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Abstract. The current article discuss a proposed complex robotic effector imitating human hand and proposes to replace the usually used pressure sensors with the resonance piezoelectric sensor arrays.
Резюме. Настоящата статия разглежда предложение за сложен роботизиран захват, имитиращ човешка ръка и предлага заместването на обикновено използваните сензори за налягане с резонансни пиезоелектрични сензорни матрици.
The delivery of various extensive data is expected from the modern sensor devices and systems, thus ensuring a more precise reaction or control from the appropriate actuators is achieved. Thereby the main trend when designing new sensor systems is the ability to detect multiple physical variables or to use already known physical principles in such a way as to obtain more accurate and broaden sensor information.
Introduction
Robotics is rapidly growing field which needs complex sensing systems and precision processing circuits, as in these applications the imitation of human limbs or human sensibilities is often priority thus allowing the replacement of humans in dangerous environments or improving the lifestyle of disabled humans.
The imitation of human hand is somewhat of priority [1] as it represents one of the most evolutionarily successful manipulators in existence and there are several approaches to the problem of replicating its functionality. The range is wide as some of them are based only on replicating the aforementioned functionality to some degree – effectors known simply as “grippers” (Fig. 1 a) while others are trying to exactly replicate the human limb (Fig. 1 b).
Simpler Robotic Effectors
The varying degree of similarity between the robotic effectors and human hand defines diverse sensory apparatus for maintaining sensing which can be summarized as abilities to see, touch, hear and move utilizing algorithms that require environmental feedback. The ability to touch or more specifically to be able to accurately handle objects within the frame of preliminary defined parameters as applied force, force localization, force direction, etc., is interconnected with a specific sensory arrangements and capabilities.
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Fig. 1. Examples of robotic hand effectors
The simpler effectors need fewer sensors as the more complex effectors need more sophisticated sensor systems detecting several physical values simultaneously and processing them with suitable speed for tactile sensing implementation.
There are several methods for implementing such sensing which can be based on single- or multi-sensor devices. Some of the sensing solutions are to reproduce the functionality of localized part from the human hand with multi-sensor device, for example the fingertip [1, 2, 3], as the proposed solution include detection of force, vibration and temperature concentrated in single multisensory block which is independent of the presence or the absence of artificial skin. The advantage is the functionally replicating one fingertip which can be used in various configurations for different effectors but as a disadvantage can be pointed the specific localization of the data collecting field. 
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Fig. 2. Exemplary simple effector with “fingertips”
In the case of simple “gripper” with “fingertips” (Fig. 2) when there is no contact between the “fingertips” the actual location of the effector levers ought to be determined with other sensing blocks and subsystems which can range from robotic vision [4, 5] through sonar detectors, lasers to the control system of the utilized motion actuators. In the simplest case as shown above, if the stepper motor is used for motion purposes then the position of the levers will be determined with regards to the current position the motor.
Conceptual design for complex effectors
When trying to expand the effector scope, i.e. to imitate the functionality of entire human forelimb it will require a capabilities expansion of the sensor system. Specifically this is the ability to imitate the innate tactile sense of the humans. The tactile sense is the interpretation of environmental data and in the case of humans this is done by the means of central and peripheral neural system in which abstract image is formed from the senses for touch, pressure, vibrations, temperature, humidity and pain in the span of some time. This innate human ability to obtain information in the form of tactile image for given object when interacting with it, requires to be implemented as a form of tactile image recognizing system in robotic effectors.
The basic functions performed by such system are collecting the sensor data generated by the external object, “constructing” tactile image based on the system input and generating output reaction in accordance with the resulting tactile image.
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Fig. 3. Conceptual design of robotic forelimb
Conceptual design of complex robotic effector is given on Fig. 3 where for registering tactile sensations is necessary to form a sensor network which is to detect the external stimuli. The net is divided in three sensor array groups (or three matrices) as every element of given array combines three type of sensors – for pressure, temperature and humidity. The individual net nodes are designated as S [F] [M] [N] [K], where:
· F – matrix number;
· M – row number in the matrix;
· N – number of given row element;

· K – determines the physical quantity measured in the given node;

Data for the finger configuration and the applied force in given time is needed in addition to the data from individual net nodes for the formation of tactile image. This can be supplied by the control system for the stepper motors that are utilized to implement the mechanical responses caused by the input stimulus.

 The registration of external stimuli is done by registering output sensor data which is then grouped in four dimensional matrix. The scanning of the first array is implemented as first are scanned the sensors in the fingers as the scan direction is from the tips to the palm, then the palm sensor area is scanned last. The detecting itself is executed as a scanning of the three array groups as the elements of the second and third arrays are scanned in row by row pattern. There is an attempt to form recognizable tactile image after the data acquisition is finalized and if there is no recognizable image, a new scanning is done. The presence of tactile image starts the check for the necessity of mechanical reaction from the effector and if there is such a need the reaction algorithms are implemented. The generalized operational algorithm is shown on Fig. 4.
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Fig. 4. Generalized operational algorithm for the proposed effector
Implementation Problems
The proposed complex effector needs multitude of different sensors which would greatly increase the resolution and accuracy when forming the tactile image as each array element should be acting as multi-sensor unit that is able to detect several physical quantities. But because of these different types of processing quantities there is necessity of several transducer circuits operating simultaneously for every element from the sensor arrays.
There are several solutions of the aforementioned problem, as follows:
· Every array element to be fabricated as specialized multi-sensor ASIC which will locally process the diverse sensor data. This solution is costly with regard to hardware but it allows implementing different types of scanning algorithms.
· The processing circuit is common for all of the array elements which only supply unprocessed sensor data via some sort of data network to the central control unit.
· The array elements are constituted from multiple miniature sensors as each of them measures different physical quantity.
· Applying sensors with an array structure whenever possible as this will significantly decrease the hardware costs.

There are also issues with the required scanning time and the matrix size as the bigger the matrix is made, the longer it takes to scan every array. It is evident that the bigger matrix size is beneficial for the measurement resolution and it is preferable maintaining the bigger matrix sizes.
Scanning times can be lowered with different scanning algorithms – for example utilizing parallel scan of array rows or other more complex scan methods. The other solution is to follow the nature example with the human forelimb which has unequal innervation and has concentration clusters of sensors (fingertips, palm of the hand, etc.). The matrix elements in this case are unequally distributed in the sensor field and are concentrated in the most crucial areas in regard of operational and design point view. Practically it is reducing the matrix size as the non critical areas are supplied with fewer array elements (sensing points).
Implementing Piezoresonance Array
The pressure sensors in the proposed robotic effector can be replaced by array structured sensor from capacitive [6], resistive or piezoelectric type. The advantage of piezoelectric devices is in the very high sensibility despite the technical complexity when obtaining flexible structures. The piezoelectric arrays can be no resonant or resonant, as in the first case acoustic waves from bulk or surface type are used and in the second case the changes in the resonance mode are utilized. The resonant method has the highest sensibility as the slightly changes in the established equilibrium lead to significant changes in the resonance frequency.
The method using the frequency shift is very precise in determining the presence of additional mechanical stress with the assumption that the mass of piezoelectric medium is constant value, thus there is possibility to determine the external stress for every sensible point as follows [7]:
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where:

u0 – signal amplitude;

m – mass;

f0 ​– resonance frequency;

∆f – frequency shift;

Zq – acoustic impedance of the material.
Experimental research was carried out over a sample of piezoelectric resonance array with polarization along Z axis and the electrode configuration which is shown on Fig. 5 with resonance frequency of 220 kHz.
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Fig. 5. Designated points in the sensor array
The partial results are shown in Tabl. 1 as follows:
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Fig. 6. Distinction in wave pattern 
Table 1

Partial results for piezoelectric resonance array
	Array Sensing Points
	No load
	Loaded

	A
	10 V
	10 V

	B
	5,649 V
	5,525 V

	C
	2,827 V
	4,436 V

	D
	2,075 V
	1,874 V

	a
	0 V
	0 V

	b
	2,663 V
	4,286 V

	c
	3,478 V
	3,557 V

	d
	8,659 V
	8,45 V


There is evidence that standing waves are forming in the resonance process and as there is distinct change in the standing wave pattern when external load is applied (Fig. 6) then for array scanning is not needed to scan the whole sensor array but the sensible points which are formed at or near the standing wave antinodes.
This distinctive feature of the piezoelectric resonance array can be used for creation of some sort of “skin” layer that can detect the external pressure with only one array sensor. The vibrations can also be detected with the same sensor but using techniques that are applied in the field of piezoelectric energy harvesting.

 The temperature and humidity sensors can not be substituted with the piezoelectric resonance arrays and for them adequate solution should be used.
Conclusion
In the more complex robotic effectors the tactile sensing is needed as to more precise reactions to be acquired. The proposed complex effector is in need of more complex sensor apparatus. For measuring the external forces is proposed the usage of piezoelectric resonance sensor array and its characteristic peculiarities in the form of skin like device that cover the vital part of the robotic effectors.
There is need of extensive additional testing because the experiments were carried out only with rigid sensor structures and not with flexible ones.
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