  m  e i   |   . In the worst scenario,   m e =   1.135321 × 10−5, which corresponds to a difference between measurement and mean measurement orientations of 0.1930557 degrees (  asin  (  m e  )   ). Furthermore, this is the maximum error obtained in the 35 arbitrary sets of measurements.



An analysis of error vectors set {  m  e i  |   1   ≤ i ≤ n }  , concludes that there is Gaussian noise along both axes. Therefore, this noise will be modelled as a bidimensional Gaussian noise. This noise has a correlation of −0.62904 according to the Pearson test. The noise error is split into two independent random variables, R1, obtained from the direction of greatest dispersion, and R2, the noise in the normal direction.



The Shapiro test has yielded p-values of 0.2827 and 0.5851 for R1 and R2, respectively. The parameters obtained are


R1 = N(μ1, σ1) = N(−3.141921 × 10−17, 0.000958003)










R2 = N(μ2, σ2) = N(1.134786 × 10−16, 0.0003242265)











Figure 10 shows the sample histograms for R1 and R2. The non-zero parameterization of the mean is due to lack of precision, but it can be assumed to be zero.



From this noise parameterization, which corresponds to the orientations with the higher error, the probability of obtaining noise greater than one degree is calculated as


  P (    R 1 2  +  R 2 2      >   1 ° )    



(1)







The probability obtained from (1) is lower than 1 × 10−35. From this study, we conclude that noise is less than one degree, which indicates that the data obtained can be used in a rehabilitation environment where orientation measurement errors less than one degree are acceptable [36].




3.2. Accuracy and Precision of the Force Measurements


The analysis of the precision and accuracy of measurements was conducted with the dynamometers Takei® model 5101 TKK, (Figure 11a), Constant 14192-709E® (Figure 11b) and the Wireless Hand Grip device System of UIB (Figure 11c), the dynamometer Takei model 5101 TKK®® has a load limit between 0 and 100 kgf (980.66 newton), digital display, minimum reading of 0.5 kgf (4.9 newton), and rectified adjustable and complacent handle. The dynamometer Constant 14192-709E® has a load limit of 0 to 90 kgf (882.59 newton), digital display, minimum reading of 0.2 kgf (1.96 newton), and rigid and adjustable anatomical handle. The Wireless Hand Grip device System of UIB has a load limit between 0 and 90.7 kgf (888.86 newton), and was computerized with a minimum reading of 0.2 kgf (1.96 newton) with modified rigid and adjustable handle.



Each dynamometer was statically calibrated with the gradual application of factual loads (washers) in the center of their handles, as recommended by [32]. Other previous work to validate grip strength in normal population are presented in [37]. The weights pattern (average mass of 5.00 ± 0.0153 kgf, 49.033 ± 0.15 newton) were added one by one until they reached the final load of 60 kgf (588.39 newton), the highest force measurement limit assumed for a standard user among the three analyzed dynamometers. Figure 12 shows a scheme of the placement of the dynamometers in the cargo system, where calibration readings after the addition of each load and stabilization of the system were performed. For each load increase, the strength of the four values indicated on the dial or registration program of each dynamometer was registered.



Figure 13 also shows the weights used to reach the maximum load. All weights possess the calibration certificate document that guarantees the traceability to national standards according to the International System Units (SI). Appendix A exhibits an example of the official certificate.



Calibration curves were obtained based on the relationship between the application of loads and the reading of the three dynamometers. These curves were constructed using simple linear regression by the method of minimal squares and analyzed according to the following procedure: (1) scatterplots of dynamometer versus calibrator loads for each device; (2) estimation of the respective linear regression models and determination of residuals; (3) calculation of the r2 value and verification of model’s assumptions; and (4) application of a covariance analysis model (ANCOVA), since the data provides Yd (load predicted value for a given dynamometer during the calibration process) and predictor x (the actual load value/washers). With this type of analysis, it was possible to model Yd as a linear function of x, where the coefficients of the regression line vary according to the device used. In this manner, the calibration was represented numerically by a table and graphically by a line described by the Equation (2):


   Y d  = a x + b  



(2)




where    Y d    is the value predicted for a load for a given dynamometer,  a  is the angular coefficient of the equation of regression (calibration factor),  b  is the linear coefficient of the regression equation and  x  (predictor) is the factual load value (washers).



Table 1 compares the measurements of the three dynamometers. The homogeneity of the variances has been analyzed using the Bartlett test, obtaining p-values of 0.9911, 0.7674 and 0.9718, respectively, for the three dynamometers. The necessary homoscedasticity condition is fulfilled, the regression model assumptions are satisfied, and the regression line coefficients are estimated (see Table 2). In all three cases, the p-value obtained accepts the model’s hypothesis, and the error obtained is acceptable. Figure 14 shows the representation of the three regression lines. This analysis shows that the controller presented (UIB Device) has similar measurements error to the Takei model, and is below the Constant model. The Takei model is used in several studies [38] as a standard force measurement device with good performance.





4. Discussion, Conclusions and Future Work


We have presented a novel wireless device that allows for the simultaneous measurement of motion and hand forces and analyzed its performance. The system has been tested against commercial force dynamometers (Takei model 5101 TKK, Constant 14192-709E) obtaining similar precision. The position and orientation have also been evaluated. Several statistical parameters are computed in order to verify the correct performance of device.



According to the values measured by the three goniometers considered and the analyses performed, we can affirm that the proposed UIB system performs adequately with precision comparable to those of the two commercial systems considered. The graphs presented show similar accuracy and precision.



These issues reflect the quality of the estimated parameters. The intention of this paper is to show the feasibility of the system. To improve the quality of the output data, further sensitivity analyses of different subsystems are required. A collection of serious games that validate the real interaction between a controlled user and real patients in a hospital environment are being developed. A possible application in the medical rehabilitation field of the proposed prototype is the classification and quantification of various hand motor tasks (specially grasping exercises for patients with neurological diseases).



In conclusion, this paper presents a new hand grip device designed for human–machine interaction developed for rehabilitation applications. The device combines 9-DoF kinematic sensing for hand and all fingers, hand position/orientation acquisition and force measurement. These aspects are integrated in an easy-to-use and low-cost system with wireless connection to the host computer. The key components are five finger contact sensors, which separately measure the contact or non-contact of fingers over the device. An inertial measurement unit facilitates hand position detection and orientation. Finally, two precise force sensors deliver, in real time, the hand force displayed by the user. In spite all of these improvements, the overall cost of the system is less than 300€. Preliminary validation experiments have been performed to examine quantitative features of the device. The proposed system is robust and low-cost; moreover, data is transmitted using standard wireless communication. This device goes beyond pressure sensing and gesture recognition and, therefore, opens up the possibility of gathering profound insights in the field. In particular, interaction optimization between the human body and its environment, virtual or augmented reality systems, have been examined. We have visual user feedback to virtual objects inside the application or to physical parameters. Furthermore, a new device, similar to the system presented in this paper, that also includes EMG, heart rate and skin conductance (EDA) biosignals synchronized with hand force and motion is being developed. Future work will focus on improving the electronics and software to increase the operating frequency. In addition, a validation process with control and real users is being considered. We have developed a set of Maze applications in order to control objects and reach objectives for some therapies.




5. Patents


The device presented in this paper is protected by Spanish Patent number 201330260. Mando Portátil Para Detección De Movimiento y Fuerza De Prensión. N/Ref.: MU17304ES00/F.
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Appendix A


The appendix includes an example file of the official calibration certificate document for the reference weight use in the experiment for UIB hand grip validation (Figure A1).
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Figure A1. Calibration Certificate Document. 
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Figure 1. Shaders prototype and their components: (a) controller case, (b) Arduino, (c) Instrumentation Amplifier (AD627), (d) IMU sensor, (e) force sensors, (f) Interlink FSR sensor, and (g) battery. 
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Figure 2. Hardware components of the device. 
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Figure 3. Force sensors, IMU sensor, and Interlink FSR sensor. 
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Figure 4. PCB prototype. 
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Figure 5. UML communication diagram. Server is running in multithread. Main thread communicates with Arduino, and one thread runs for each client. 
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Figure 6. (a) Tab that provides the user with a list of available devices. (b) Tab that provides the user with data obtained from service. 
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Figure 7. Force and motion of wireless hand device. 
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Figure 8. Virtual object on the screen. 
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Figure 9. Stability measurement for orientation yaw = −176.8162, pitch = −17.0508 and roll = 109.87212. The difference between orientations has been measured by the L2 norm of the projection of the orientation on the unit sphere. The maximum error obtained is 1.135321 × 10−5, which is equivalent to a maximum error in degrees of 0.1930557 in degrees. 
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Figure 10. Histogram of measurements around its mean. On the left, the histogram of the measurements in the loudest direction. On the right side, the histogram of measurements in the normal direction. 
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Figure 11. (a) Takei 5101 TKK, (b) Constant 14192-709E, (c) hand grip device UIB. 
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Figure 12. Dynamometers cargo system. (a) Takei 5101 TKK, (b) Constant 14192-709E, (c) hand grip device UIB 
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Figure 13. Calibrated weight set (Type: Class M2, calibration date 07/11/2019). 
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Figure 14. Measurements and linear regression. 






Figure 14. Measurements and linear regression.



[image: Applsci 11 06036 g014]







[image: Table] 





Table 1. Measurement table with calibration load and display dynamometer value.
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Weight

	
UIB Device

	
T.K.K. 5401

	
Constant 14192-709E




	
Kgs

	
Measure 1

	
Measure 2

	
Measure 3

	
Measure 4

	
Measure 1

	
Measure 2

	
Measure 3

	
Measure 4

	
Measure 1

	
Measure 2

	
Measure 3

	
Measure 4






	
5

	
5.1

	
5.0

	
4.9

	
4.8

	
6.0

	
5.9

	
5.8

	
5.8

	
4.5

	
4.4

	
4.5

	
4.5




	
10

	
10.0

	
10.1

	
10.1

	
9.9

	
10.1

	
10.0

	
10.0

	
9.9

	
9.2

	
9.2

	
9.4

	
9.2




	
15

	
14.1

	
14.3

	
13.9

	
14.0

	
14.3

	
14.4

	
14.4

	
14.0

	
13.9

	
14.0

	
13.9

	
14.0




	
20

	
20.4

	
19.8

	
20.2

	
20.0

	
17.9

	
19.0

	
18.5

	
18.5

	
18.5

	
18.9

	
18.8

	
18.6




	
25

	
24.8

	
24.9

	
25.1

	
25.5

	
23.5

	
23.2

	
23.2

	
23.3

	
24.5

	
23.8

	
24.1

	
23.8




	
30

	
31.5

	
30.8

	
31.3

	
30.8

	
28.6

	
26.5

	
26.4

	
27.3

	
28.7

	
28.7

	
28.5

	
29.0




	
40

	
40.2

	
40.2

	
39.9

	
39.5

	
36.1

	
37.6

	
37.1

	
38.9

	
38.6

	
38.4

	
38.1

	
38.1




	
50

	
49.8

	
53.3

	
49.5

	
50.1

	
46.5

	
44.2

	
46.2

	
46.8

	
48.4

	
49.4

	
48.3

	
48.9




	
60

	
58.8

	
59.5

	
58.6

	
58.5

	
58.6

	
58.7

	
59.5

	
59.6

	
59.1

	
59.3

	
59.7

	
59.1
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Table 2. Linear regression results    y ^  = m x + b  . The linear model’s coefficients,    r 2    value, and p-value for each device.
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	UIB Device
	T.K.K. 5401
	Constant





	  m  
	0.996872
	0.94814
	0.99374



	  b  
	0.066212
	−0.03886
	−0.87826



	    r 2    
	0.9976
	0.9942
	0.9995



	 p -value
	<2.2 × 10−16
	<2.2 × 10−16
	<2.2 × 10−16
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