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Method and Apparatus for Modulating Haptic Feedback 

Field of the Invention 

5 The present invention concerns a method and apparatus 

for the modulation of an acoustic field for providing 

tactile sensations. More particularly, but not exclusively, 

this invention concerns a method and apparatus for the 

modulation of an acoustic field for providing tactile 

10 sensations in order to provide an improved user experience. 

Background 

Various interactive haptic technologies exist, which 

15 provide a user or users with tactile information or 

feedback, often in combination with visual information 

displayed on an interactive screen. For example, previous 

haptic feedback devices include pins moving to physically 

change a deformable surface. A pen connected to an 

20 articulated arm may be provided, as in the SensAble PHANTOM 

device. Alternatively, a user may wear, for example in the 

form of a glove, one or more actuators which are activated 

to provide haptic feedback to a user. However, in each of 

these technologies, a user requires physical contact with a 

25 deformable surface, a pen, or a specially adapted glove. 

Such requirements reduce the usability and spontaneity with 

which a user may interact with a system. 

Tactile sensations on human skin can be created by 

using a phased array of ultrasound transducers to exert an 

30 acoustic radiation force on a target in mid-air. Ultrasound 

waves are transmitted by the transducers, with the phase 

emitted by each transducer adjusted such that the waves 
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arrive concurrently at the target point in order to maximise 

the acoustic radiation force exerted. 

Ultrasound haptic feedback systems create a 

vibrotactile sensation upon the skin of a user of the 

5 system. The focussed ultrasound creates enough force at the 

point of intersection to slightly displace the skin of a 

user. Typically, ultrasound haptic feedback systems use 

ultrasound with a frequency at or above 40kHz, which is 

above the threshold for receptors in the skin to feel. 

10 Therefore, a user can only detect the onset and cessation of 

such focussed ultrasound. In order to provide a sensation 

that is detectable by the receptors in skin, the focussed 

ultrasound is modulated at a lower frequency, within the 

detectable range of the receptors. This range is typically 

15 from 1Hz to 500Hz. 

A side effect of the modulation is that the ultrasound 

breaks down and creates a sound at the modulation frequency. 

Therefore, when creating tactile feedback with a 200Hz 

modulation frequency, a 200Hz sound is also produced. This 

20 audible sound may be annoying to users and is a barrier to 

ultrasound haptic technology being adopted. 

The present invention seeks to mitigate the above-

mentioned problems. Alternatively or additionally, the 

present invention seeks to provide an improved haptic 

25 feedback system. 

Summary of the Invention 

The present invention provides, according to a first 

30 aspect, a method of creating haptic feedback using 

ultrasound comprising the steps of: 
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generating a plurality of ultrasound waves with a 

common focal point using a phased array of ultrasound 

transducers, the common focal point being a haptic feedback 

point, 

5 modulating the generation of the ultrasound waves using 

a waveform selected to produce little or no audible sound at 

the haptic feedback point. 

The method may comprise the step of generating a 

plurality of common focal points, each common focal point 

10 being a haptic feedback point. 

The production of little or no audible sound at a 

haptic feedback point is dependent on both the loudness of 

any sound produced, together with the frequency at which any 

sound is produced. A small amount of audible sound may be 

15 produced, and considered acceptable. The acceptability of 

the sound produced by the creation of haptic feedback may be 

dependent on the background noise audible at the haptic 

feedback point. In a noisy environment, the acceptable 

level of sound produced at the haptic feedback point may be 

20 greater than the acceptable level of sound produced in a 

quiet environment. Therefore, the intended use of the 

haptic feedback system creating the haptic feedback and the 

environment in which the system is located will determine 

the acceptable level of sound production. 

25 At high intensities, ultrasound becomes non-linear. 

This non-linear behaviour allows the creation of haptic 

feedback but also causes the audible sound produced in 

haptic feedback systems. An example of the effect of the 

non-linearity of ultrasound waves is utilising the effect to 

30 create highly directive audible sound with parametric 

speakers. The sound is produced due to the second 

derivative of the p2 term of the Westervelt equation. 
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^ Cg dt3 P0CQ dt2 Cg dt2 
= 0 {Eq. 1) 

Where p is the sound pressure, which in the case of the 
5 invention is the difference between the instantaneous sound 

pressure at a point and the ambient sound pressure. 

In the case of existing haptic feedback systems, a 

modulated phased array produces ultrasound modulated with a 

simple square wave pattern, i.e. the array is switched on 

10 and off at the modulation frequency. Therefore, the p2 term 

is generating an approximate square wave at the focal point 

of the phased array with a frequency that matches the 

modulation frequency. The square wave generated by the non­

linear breakdown of the ultrasound will create a relatively 

15 loud noise and is off putting to a user of such a haptic 

feedback system. 

In order to reduce or eliminate the audible noise, the 

applicant has realised it is necessary to avoid sharp 

changes in sound pressure level throughout the acoustic 

20 field. These sharp changes in pressure, as demonstrated by 

the square wave example above, are turned into oscillations 

by the non-linear medium. By smoothing out the changes in 

sound pressure level, the sound produced may be reduced to a 

lower and/or inaudible level. The sound pressure may be 

25 continuously changed. The sound pressure may be 

continuously changed with the first derivative of the rate 

of change also being continuous. The sound pressure may be 

continuously changed with the second derivative of the rate 

of change being continuous. The maximum rate of change of 

30 sound pressure may be dependent on a number of factors, 

including the variability of threshold hearing of humans 



WO 2016/038347 PCT/GB2015/052578 

with frequency of sound waves, and factors such as the 

temperature and humidity of air in which the wave is being 

produced. The generation of haptic feedback may be "tuned" 

in order that any sound produced is suitably low for the 

5 intended use of the haptic feedback system. 

Alternatively or additionally, the sound produced by 

the method may last only a very short time. As humans do 

not perceive sounds that last only very briefly, this can 

effectively make the sound produced inaudible. 

10 One possible way of reducing the sound produced may be 

to avoid turning the transducers off, and therefore avoid 

the emission of acoustic energy rapidly switching between 0% 

and 100% as in a square wave modulation. The method may 

comprise the step of varying the position of the common 

15 focal point. The position of the common focal point may be 

constantly varied. The position of the common focal point 

may oscillate about a central focal point. For example, the 

phase delays of a phased array could be altered to defocus 

and refocus ultrasound to a feedback point at the modulation 

20 frequency. The sound pressure level emitted by an 

individual transducer in a phased array is small compared to 

the sound pressure level at the focal point, and so there 

will still be a large change in sound pressure at the focal 

point. Therefore, this solution may have a relatively small 

25 effect. 

The method may comprise the step of avoiding sharp 

pressure changes at the focal point. The modulation may 

comprise selecting a waveform that is an interpolation of 

the transducer phases and amplitudes. The detailed 

30 description shows various interpolated waveforms and the 

waveforms that are produced at the focal point by the non­

linear breakdown of the ultrasound. The waveforms may be 



WO 2016/038347 PCT/GB2015/052578 

interpolated between a fully on and fully off state. The 

interpolation curves may be generalised between any two 

transducer phase and amplitude configurations. The 

interpolation may be a linear interpolation. The 

5 interpolation may be a polynomial or trigonometric 

interpolation, such as a cosine interpolation. The 

interpolation may be a parametric speaker interpolation, 

arranged to result in a sinusoidal waveform being generated 

at the focal point. The parametric speaker interpolation 

10 may, for example, be according to the same equation as that 

used to encode a sinusoid into a parametric speaker beam to 

remove distortion. An example of such an equation can be 

found in Pompei (2002) "Sound from Ultrasound: The 

Parametric Array as an Audible Sound Source", Ph.D. MIT:US, 

15 Eq 3.9. The interpolated waveform may produce smoother 

waveforms at the focal point than the square wave modulation 

of the prior art. 

The invention provides, according to a second aspect, a 

haptic feedback system comprising: 

20 a phased array comprising a plurality of transducers 

arranged to emit ultrasound to create a haptic feedback 

point, 

the phased array arranged to emit ultrasound according 

to a modulation waveform having a shape that produces little 

25 or no sound when the ultrasound converges at the haptic 

feedback point. 

The haptic feedback system may comprise a control unit. 

The haptic feedback system may comprise a driving unit. The 

driving unit may be arranged to drive the transducer to 

30 produce ultrasound. The control unit may be arranged to 

send control signals to the driving unit. The control unit 

may include a memory. The control unit may be arranged to 
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modulate the output of the transducer according to a 

particular modulation waveform. The modulation waveform may 

be linear. The modulation waveform may be a polynomial or 

trigonometric interpolation, for example, a cosine 

5 interpolation. The modulation waveform may correspond to a 

parabolic speaker interpolation. The control unit may be a 

PC or other suitable computer device. 

According to a third aspect, the invention provides a 

computer program product, the computer program comprising a 

10 series of instructions, the series of instructions such that 

when run on a control unit associated with a haptic feedback 

system according to the second aspect of the invention, the 

haptic feedback system operates such that the method steps 

according to the first aspect of the invention are carried 

It will of course be appreciated that features 

described in relation to one aspect of the present invention 

may be incorporated into other aspects of the present 

invention. For example, the method of the invention may 

20 incorporate any of the features described with reference to 

the apparatus of the invention and vice versa. 

15 out. 

Description of the Drawings 

25 Embodiments of the present invention will now be 

described by way of example only with reference to the 

accompanying schematic drawings of which: 

30 

Figure 1 shows a schematic view of a haptic feedback 

system according to a first embodiment of the 

invention; 
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Figure 2 shows a prior art square wave modulation pattern 

and the resultant waveform produced at the 

focal point; 

Figure 3 shows a linear interpolation modulation pattern 

5 and the resultant waveform produced at the 

focal point according to a second aspect of the 

invention; 

Figure 4 shows a cosine interpolation modulation pattern 

and the resultant waveform produced at the 

10 focal point according to a third aspect of the 

invention; 

Figure 5 shows a parametric speaker interpolation 

modulation pattern and the resultant waveform 

produced at the focal point according to a 

15 fourth aspect of the invention; 

Figure 6 shows an acoustic field generated at a focal 

point by a cosine interpolation modulation; 

Figure 7 shows an acoustic field generated at a focal 

point by a parametric speaker interpolation 

20 modulation; and 

Figure 8 shows an acoustic field generated at a focal 

point by a square wave modulation. 

Detailed Description 

25 

In an example embodiment of the method, firstly the 3D 

position of a focal point is decided. A phased array is 

arranged to create an acoustic field, with the phases and 

amplitudes of each transducer calculated to achieve a high 

30 pressure at the focal point and a low pressure in 

surrounding areas. Two states then exist, firstly the focal 

point state, with the computed phases and amplitudes, and 
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secondly the off state, with all of the transducers of a 

phased array set at zero amplitude. A frequency at which to 

modulate the feedback is then chosen in dependence on the 

desired feel of the feedback. Then a modulation waveform is 

5 chosen at the desired frequency, the modulation frequency 

chosen to minimise or reduce the audible sound produced at 

the focal point. An example modulation waveform is a cosine 

waveform. The modulation waveform is then applied to the 

operation of the transducers to interpolate between the two 

10 states identified above. 

A more specific example, as applied to a particular 

haptic feedback system, is now described with reference to 

figure 1. 

Figure 1 shows an example haptic feedback system 10 

15 comprising a transducer array 12, a screen 14, a projector 

16, a hand tracker 20, a PC 22, a driving unit 24, and a 

user's hand 26. The system 10 is shown to illustrate the 

invention, which is in no way limited to a particular system 

for producing haptic feedback using ultrasound. The 

20 transducer array 12 is located underneath the screen 14 and 

arranged such that pressure patterns may be transmitted 

through the screen 14 to a region above the screen 14. In 

this particular embodiment, the transducer array comprises 

320 muRata MA40S4S transducers arranged in a 16x20 grid 

25 formation. Each transducer unit is 10mm in diameter and the 

transducers are positioned with no gap between them in order 

to minimise the transducer array 12 footprint. The 

transducers produce a large amount of sound pressure (20 

Pascals of pressure at a distance of 30cm) and have a wide 

30 angle of directivity (60 degrees). The transducers are 

arranged to transmit ultrasound waves at a frequency of 

40kHz. The projector 16 is arranged to project visual 
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information onto the screen 14 from above the screen 14 as 

shown. In an alternative embodiment, the projector may be 

placed between the transducer array and the screen, with the 

projection coming from below the screen. 

5 A user interacts with this visual information and the 

movement and position of the user's hand 2 6 is tracked by 

the hand tracker 20. In this particular embodiment, the 

hand tracker 20 is a Leap Motion controller arranged to 

provide the 3D coordinates of the user's fingertips and palm 

10 at up to 200 frames per second. The system 10 is controlled 

by a PC 22, which sends control data to the projector 16, 

receives user data from the hand tracker 20, and controls 

the drive unit 24 for driving the transducer array 12. The 

PC 22 controls the driving unit 24 such that a pressure 

15 pattern is created in the region above the transducer array 

12. In response to the hand movements of a user, the PC 22 

may drive the driving unit 24 to cause the transducer array 

12 to change the pressure pattern formed above the 

transducer array 12. 

20 In order to compute the amplitude and phase of the 

acoustic wave each acoustic transducer must transmit for the 

desired pressure pattern to be created, an algorithm adapted 

from that proposed by Gavrilov ("The possibility of 

generating focal regions of complex configurations in 

25 application to the problems of stimulation of human receptor 

structures by focused ultrasound", L.R.Gavrilov, 2008, 

Acoustical Physics Volume 54, Issue 2 , pp 269-278, Print 

ISSN 1063-7710) may be used. A volumetric box is defined 

above the transducer array 12. Within the box, a plurality 

30 of control points are defined. The control points may 

represent points where a maximum pressure value is desired, 

or points where minimum pressure values are desired. The 
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pressure values are maximised or minimised by maximising or 

minimising the intensity of the ultrasound emitted by the 

transducer array 12 which is incident at the control points. 

An algorithm is used to model the outputs of each of 

5 the transducers in the transducer array 12 required to 

obtain each of the desired pressure patterns which may be 

created within the volume defined above the transducer array 

12. The algorithm may be split into three steps. 

Firstly, the acoustic field generated by a single 

10 transducer is calculated to create a large modelled volume. 

Thereby, the phase and amplitude at any point within the 

modelled volume may be determined by offsetting the sample 

transducer for the position, phase, and amplitude, of each 

of the transducers in the real transducer array, and 

15 combining these values. 

Secondly, the control points are defined in the 3D 

volume above the transducer array such that the control 

points take on the required distribution. The control 

points may be points of maximum intensity or minimum 

20 intensity (also known as null points). In addition to a 3D 

location, the desired modulation frequency of the maximum 

control points may be specified. Thirdly, the optimal 

phases are calculated using a minimum norm solver so that 

the resulting acoustic field is as close as possible to that 

25 specified by the control points. There may be more than one 

solution that will create an optimal focussing to the 

control points, but some solutions create a higher intensity 

than others. Solutions are therefore iteratively generated 

to find the one that creates the highest intensity. 

30 The method according to an aspect of the invention 

comprises obtaining a modulation frequency that produces the 

required tactile sensation. For example, a relatively slow 
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modulation frequency of 16Hz would provide a slow, pulsing, 

sensation. A higher modulation frequency of 200Hz would 

produce a near-continuous feeling. A modulation waveform is 

then selected at that frequency, which produces little or no 

5 audible sound at the feedback point. The modulation 

waveform may comprise an interpolation based on the required 

phase and amplitude of the waveform calculated as described 

above. 

Figures 2 to 6 show a graph on the left hand side which 

10 represents the modulation waveform applied to the ultrasound 

emitted by an ultrasound transducer. The graph on the right 

hand side of the figures represents the audible waveform 

created at the focal point of the ultrasound transducer. 

Generally, the greater the amplitude and the more jagged the 

15 feedback waves created at the focal point, the louder the 

sound being produced will be. 

In prior art systems, the modulation of the ultrasound 

corresponds to a simple square wave pattern, as shown in the 

graph on the left hand side of figure 2, where the array of 

20 transducers is simply turned on and off at the modulation 

frequency. The graph on the right hand side of figure 2 

shows the waveform produced at the focal point of the 

ultrasound transducer when using a square wave modulation 

pattern. As is clear, the waveform is far from smooth and 

25 also the amplitude of the waveform is relatively high. This 

will result in a potentially loud and irritating sound being 

produced at the focal point of the haptic feedback system. 

Figure 3 shows an alternative modulation waveform, 

where the ultrasound is varied according to a linear 

30 interpolation. As can be seen in the graph on the right 

hand side of figure 3, the waveform produced at the focal 

point is smoother than that shown in figure 2, with an 
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amplitude which is significantly smaller. Therefore, the 

sound produced at the focal point will be reduced compared 

to a square wave modulation. 

Figure 4 shows an alternative modulation waveform, 

5 where the ultrasound is varied according to a cosine 

interpolation. As can be seen in the graph on the right 

hand side of figure 4, the waveform produced at the focal 

point is smoother than that shown in figure 2, with an 

amplitude which is significantly smaller. Therefore, the 

10 sound produced at the focal point will be reduced compared 

to a square wave modulation. 

Figure 5 shows an alternative modulation waveform, 

where the ultrasound is varied according to a parametric 

speaker interpolation. As can be seen in the graph on the 

15 right hand side of figure 5, the waveform produced at the 

focal point is smoother than that shown in figure 2, with an 

amplitude which is significantly smaller. Therefore, the 

sound produced at the focal point will be reduced compared 

to the square wave modulation. 

20 Figures 6, 7, and 8, show the acoustic field of audible 

waveforms that is produced from different modulation 

waveforms when a focal point is created from five point 

sources. The waveform at various points throughout the 

field are highlighted for comparison. Figure 6 represents a 

25 cosine interpolation, figure 7 represents a parametric 

speaker interpolation, and figure 8 represents a square wave 

modulation method. As can be seen, figure 6 shows the 

smoothest, most uniform field. Figure 7 shows a field which 

is not as smooth and uniform as figure 6, though still 

30 considerably smoother and more uniform than that shown in 

figure 8. Therefore it is evident that the cosine 

interpolation provides the optimum modulation compared to 
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the others discussed. On investigation, the skilled person 

may discover alternative modulation waveforms which perform 

as well as or better than a cosine interpolation, whilst 

still falling within the scope of the present invention. 

5 Whilst the present invention has been described and 

illustrated with reference to particular embodiments, it 

will be appreciated by those of ordinary skill in the art 

that the invention lends itself to many different variations 

not specifically illustrated herein. 

10 Where in the foregoing description, integers or 

elements are mentioned which have known, obvious or 

foreseeable equivalents, then such equivalents are herein 

incorporated as if individually set forth. Reference should 

be made to the claims for determining the true scope of the 

15 present invention, which should be construed so as to 

encompass any such equivalents. It will also be appreciated 

by the reader that integers or features of the invention 

that are described as preferable, advantageous, convenient 

or the like are optional and do not limit the scope of the 

20 independent claims. Moreover, it is to be understood that 

such optional integers or features, whilst of possible 

benefit in some embodiments of the invention, may not be 

desirable, and may therefore be absent, in other 

embodiments. 

25 
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Claims 

 

1. A method of creating haptic feedback using ultrasound comprising the steps of: 

generating a plurality of ultrasound waves with a common focal point using a 

phased array of ultrasound transducers, the common focal point being a haptic 

feedback point; and  

modulating the generation of the ultrasound waves using a waveform selected 

to produce little audible sound at the haptic feedback point.  

 

2. The method as in claim 1 further comprising the step of avoiding sharp 

pressure changes at the focal point.  

 

3. The method as claim 2 further comprising the step of modulating the 

generation of the ultrasound waves with a waveform comprising an interpolation of 

the transducer phases and amplitudes.  

 

4. The method as claim 3, wherein the interpolation is a linear interpolation.  

 

5. The method as in claim 3, wherein the interpolation is selected from the group 

consisting of a polynomial interpolation and a trigonometric interpolation.  

 

6. The method as in claim 3, wherein the interpolation is a cosine interpolation.  

 

7. The method as in claim 3, wherein the interpolation is a parametric speaker 

interpolation.  

 

8. The method as in claim 1 further comprising the step of varying the position of 

the common focal point.  

 

9. The method as in claim 8, wherein the position of the common focal point is 

constantly varied.  

 



- 16 - 
 

10. The method as in claim 8, wherein the position of the common focal point 

oscillates about a central focal point.  

 

11. A haptic feedback system comprising:  

a phased array comprising a plurality of transducers arranged to emit 

ultrasound to create a haptic feedback point, the phased array arranged to emit 

ultrasound according to a modulation waveform having a shape that produces little or 

no sound when the ultrasound converges at the haptic feedback point.  

 

12. The haptic feedback system as in claim 11 further comprising a control unit.  

 

13. The haptic feedback system as in claim 11 further comprising a driving unit.  

 

14. The haptic feedback system as in claim 13, wherein the driving unit is 

arranged to drive the transducer to produce ultrasound.  

 

15. The haptic feedback system as in claim 14 further comprising a control unit 

arranged to send control signals to the driving unit.  

 

16. The haptic feedback system as in claim 12, wherein the control unit includes a 

memory.  

 

17. The haptic feedback system as in claim 12, wherein the control unit is 

arranged to modulate the output of the transducer according to a particular modulation 

waveform.  

 

18. The haptic feedback system as in claim 17, wherein the modulation waveform 

is a linear interpolation.  

 

19. The haptic feedback system as in claim 17, wherein the modulation waveform 

is an interpolation selected from the group consisting of a polynomial interpolation 

and a trigonometric interpolation.  
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20. The haptic feedback system as in claim 17, wherein the modulation waveform 

is a cosine interpolation.  

 

21. The haptic feedback system as in claim 17, wherein the modulation waveform 

corresponds to a parabolic speaker interpolation. 

 


