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Abstract

:

The demand for realistic haptic feedback actuators has increased as mobile devices have increased in popularity. However, most current haptic actuators provide limited 1-DOF tactile sensations, such as vibrations. This paper presents a 2-DOF haptic impact actuator that can provide planar directional (e.g., x and y directional) and magnitude tactile cues to a user. We built an impact actuator that was designed to be of such a size that a user can grasp it with one hand. Multiple electromagnets of the actuator drive a permanent magnet to hit the actuator housing, creating an impact. For the control of the impact direction, we assumed the direction of a magnetic field vector at the centre of the actuator would follow that of a reference vector formed by voltage heading into the electromagnet array. The results of magnetic field measurements support our assumption by showing that the trend of the magnetic field vector coincided with that of the reference voltage vector. Furthermore, the measurement of the impact acceleration showed the trend that the impact direction follows the reference voltage vector.
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1. Introduction


Since the introduction of smart devices, there have been constant demands to provide a more effective user experience. To meet their needs, manufacturers and researchers have paid attention to the potential of haptic feedback technologies that can create the sensation of touch. Most actuators that have been used for smart applications are vibrotactile actuators, including ERM motors, LRAs, and piezo-actuators. While they have distinct mechanical characteristics, their common feature is providing 1-DOF haptic feedback. Since a human can sense tactile sensations in a wide range of frequencies, even a 1-DOF haptic actuator can produce a variety of tactile effects, such as pushing a button and providing vibrations to signal an incoming call. However, a 1-DOF actuator cannot emulate the sensation of localized contact, such as contact in a specific direction, within a smart device or a controller for virtual applications. This issue led us to come up with a 2-DOF haptic impact actuator driven by multiple electromagnets.



Both industries and academia have developed various haptic impact actuators to emulate crisp tactile sensations, such as key-click. For example, the piezo actuator was spotlighted due to its fast response time and ability to generate vibrotactile signals similar to those it imitated [1]. However, more common haptic actuators for mobile devices are driven by magnetic force, including LRAs and Apple’s Taptic engine. Such a haptic actuator is typically a spring-mass system where an electromagnet drives the mass and creates a strong haptic impact due to high energy density [2,3]. Most of the magnetic force-driven haptic actuators have rather simple structures for the sake of compact size, which constrains them to have only a single degree of freedom for haptic impact. Due to the design complexity, few studies have proposed multi-DOF haptic impact actuators based on magnetic force [4,5,6].



Most multi-DOF haptic actuators have been developed to provide contact force vector information or localized tactile patterns. The multi-DOF haptic actuators providing contact vector information are designed to supplement a force-feedback interface that can render kinesthetic sensation [7,8,9,10]. Such actuators typically have complex mechanical linkage structures to move the contact element, which results in heavy and large actuators. To provide localized tactile patterns, researchers have developed various types of actuators, such as pin-arrays [11,12,13] and electrotactile actuators [14]. Such an actuator typically consists of multiple sub-actuators to stimulate a user’s local skin. The aforementioned haptic actuators can successfully provide localized tactile patterns. However, most of them fail to provide a salient haptic sensation due to the limitations of their working mechanisms, such as small stroke, small travel length or slow speed [15,16]. Multiple studies have come up with solutions to resolve the issues while providing multi-DOF tactile sensations and keeping the end-effector light. One of the solutions is using the DEA, which has the characteristic of deforming its surface when a high voltage is applied. Using the property, researchers have developed light haptic interfaces with fast reaction times [17,18,19,20,21,22]. Another solution is a pneumatic haptic actuator that uses air pressure to stimulate the end-effector of a haptic interface [23,24,25,26,27,28,29,30,31]. The pneumatic haptic actuator has various advantages, including a light end-effector, a fast reaction time, high-intensity tactile sensations, and possibly multi-DOF feedback, depending on the functionalities of the air compressor. A common feature of pneumatic actuators and DEAs for haptic applications is the need for a large component, i.e., the air compressor or the high voltage (normally multi kV) power supply. They are typically large in weight and volume, which can be a challenge for hand-held applications that cannot allow separate power sources, such as controllers and mobile devices.



This study presents a 2-DOF impact actuator system that creates a haptic impact conveying planar (e.g., x or y directional) vector information for the haptic application. Other multi-DOF haptic actuators have impact and size issues due to their driving mechanisms. While 1-DOF actuators can create various haptic sensations, including vibrations and haptic impacts, they have limitations in creating directional cues, i.e., multi-DOF haptic impacts. More modern haptic actuators, such as pneumatic actuators and DEAs, have overcome these issues. However, they have a common flaw in taking up substantial space, due to the air compressor for a pneumatic actuator and a high voltage power supply for a DEA. This is a drawback for haptic applications requiring portability, such as a hand-held controllers and mobile applications. Noting the issues, we proposed a haptic actuator mechanism that can create a directional haptic impact by driving a permanent magnet with an array of electromagnets in our previous study [6]. The actuator could change a haptic impact’s planar direction and magnitude by creating an attractive force with a local electromagnet toward the permanent magnet. Furthermore, it has a driving mechanism, i.e., an electromagnet array, inside the actuator, which does not require an outer high energy source. However, the previous study only presented the actuator prototype and did not propose any specific method to control the direction of the haptic impact. Thus, this paper presents a 2-DOF control method based on the experimental measurements. There are studies proposing analytical expressions for a magnetic force between magnets that are separated by a relatively small distance. However, our actuator consists of multiple electromagnets, which makes it highly complex to calculate the magnetic force inside the actuator [32,33,34,35]. This led us to propose a method to control the magnitude and direction of the haptic impact based on the magnetic field distribution inside the impact actuator. To prove the validity of our approach, we measured the magnetic field vector and the impact acceleration by varying the voltage supplied to the electromagnets.



Therefore, the contributions of this paper are (1) to propose a 2-DOF haptic impact actuator mechanism, (2) to present the results of magnetic field measurements and haptic impact acceleration, and (3) to evaluate the control method for our haptic impact actuator based on the experimental measurements.




2. Materials and Methods


2.1. Design of a 2-DOF Haptic Impact Actuator


We designed a 2-DOF haptic impact actuator that can control the horizontal direction and the magnitude of an impact. The actuator is cylindrical in shape. It is 30 mm high and 45 mm in diameter, which is the size that an average user can grasp with one hand. The actuator consists of three parts: (a) the upper central electromagnet part, (b) the impact magnet part, and (c) the direction-controlling electromagnet array part, as shown in Figure 1. The direction-controlling electromagnet creates the magnetic field to drive the magnet to the desired position. The wires for the electromagnets facing each other are wound in opposite directions to exert magnet forces with different polarities. The central electromagnet creates an additional magnetic field in all horizontal directions, which accelerates the outward motion of the permanent magnet. Thus, the impact magnitude is increased compared to not using a central solenoid. The upper central electromagnet is wound 4000 times around a ferromagnetic core having the inductive reactance of 45  Ω . It can create a magnetic field in all horizontal directions. The impact magnet part is a void cylinder with a permanent magnet inside it. The direction-controlling electromagnet array consists of four directional electromagnet units, each of which is wound 1500 times and has inductive reactance of 13  Ω .



The 2-DOF haptic impact actuator works in three stages, (a) neutral stage, (b) impact actuation, and (c) return stage, as shown in Figure 2. In the neutral stage, the electric current does not flow to any of the electromagnets. Then, the magnet is constrained at the central position, being attracted by the ferromagnetic force. Thus, the actuator is robust to an external shock in the neutral stage. The impact actuation stage is the stage from accelerating the magnet toward the inner wall until the impact. First, the electric current flows in a pair of directional electromagnet units to create the attractive force for the permanent magnet. Meanwhile, the central electromagnet creates a magnetic field with a repulsive magnetic force to move the permanent magnet outward. Then, the permanent magnet moves outward until it hits the inner wall of the housing. Finally, in the return stage, the electric current is turned off, and the permanent magnet moves back to the central position, being attracted by the ferromagnetic core.



We used Solidworks (Dassault Systems Solidworks Corp., Waltham, MA, USA) software to design the actuator housing. The actuator housing prototype was fabricated with transparent resin (VisiJet M3 Crystal, 3D Systems Inc., Rock Hill, SC, USA) by a 3D printer (ProJet HD3500, 3D systems, Rock Hill, SC, SA). For each electromagnet, we wound copper wire around the housing by using a geared motor with an encoder (GM36A-3229E, Motorbank, Korea).




2.2. Control of a Magnetic Field from Multiple Sources for a 2-DOF Impact


For the control of a 2-DOF haptic impact, the magnitude of the impact needs to be controllable. Since the impact  I  is   m Δ v  , the impact magnitude can be controlled by adjusting the initial magnetic force applied to the permanent magnet. Furthermore, the direction of the impact can be controlled by adjusting the direction of the initial magnetic force applied to the permanent magnet. To estimate the force, we first assume that the permanent magnet is an electromagnet, based on the work of Ravaud et al. [33]. In that case, the magnetic force between two electromagnets a and b,   F  a b    separated by the distance   d  a b   , is expressed as


   F m  =  a  a b    N a   N b     μ 0   I a   I b    2 π  d  a b     ,  



(1)




where   a  a b   ,   μ 0  ,  N a  ,   N b  ,   I a  , and   I b   are a unit vector connecting a and b, the permeability, a’s number of windings, b’s number of windings, the current flowing in a, and the current flowing in b, respectively [36]. Let us assume that there are K sources for the magnetic field, and denote the horizontal position of each source as   p i  , considering that the permanent magnet is constrained on a plane. Then, the horizontal component of the magnetic field vector at a point   p x   can be expressed as


   B x  =  ∑  i = 0   K − 1    a  i x    N i     μ 0   I i    2 π  d  i x     =   μ 0   2 π    ∑  i = 0   K − 1    a  i x      N i   I i    d  i x    ,  



(2)




where   a  i x   ,   I i  , and   d  i x    denote a unit vector connecting   p i   and   p x  , the current of the i-th source, and the distance between   p i   and   p x  . Then, the direction of the magnetic field vector   B x   can be estimated from the vector sum of    N i   I i   a  i x    . Each vector component    N i   I i   a  i x     is in the direction from the source to   p x   and proportional to the voltage to the source,   V i  , since    I i  ∝  V i   .



Figure 3 shows examples of the estimated magnetic field vectors by changing the voltage provided to the directional electromagnets. From Equation (2), the summation of the vector components from the positive sources (red arrows) and negative sources (blue arrows) is proportional to the magnetic field vector (green arrow) at the center of the actuator. Meanwhile, the horizontal vector component from the central electromagnet can be neglected because there is only a vertical component at the center of the actuator. Thus, the direction of the magnetic field vector at the center can be controlled by changing the voltages to the directional electromagnets. Then, the direction of the initial magnetic force applied to the permanent magnet will follow that of the magnetic field vector.



The following section describes the magnetic field vector measurement setup inside the impact actuator as the input voltage to the directional electromagnet array. With the measurements, our assumption of the controllability of the magnetic field vector will be evaluated.




2.3. Distribution of the Magnetic Field inside the 2-DOF Haptic Impact Actuator


We measured the magnetic field vector inside the actuator to estimate the impact’s direction from the magnetic force. Figure 4a shows the measurement setup for the magnetic field vector. A magnetometer (MLX90393, Melexis, Belgium) to measure the magnetic field vector was installed on housing that can be manually positioned on a custom-built XY stage. The central electromagnet and direction-controlling electromagnet array were located beneath and below the magnetometer, which is the same configuration as that of the impact actuator. During the measurement, the input voltage to the central solenoid was 8 V. We measured the magnetic field vector at x-positions of   − 8 , − 4 , 0 , 4 , 8   mm and y-positions of   − 8 , − 4 , 0 , 4 , 8   mm; in total, 25 positions. We also measured the magnetic field vector without applying the voltage to the electromagnet to cancel out the components from the outer environment, including the Earth’s magnetic field. The measurement was conducted 49 times for each position, and the mean value was calculated for each location. The number of times for measurement of 49 was decided from prior measurements, where the minimum number of measurements n was calculated to be 48.4 with a confidence level of 95% [37]. We varied the voltage applied to the direction-controlling electromagnets indexed 1 and 2 in Figure 4b, which we call   V x   and   V y  . The range of   V x   was   0 , 3 , 4 , 5 , 6 , 7 , 8   V. We did not include the measurement for   V x   = 1 and 2 V because applying the voltage values did not result in a change in the magnetic field vector from 0 V. We varied   V y   for    V x  >  V y   , considering the symmetry by varying the input voltage.




2.4. Haptic Impact by Controlling the Voltage Input


To evaluate the control method for the direction of the haptic impact, we measured the acceleration as we varied the input voltage configuration. Figure 5a shows the configuration of the impact acceleration measurement setup. The impact was measured at the outer surface of the actuator to estimate the direction and magnitude of the impact. When it was measured at other positions, e.g., the center of the actuator, the acceleration was attenuated significantly, as the impact propagates from the inner wall. The impact acceleration was measured at multiple positions (angles), since measurement at a single point could not ensure the correct point of impact. A 2-DOF haptic impact actuator was attached to a measurement base with an accelerometer installed (DRV-ACC16-EVM, Texas Instruments, Dallas, TX, USA). As was the case for magnetic field measurements, the input voltage for the central electromagnet was 8 V, and the range of   V x   was between 3 and 8 V with the spacing of 1 V.   V y   was   0  V , 3  V , … ,  V x   , i.e.,    V x  ≥  V y   . Therefore, the total number of voltage combinations was    ∑   V y  = 2  7   V y  =   27. We rotated the measurement base by  θ  = 0, 15, 30, and 45 degrees; and conducted the measurements to estimate the impact angle (Figure 5b). For each voltage and rotation angle, the impact in x and y axes was measured 30 times. Then, then mean for each (  V x  ,   V y  ,  θ ) was calculated for a total of 108 (27 (  V x  ,   V y  ) × 4  θ ) combinations. We estimated the impact angle and the acceleration for each    V x  ,  V y    by taking the angle for the maximum acceleration from a B-Spline interpolation.





3. Results


3.1. Measurement of the Magnetic Field inside the 2-DOF Haptic Impact Actuator


The assumption of controlling the direction of the impact is that the direction of force at the center follows that of the magnetic field vector. Thus, the direction of the magnetic field vector at the center of the actuator needs to be controllable, as suggested in Equation (2). We measured the magnetic field vector at 25 positions, 49 times each, around the center of the 2-DOF impact actuator to verify the assumption. Figure 6 shows the examples of the magnetic field vector measurement. For each (  V x  ,   V y  ), the mean of magnetic field vector at each position was recorded, as shown in the example of (  V x   = 7 V,   V y   = 8 V) in Figure 6a. The shaded entries in the table were used for the calculation of the mean magnetic field vector for each (  V x  ,   V y  ). Figure 6b shows the streamlines of the magnetic field vector from the measurements for    V x  =  1 , 2 , 3 , 4 , 5 , 6 , 7    V and   V y   = 8 V. (We plotted the streamlines of the measured vectors by using MATLAB’s built-in “streamline” function, which plots interpolated 2-D or 3-D vector data). A visible trend is that an increase in   V x   results in a change in streamline direction toward the x-axis.



Figure 7 shows two quiver plots. The left one is for the mean magnetic field vector measurements by (  V x  ,   V y  ), and the right one is for the reference voltage vector formed directly by (  V x  ,   V y  ). The average angle difference between the mean magnetic field vector and the reference voltage vector was 1.72 ± 0.3   ∘  . Additionally, we calculated the ratio of absolute values for the measured magnetic field vector and the largest voltage vector at  V  = (8,7) V, denoted as   α  a b s    = 168.02  μ T/V. We converted the voltage vector to magnetic field scale by multiplying by   α  a b s   . The average difference between the mean magnetic field vector and the converted reference voltage vector was 27.97 ± 5.13  μ T.



Overall, the magnetic field vector measurements indicate the trend that the magnitude and the direction of magnetic field at the center follows the trend of the voltage vector. This proves that the magnetic field vector follows the trend of Equation (2).




3.2. Measurement of Haptic Impact by Controlling the Voltage Input


A 2-DOF haptic impact actuator should be able to control the direction and the magnitude of the impact. We measured the impact magnitude by rotating the haptic actuator and varying the input voltages (  V x  ,   V y  ).



We estimated the impact angle by taking the angle where the ratio of x to y acceleration was maximum. Figure 8a shows measurement examples of x and y axes’ acceleration for   θ =  30 ∘   ,   V x   = 8 V and   V y   = 4 V. For each ( θ ,   V x  ,   V y  ), the impact was created 30 times, and the ratio of the maximum acceleration in x and y axes was calculated. Then, their mean acceleration ratio was taken. As shown in Figure 8b, the angle of impact for (  V x  ,   V y  ),    θ ^   x , y    was calculated by taking the angle of the maximum acceleration ratio. Then, the acceleration vector at (  V x  ,   V y  ),    a ^   x , y    was estimated from    θ ^   x , y   .



Figure 9a shows the quiver plot of the acceleration vector by (  V x  ,   V y  ). The average angle difference between the acceleration vector and the reference voltage vector (  V x  ,   V y  ) was 3.56 ± 0.5   ∘  . Figure 9b shows the impact acceleration’s absolute values plotted against (  V x  ,   V y  ). As it was for the magnetic field vector, the ratio of the absolute value of the acceleration to that of the largest reference voltage vector ( V  = (8.8) V),   β  a b s   , was calculated. When the reference voltage vector was scaled to the acceleration, its mean difference from the measured acceleration was 1.09 ± 0.59 G.



Overall, the results of the impact acceleration measurements indicate relatively small differences in the impact angle from the reference voltage vector. In contrast, the differences in absolute values between the acceleration and the scaled reference voltage vector were significant. Thus, the desired impact  I  can be controlled by finding input voltages from the following process. First, the impact angle   θ  I    and the magnitude of the impact   a b s  I    are calculated. The target voltages    V ^  x   and    V ^  y   can be optimized by moving along the absolute acceleration surface in the direction of   θ  I   .





4. Discussion


In the experiments, we measured the magnetic field vectors inside the impact actuator to evaluate our assumption. The results indicate that the magnetic field vector’s direction and magnitude matched those of the desired reference vector formed by the input voltages provided to the directional electromagnet array. Additionally, we measured the impacts after changing the voltage inputs to the actuator. The results indicate impact angle changed in a trend similar to the reference voltage vectors. The magnitude of an impact can be controlled by using an optimization method using the impact magnitude map obtained from the impact measurement.



A notable feature of the experimental results is that the directions of the measured magnetic field vectors followed those of the reference voltage vectors. There are studies showing that the overlap of multiple magnetic field sources can result in an overlap of magnetic field vectors [38,39]. For example, Chen et al.’s study had five electromagnets, which resulted in overlapping of the magnetic field vectors at the sensor positions. For our case, there was a total of five magnetic field sources, one from the central electromagnet and four from the direction-controlling electromagnet array. The central electromagnet does not contribute to the horizontal component of the electromagnet vector at the center of the actuator. Thus, only the magnetic vector components from the direction-controlling electromagnet array were considered for the magnetic field vector contributing to the horizontal impact. Thus, the matching trend between the reference voltage source and the measured magnetic field vector at the center of the actuator can be explained by the overlapping of the magnetic field vector components from the direction-controlling electromagnet array.



Using the measured acceleration, the trend was that the direction of impact followed that of the reference voltage vector, though the magnitude did not. The direction of impact followed that of the reference voltage vector, which coincided with the magnetic field vector. The coincidence in direction between the impact and reference voltage vector can be explained by the fact that the attractive/repulsive force between two magnets and the magnetic force is proportional to the magnetic field [36,40]. However, the magnitude of the impact did not follow the trend of the magnitude of the reference voltage vector. Figure 9b shows that impact magnitude attenuated as the input voltage vector increased; i.e., the rate of acceleration declined as   V x   and   V y   increased. A possible explanation is deceleration of the permanent magnet as it passed over the direction-controlling electromagnet. An increase in the input vector means a larger attractive magnetic force toward the electromagnet. Thus, the permanent magnet would have been decelerated as it moved outward. It is also notable that a magnetic field streamline in Figure 6b passing through the center position is in a linear trend but forms a curved line. This means that a permanent magnet would have followed a slightly off-linear path until it collided with the actuator housing, contributing to the attenuation of the impact magnitude.



In future work, we will extend this study to produce a more diverse and robust haptic effect. The 2-DOF haptic impact system can be extended to a 3-DOF design which will be able to handle diverse tactile cues for a hand-held or a wearable interface. We are also considering further miniaturizing the actuator design for mobile applications. Furthermore, limitations found in the present study will be addressed in terms of mechanism and control strategy. Moreover, we plan to analyze the haptic perception of the impact created by the 2-DOF haptic impact actuator.




5. Conclusions


This study proposed a 2-DOF impact actuator for haptic applications. The actuator creates an impact by driving a permanent magnet with multiple electromagnets. A directional electromagnet array controls the direction of an impact, and a central electromagnet accelerates the impact. Regarding the direction of an impact, we assumed that changing the input voltage to the directional electromagnet array can control the direction of the magnetic field vector at the center of the actuator. The measurement results suggest that the direction and magnitude of the actuator are controllable by adjusting the input voltages supplied to the electromagnets.



The 2-DOF haptic impact actuator can be utilized for a haptic interface providing tactile feedback to a user. It can be installed inside a haptic controller to render directional haptic cues and vibration feedback. Figure 10 shows examples of the haptic impact actuators applied to a VR controller and a gamepad. The haptic impact was found to significantly benefit the realism of virtual contact compared to a typical vibrotactile actuator [41]. Thus, the augmentation of the 2-DOF haptic impact actuator is expected to increase the immersiveness of the virtual experience felt via a haptic controller. Furthermore, the 2-DOF haptic impact actuator could effectively provide directional navigational cues to the visually impaired via a cane; most can only offer a single DOF of tactile information [42]. When miniaturized, it could be used for more diverse applications, including mobile interfaces.




6. Patents


The impact actuator prototype’s overall structure and basic working principle were patented (US11075028).
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	Linear resonant actuator
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Figure 1. The components and assembly of the 2-DOF haptic impact actuator. (a) Direction-controlling electromagnet consisting of four directional electromagnet units. (b) Impact magnet unit where a permanent magnet creates an impact. (c) The assembly of the 2-DOF haptic impact actuator consisting of three parts. 
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Figure 2. Three working stages of the 2-DOF haptic impact actuator. 
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Figure 3. Examples of magnetic field vectors produced by changing the input voltages. The green, red, and blue arrows indicate the magnetic field vector at the center of the actuator and the vector components from positive and negative voltage sources. (The magnetic field vector is proportional to the sum of input voltage vectors). 
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Figure 4. (a) Measurement setup of the electromagnetic field vector inside the 2-DOF haptic impact actuator. (b) Top-view of the direction-controlling electromagnet array with indices and voltage input. 
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Figure 5. (a) Measure setup of the impact acceleration by controlling the voltage input. The 2-DOF haptic impact actuator was fixed on a measurement base with an accelerometer installed. The red arrow indicates the rotation of the impact actuator. (b) Top-view of the direction-controlling electromagnet array with indices and voltage input. 
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Figure 6. (a) Magnetic field vector measurements in x and y axes for   V x   = 7 V and   V y   = 8 V. (b) The streamline of magnetic field vector for    V x  =  1 , 2 , 3 , 4 , 5 , 6 , 7    V and   V y   = 8 V. 
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Figure 7. (Left) The quiver plot of the mean magnetic field vector by (  V x  ,   V y  ). (Right) The quiver plot of the reference voltage vector formed by (  V x  ,   V y  ). (The numerical value on each arrow indicates the magnitude of the vector). 
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Figure 8. (a) Acceleration measurements in x and y axes for   θ =  30 ∘   ,   V x   = 8 V, and   V y   = 4 V. (b) Impact angle trend by  θ  and estimations of the impact angle. 
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Figure 9. (a) The quiver plot of the impact acceleration vector by (  V x  ,   V y  ). (b) The bi-cubic interpolation surface of the impact acceleration’s absolute value against (  V x  ,   V y  ). 
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Figure 10. Application examples of the 2-DOF haptic impact actuator. (a) A VR controller with the haptic impact actuator inside. (b) A gamepad with the haptic impact actuator inside. The yellow cylinder and red arrow indicate the haptic impact actuator and the haptic impact. 
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