
(12) STANDARD PATENT (11) Application No. AU 2013235347 B2 
(19) AUSTRALIAN PATENT OFFICE 

(54) Title 
Apparatus and methods for cleaning teeth 

(51) International Patent Classification(s) 
A61C 17/00 (2006.01) 

(21) Application No: 2013235347 (22) Date of Filing: 2013.03.15 

(87) WIPO No: W013/142385 

(30) Priority Data 

(31) Number (32) Date (33) Country 
61/614,463 2012.03.22 US 

(43) Publication Date: 2013.09.26 
(44) Accepted Journal Date: 2017.11.09 

(71) Applicant(s) 
Sonendo, Inc.  

(72) Inventor(s) 
Bergheim, Bjarne;Khakpour, Mehrzad 

(74) Agent / Attorney 
Spruson & Ferguson, L 35 St Martins Tower 31 Market St, Sydney, NSW, 2000, AU 

(56) Related Art 
US 6290502 B1 
US 2007/0248932 Al 
US 2006/0110710 Al



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 

(19) World Intellectual Property 
Organization 

International Bureau 
(10) International Publication Number 

(43) International Publication Date W O 2013/142385 Al 
26 September 2013 (26.09.2013) W I P 0 I P C T 

(51) International Patent Classification: ad; 25092 Northrup Drive, Laguna Hills, California 92653 
A61C 17/00 (2006.01) (US).  

(21) International Application Number: (74) Agent: ALTMAN, Daniel, E.; Knobbe, Martens, Olson & 
PCT/US2013/032635 Bear, LLP, 2040 Main Street, 14th Floor, Irvine, CA 

(22) International Filing Date: 92614 (US).  

15 March 2013 (15.03.2013) (81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 

(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, 
(26) Publication Language: English BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, 

DO, DZ, EC, EE, EG, ES, Fl, GB, GD, GE, GH, GM, GT, 
(30) Priority Data: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, 

61/614,463 22 March 2012 (22.03.2012) US KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, 

(71) Applicant: SONENDO, INC. [US/US]; 26051 Merit ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, 

Circle, Suite 102, Laguna Hills, CA 92653 (US). NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, 
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, 

(72) Inventors: BERGHEIM, Bjarne; 26362 Ibeza Road, Mis- TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, 
sion Viejo, California 92692 (US). KHAKPOUR, Mehrz- ZM, ZW.  

[Continued on next page] 

(54) Title: APPARATUS AND METHODS FOR CLEANTING TEETH 

(57) Abstract: Various embodiments for cleaning carious regions of a tooth are 
disclosed herein. For example, a dental apparatus can include a fluid platform 
having a chamber sized and shaped to retain fluid. The chamber can be con

" 'figured to be coupled to the tooth over the carious region. A pressure wave gener
ator having a distal end may be configured to be positioned in the chamber. The 
pressure wave generator may be configured to generate pressure waves in the re

s0 tained fluid sufficient to clean the carious region.  

/09 104



W O 20 13/1423 85 A 1|l ll|l|llllll || ||I||||| II| || | || || |I||I|I|I|||||||I||||I|||I||||| 

(84) Designated States (unless otherwise indicated, for every SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
kind of regional protection available): ARIPO (BW, GH, GW, ML, MR, NE, SN, TD, TG).  
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ, Published: 
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ, 
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, - with international search report (Art. 21(3)) 
EE, ES, Fl, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, 
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,



WO 2013/142385 PCT/US2013/032635 

APPARATUS AND METHODS FOR CLEANING TEETH 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Patent Application 

No. 61/614,463, filed March 22, 2012, entitled "APPARATUS AND METHODS FOR 

CLEANING TEETH," which is hereby incorporated by reference herein in its entirety and 

for all purposes.  

BACKGROUND 

Field 

[0002] The present disclosure relates generally to dentistry, and in particular, to 

apparatus, methods, and compositions for treating one or more teeth.  

Description of the Related Art 

[0003] Dental caries, also known as tooth decay or a cavity, is one of the most 

common chronic diseases in the world. Caries is an infection that causes demineralization of 

the hard tissues (e.g., enamel, dentin and cementum) and destruction of the organic matter of 

the tooth, often by production of acid by hydrolysis of the food debris accumulated on the 

tooth surface. If demineralization exceeds remineralization from saliva, or from other factors 

such as the use of calcium and fluoridated toothpastes, these tissues may progressively break 

down, producing dental caries (e.g., cavities or holes in the teeth). If left untreated, the 

disease can lead to pain, tooth loss and infection. While caries may be directly visible, the 

caries and its extent of destruction may be detected and evaluated by imaging, e.g.  

radiographs, as well as by tactile inspection. Caries may form and develop anywhere on the 

tooth, e.g., occlusal surfaces (pits and fissure caries), proximal and cervical surfaces (smooth 

surface caries), root surfaces, etc.  

[0004] Caries or cavities may progress in various stages. For example, early 

stage caries may be non-cavitated, in which decay has progressed within the enamel, but not 

below the enamel into dentin. If the caries do not progress any further, then no or minimal 

treatment may be adequate. However, if there is further progression into the enamel, then 

treatments, such as the application of a sealant and/or antimicrobial or fluoride agents, may 

be desirable. If the decay progresses below the enamel and into the dentin, but not reaching 
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the pulp, then a clinician can treat the tooth by restoring the tooth and applying antimicrobial 

and/or fluoride agents. For caries that progress into the pulpal cavity, endodontic treatment is 

often advised.  

[0005] Dental canes generally contain bacteria and their byproducts, food remnants, healthy 

tissue and decayed tissue, and may include other organic and/or inorganic materials. Organic 

material (or organic matter) includes organic substances typically found in healthy or diseased 

teeth or root canal systems such as, for example, soft tissue, blood vessels, nerves, connective 

tissue, cellular matter, pus, microorganisms, bacteria, biofilms, and plaque, whether living, 

inflamed, infected, diseased, necrotic, or decomposed. Inorganic matter includes calcified tissue 

and calcified structures, calculus, tartar, etc., which are frequently present in or on teeth.  

[0006] Current treatment techniques generally include mechanical removal of the canes and 

diseased tissue (e.g., using dental burs, excavators, etc.), which may expose healthy dentin.  

However, the bur (or other mechanical instrument) may not differentiate between diseased and 

healthy dentin, and other instruments such as excavators and explorers may not be able to 

accurately determine the extent to which drilling should continue. This may result in either 

incomplete removal of caries or overly-aggressive removal of healthy dentin, which may in tum 

reduce the longevity of the tooth.  

[0007] The removed portions of the tooth can then be filled with solid matter such as composite, 

resin, gold, porcelain, etc., and the tooth can be restored. However, this procedure may not 

remove all decayed material from the tooth, which can lead to inadequate bonding of the 

restorative material and therefore bacterial leakage and subsequently postprocedure 

complications such as infection. In addition, the use of a dental drill and anesthetics may be 

uncomfortable to the patient. Accordingly, it can advantageous to provide improved methods 

and apparatus for treating dental caries.  

SUMMARY 

[0008] Various non-limiting aspects of the present disclosure will now be provided to illustrate 

features of the disclosed apparatus, methods, and compositions. Examples of apparatus, 

methods, and compositions for endodontic treatments are provided.  

[0009] In one embodiment, a system for treating a tooth having a carious region at an external 

surface of the tooth, the system comprising: a fluid platform having a chamber sized and shaped
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to retain fluid, the chamber configured to be coupled to and at least partially seal against the 

external surface of the tooth over the carious region such that the chamber defines an enclosed 

volume around the carious region at the external surface of the tooth when the chamber is at 

least partially sealed against the external surface of the tooth; and a pressure wave generator 

having a distal end configured to be positioned in the chamber and configured to generate 

pressure waves in the retained fluid of sufficient energy to clean the carious region, the distal 

end of the pressure wave generator to be positioned outside the tooth near the carious region, 

wherein the pressure wave generator is further configured to produce pressure waves having a 

broadband power spectrum and multiple frequencies, wherein the broadband power spectrum 

includes significant energy at frequencies in the range of 1 Hz to 100 kHz.  

[0010] In another embodiment, a method for treating a tooth having a carious region on an 

external surface of the tooth, the method comprising: applying a cap over the carious region of 

the tooth, the cap comprising a chamber; sealing at least a portion of the cap to the external 

surface the tooth such that the chamber defines an enclosed volume around the carious region at 

the external surface of the tooth when the chamber is at least partially sealed against the external 

surface of the tooth; at least partially filling the chamber with fluid; positioning a pressure wave 

generator in the chamber such that a distal end of the pressure wave generator is immersed in 

fluid in the chamber and positioned outside the tooth near the carious region; and activating the 

pressure wave generator in the chamber to produce pressure waves having a broadband power 

spectrum and multiple frequencies, the pressure waves being of sufficient energy to clean the 

carious region of the tooth, wherein the broadband power spectrum includes significant energy 

at frequencies in the range of 1 Hz to 100 kHz.  

[0011] In yet another embodiment, a method for cleaning a carious region on an external surface 

of a tooth, the carious region disposed in a space at least partially between two adjacent teeth, 

the method comprising: applying a cap over the carious region of the tooth, the cap comprising a 

chamber; sealing at least a portion of the cap to the external surface of the tooth such that the 

chamber defines an enclosed volume around the carious region at the external surface of the 

tooth when the chamber is at least partially sealed against the external surface of the tooth; at 

least partially filling the chamber with fluid; positioning a pressure wave generator in the 

chamber such that a distal end of the pressure wave generator is immersed in fluid in the 

chamber and positioned outside the tooth near the carious region; and propagating pressure 

waves having a broadband power spectrum and multiple frequencies through the fluid in the
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chamber, the pressure waves having sufficient energy to substantially clean the carious region, 

wherein the broadband power spectrum includes significant energy at frequencies in the range of 

1 Hz to 100 kHz.  

[0012] In another embodiment, a system for cleaning a carious region on an external surface of a 

tooth, the carious region disposed in a space at least partially between two adjacent teeth, the 

system comprising: a fluid retainer configured to at least partially retain fluid in the space, the 

fluid retainer having a chamber that defines an enclosed volume around the carious region on 

the external surface of the tooth when the fluid retainer is at least partially sealed against the 

external surface of the tooth; and a pressure wave generator configured to propagate pressure 

waves through the retained fluid in the space between the teeth to clean the carious region, the 

pressure wave generator having a distal end configured to be positioned in the chamber and 

configured to generate pressure waves in the retained fluid of sufficient energy to clean the 

carious region, the distal end of the pressure wave generator to be positioned outside the tooth 

near the carious region, wherein the pressure wave generator is further configured to produce 

pressure waves having a broadband power spectrum and multiple frequencies, wherein the 

broadband power spectrum includes significant energy at frequencies in the range of 1 Hz to 100 

kHz.  

[0013] In another embodiment, a method for cleaning a carious region of a tooth is disclosed.  

The method can comprise directing a high-speed liquid jet against the tooth at or near the 

carious region on an exterior surface of the tooth. The method can further include maintaining 

the liquid jet in contact with the tooth at or near the carious region until substantially all of the 

carious region is removed.  

[0014] Accordingly, it can be advantageous to remove diseased tissue while maintaining the 

healthy tissue so as to preserve the structural integrity of the tooth as much as
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possible. The systems and methods described herein present various embodiments of such 

solutions. Furthermore, the disclosed systems and methods may also be combined with 

traditional techniques. For example, after cleaning the tooth using the disclosed 

embodiments, a bur may additionally be used to shape the cavity and prepare it for 

restoration. As another example, fluoride therapy or other mineralization therapies may be 

performed after removing the caries using the disclosed embodiments to further enhance the 

recovery process.  

[0015] For purposes of this summary, certain aspects, advantages, and novel 

features of certain disclosed inventions are summarized. It is to be understood that not 

necessarily all such advantages may be achieved in accordance with any particular 

embodiment of the invention. Thus, for example, those skilled in the art will recognize that 

the inventions disclosed herein may be embodied or carried out in a manner that achieves one 

advantage or group of advantages as taught herein without necessarily achieving other 

advantages as may be taught or suggested herein. Further, the foregoing is intended to 

summarize certain disclosed inventions and is not intended to limit the scope of the 

inventions disclosed herein.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The foregoing and other features, aspects, and advantages of the 

embodiments of the apparatus and methods of cleaning teeth are described in detail below 

with reference to the drawings of various embodiments, which are intended to illustrate and 

not to limit the embodiments of the invention. The drawings comprise the following figures 

in which: 

[0017] Figure 1A illustrates a schematic diagram of a dental system that includes 

components capable of removing a carious region from a tooth.  

[0018] Figure lB is a schematic side cross-sectional view of the dental system of 

Figure 1A illustrating a fluid platform coupled to a treatment tooth and that covers a 

relatively small carious region on the tooth.  

[0019] Figure 2 is a schematic side cross-sectional view of a dental system having 

a fluid platform coupled to a treatment tooth and that covers a relatively large carious region 

on the tooth.  
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[0020] Figures 3A-3C illustrate a dental cleaning procedure at various stages of 

treating a dental caries.  

[0021] Figure 4 is a schematic side cross-sectional view of a dental system having 

a fluid platform coupled to a treatment tooth and that is configured to treat a carious region 

on an occlusal surface of the tooth.  

[0022] Figure 5A is a schematic side cross-sectional view of a dental system 

having a fluid platform coupled to two adjacent teeth and that is configured to treat a carious 

region on a proximal surface of a tooth.  

[0023] Figure 5B is a bottom, cross-sectional view of the system of Figure 5A, 

taken along line 5B-5B.  

[0024] Figure 6 is a schematic side cross-sectional view of a dental system that 

includes a fluid platform having a fluid outlet.  

[0025] Figure 7 is a schematic side cross-sectional view of a dental system that 

includes a fluid platform having a fluid outlet and a fluid inlet.  

[0026] Figure 8 is a schematic side cross-sectional view of a dental system that 

includes a fluid platform having a fluid outlet, a fluid inlet, and one or more vents.  

[0027] Figure 9A is a schematic side cross-sectional view of a dental system that 

includes a fluid platform coupled to two adjacent teeth and configured to treat a carious 

region between the two teeth.  

[0028] Figure 9B is a side cross-sectional view of the system of Figure 9A, taken 

along line 9B-9B.  

[0029] Figure 10 is a flowchart illustrating one example method for cleaning 

caries from a tooth.  

[0030] Figures 1 lA and 11B are graphs that schematically illustrate possible 

examples of acoustic power that could be generated by different embodiments of the pressure 

wave generator.  

[0031] Throughout the drawings, reference numbers may be re-used to indicate a 

general correspondence between referenced elements. The drawings are provided to 

illustrate example embodiments described herein and are not intended to limit the scope of 

the disclosure.  
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DETAILED DESCRIPTION 

[0032] The present disclosure describes apparatus, methods, and compositions for 

performing dental procedures, including preventative, restorative, endodontic, periodontic 

and other types of dental procedures. For example, the embodiments disclosed herein can be 

used to efficiently and non-invasively remove organic and/or inorganic matter from (and/or 

to disinfect) a carious region of one or more teeth, e.g., a region of the teeth having tooth 

decay. The carious region of the teeth may be on outer surfaces of the teeth, including, e.g., 

proximal, occlusal, buccal, and/or lingual surfaces. The disclosed embodiments can remove 

substantially the entire carious region from the teeth without harming healthy portions of the 

tooth, and without causing the significant pain or discomfort that often results from 

conventional techniques.  

I. Overview of Various Disclosed Embodiments 

[0033] Figure 1A illustrates a schematic diagram of a dental system 100 that 

includes components capable of removing a carious region 115 from a tooth 110.  

Advantageously, the system 100 can remove the carious region 115 in a non-invasive manner 

without damaging healthy portions of the tooth 110, and the system 110 can more thoroughly 

remove the carious region 115 than conventional systems. Indeed, the disclosed system 100 

can clean carious regions 115 on any suitable surface of the tooth, including surfaces that are 

hard to treat using conventional systems.  

[0034] The system 100 can include a console 106, a handpiece 108, an active 

energy outlet 114, and a fluid platform 101 configured to couple to the tooth 110 to be 

treated. The active energy outlet 114 can include a pressure wave generator 105, a fluid 

motion source, or both. The pressure wave generator 105 can be configured to generate 

pressure waves, and the fluid motion source can be configured to create movement of the 

fluid in the chamber, turbulence in the fluid in the chamber, circulation of the treatment fluid 

in the chamber and/or produce other dynamics in the fluid in the chamber. For example, the 

active energy outlet 114 can be configured to introduce fresh treatment liquid to the treatment 

site and/or to remove waste fluids from the treatment site. In some embodiments, the ingress 

and egress of treatment fluid from the treatment site is provided through one or more ports in 

the fluid platform 101. Additionally, in some embodiments, the pressure wave generator 105 
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can create movement of the fluid in the chamber (that is, also function as a fluid motion 

source), as explained further below. The console 106 can be in electrical, electromagnetic, 

photonic, and/or fluid communication with the handpiece 108 by way of, e.g., various 

conduits 113 (e.g., fluid conduits, fiber optics, optical mirrors, and/or electrical wires) and 

can supply the handpiece 108 with treatment fluid, electrical power, control signals, etc. For 

example, the console 106 can include a fluid reservoir, a degassing system configured to 

remove dissolved gases from the treatment fluid, a pump, one or more sensors configured to 

measure properties of the treatment fluid, a mixing system, a controller configured to control 

the operation of the treatment procedure, and a user interface. A clinician can interact with 

the user interface of the console 106 to operate the system 100 and to manage the treatment 

procedure. For example, the clinician can use the console 106 to control and monitor various 

parameters of the treatment procedure, such as the supply of treatment fluid to the fluid 

platform 101, the activation of the pressure wave generator 105 to clean the tooth 110, the 

current status of the procedure, and other suitable parameters.  

[0035] The clinician can apply the fluid platform 101 to the treatment of one or 

more teeth 110. In some embodiments, the fluid platform 101 can be part of the handpiece 

108, in which case the clinician can use the handpiece 108 to couple the fluid platform 101 to 

the tooth 110. In other embodiments, the fluid platform 101 can be separate from the 

handpiece 108 and can be applied to the tooth 110 without using the handpiece 108. The 

clinician can use the handpiece 108 to position the pressure wave generator 105 near or 

against the tooth 110 and to manipulate the fluid platform 101 and/or pressure wave 

generator 105 during treatment. The pressure wave generator 105 can be activated to 

generate pressure waves in, on, or through the fluid platform 101. In various embodiments, 

the fluid platform 101 can facilitate the cleaning procedure by retaining treatment fluid to act 

as a medium for propagation of the pressure waves generated by the pressure wave generator 

105. In addition, the fluid platform 101 can include various components for facilitating 

aspiration, irrigation, fluid movement within the fluid platform 101, and/or the mixing of 

fluids before, during, and/or after treatment.  

[0036] As explained herein with reference to the disclosed embodiments, the 

disclosed system 100 can thereby be configured to remove substantially all of a carious 

region 115 from a tooth 110, regardless of the surface on which the carious region 115 is 
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formed. Advantageously, the cleaning procedure can remove the carious region 115 non

invasively without damaging healthy tooth matter and without otherwise harming the patient.  

Using a pressure wave generator 105 and fluid platform 101 to remove caries can 

advantageously allow clinicians to treat caries without mechanically (or otherwise) exploring 

the tooth surface, which can harm the tooth 110 if healthy dentin or other parts of the tooth 

110 are damaged.  

[0037] Additionally, the disclosed embodiments can enable a clinician to detect 

caries that may otherwise be difficult to find. For instance, if the existence of caries is 

suspected, but not positively identified, in a particular tooth 110 (e.g., on a proximal or 

occlusal surface), conventional techniques often involve the use of invasive tools and 

procedures to confirm the existence of the caries before treating the tooth. In the 

embodiments disclosed herein, the system 100 (e.g., the fluid platform 101) can be applied to 

the tooth 110 and can remove the caries at an early stage without requiring any invasive 

instruments to be used. For example, if a region of the tooth 110 is suspected as including 

caries, the fluid platform 101 can be applied to the tooth 110 to remove even undetected 

and/or unconfirmed caries from the tooth 110.  

[0038] Furthermore, the cleaning and disinfecting of both non-cavitated and 

cavitated caries can be performed non-invasively. Although non-cavitated caries may 

undergo no or minimal treatment using conventional dental techniques, the embodiments 

disclosed herein can stop or slow the progression of non-cavitated caries into more 

substantial decay, helping to maintain the health of the tooth 110. Moreover, the 

embodiments disclosed herein can clean and disinfect cavitated caries without removing 

substantially any healthy dentin. The gentle action of the technology can clean deep cavities 

near the pulp with no or minimal risk of breaking the thin dentin wall and exposing the pulp.  

The disclosed embodiments can also clean the decayed dentin and caries underneath the 

enamel without requiring the removal of healthy and salvageable enamel, e.g., the disclosed 

pressure wave generators can generate pressure waves that can propagate through the 

already-existing hole in the enamel to clean beneath the enamel.  

[0039] Various details of pressure wave generators and fluid platforms can be 

found in U.S. Patent Application No. 11/737,710, filed April 19, 2007, published October 25, 

2007, as U.S. Patent Publication No. 2007/0248932, entitled "APPARATUS AND 
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METHODS FOR TREATING ROOT CANALS OF TEETH;" in U.S. Patent Application 

No. 12/945,791, filed November 12, 2010, published May 19, 2011, as U.S. Patent 

Publication No. US 2011/0117517, entitled "LIQUID JET APPARATUS AND METHODS 

FOR DENTAL TREATMENTS;" in U.S. Patent Application No. 13/279,199, filed October 

21, 2011, published September 20, 2012, as U.S. Patent Publication No. 2012/0237893, titled 

"APPARATUS, METHODS, AND COMPOSITIONS FOR ENDODONTIC 

TREATMENTS;" in U.S. Provisional Patent Application No. 61/767,746, filed February 21, 

2013, entitled "APPARATUS AND METHODS FOR SEALING TEETH;" and in U.S.  

Provisional Patent Application No. 61/614,463, filed March 22, 2012, entitled 

"APPARATUS AND METHODS FOR CLEANING TEETH," each of which is 

incorporated by reference herein in its entirety and for all purposes.  

I. Example Features of the Disclosed Systems 
A. Example Fluid Platforms 
[0040] As explained herein, various fluid platforms can be used to clean carious 

regions from one or more teeth. Various components of such fluid platforms 101 are 

described herein. Note that the components of the fluid platforms 101 disclosed herein are 

generally applicable and suitable for each embodiment disclosed herein, e.g., the 

embodiments of Figures 1A-10. This disclosure should not be interpreted as limiting a 

particular feature of a fluid platform 101 to any particular embodiment disclosed herein.  

[0041] In some embodiments, the fluid platform 101 can be used for maintaining 

treatment liquid in a substantially enclosed volume, such as a chamber of a cap. Creating a 

generally sealed volume for retaining a volume of treatment fluid can advantageously enable 

cleaning of a caries. In some arrangements, a fluid platform 101 can include components for 

enhancing aspiration, irrigation, moving, circulating, and mixing. In some implementations, 

the fluid platform 101 can include embodiments of some or all of the following elements or 

features (and the elements or features disclosed above), which are intended to illustrate but 

not to limit the scope of the disclosure. Additional details of fluid platforms 101 that may be 

suitable for use with the embodiments disclosed herein may be found, e.g., in 11 [0005], 

[0041]-[0049], [0058]-[0086] and various other portions of U.S. Patent Publication No. US 

2012/0237893, published September 20, 2012, which is incorporated by reference herein for 

all purposes.  

-9-
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1. Fluid Retainer or Cap 

[0042] The fluid platform 101 can include a fluid retainer, flow restrictor or cap 

to maintain a generally sealed liquid connection between the carious region 115 and the 

handpiece 108 to provide a body of fluid in which the pressure wave generator 105 can 

operate. In some embodiments, the cap can be coupled to or integrally formed with a distal 

portion of the handpiece 108. In another embodiment, the cap can be a separate piece from 

the handpiece 108, and can be mechanically and/or magnetically coupled to a distal portion 

of the handpiece 108. The cap can include or define a chamber configured to retain 

treatment fluid in the cap. In some arrangements, the sealed cap can direct substantially all 

liquid entering the enclosed volume or chamber through the handpiece 108 to leave through 

the handpiece 108 as well. Liquid can be introduced into the chamber through a fluid inlet 

connected to, or disposed in or on, the handpiece 108. Waste treatment liquid can be 

removed through the cap by way of a fluid outlet and further into the handpiece 108.  

[0043] In one embodiment, the path between the cap and the handpiece 108 (e.g., 

through an inlet and/or outlet) can include a permeable material through which liquid can 

flow. In addition, the connection created between the sealing cap and the tooth 110 can be 

flexible such that it can accommodate movements in the handpiece 108 relative to the 

chamber while maintaining the liquid connection. In some arrangements utilizing a 

handpiece 108, the pressure may be low enough for the operator to comfortably apply the cap 

during the procedure without using excessive force to create a positive seal. In some 

embodiments, the handpiece 108 may not be handheld, in which case the handpiece 108 can 

be operated without an excessive clamping or holding force. The cap can be used throughout 

the procedure and can be configured to withstand chemical exposure (such as irrigants 

introduced during the procedure).  

[0044] The cap can be formed of a flexible material in some embodiments. For 

example, the cap can be formed of an elastic material to properly seal the handpiece 108 to 

the tooth 110. In some arrangements, the cap can include a sponge. The cap can include, for 

example, polyvinyl foam, polyethylene, polyvinyl alcohol (PVA), cellulose foam, silicone 

foam, etc. In other embodiments, the cap can comprise silicone, elastomer, rubber, latex, etc.  

In one embodiment, a material with substantially little acoustic dampening is chosen. By 

allowing only minimal or no acoustic dampening, the cap may not attenuate the pressure 

-10-
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waves generated during the treatment procedure. In yet other embodiments, the cap can be 

made from one or more materials with different elasticities and/or degrees of firmness. It 

should be appreciated that the caps can have different shapes, depending on which tooth 110 

is being treated (e.g., molar, incisor, canine, etc.) or the location of the carious region 115 on 

the tooth 110 (e.g., on a proximal surface, occlusal surface, lingual surface, buccal surface, 

etc.).  

[0045] Additional details of fluid retainers, flow restrictors or caps that may be 

suitable for use with the embodiments disclosed herein may be found, e.g., in 11 [0052]

[0053], [0115]-[0117] and various other portions of U.S. Patent Publication No. US 

2011/0117517, published May 19, 2011; in 11 [0040]-[0043], [0170]-[01 [0293]-[0299], 

[0316]-[0319] and various other portions of U.S. Patent Publication No. US 2012/0237893, 

published September 20, 2012; and in Figure 1 and the accompanying disclosure of U.S.  

Provisional Patent Application No. 61/767,746, filed February 21, 2013, entitled 

"APPARATUS AND METHODS FOR SEALING TEETH," each of which is incorporated 

by reference herein for all purposes.  

2. Components for Enhancing Aspiration and Irrigation 

[0046] Some fluid platforms 101 can include various components that enhance 

aspiration and irrigation before, during, and/or after the treatment procedure. In some 

embodiments, treatment liquid can enter the chamber of the cap via a fluid inlet, such as a 

treatment liquid inflow conduit. The fluid inlet can pass through or along the handpiece 108.  

Under steady state operation, the amount of liquid entering the enclosed volume can be 

substantially the same as the amount of liquid leaving the enclosed volume through the fluid 

outlet in some embodiments. More fluid will enter the enclosed volume when the clinician 

initiates the supply of fluid to the enclosed volume. In some embodiments, as described 

above, the fluid inlet can be driven by a pump, which can be controlled by the console 106.  

Furthermore, the fluid inlet can be the same as the pressure wave generator 105 in some 

embodiments, such as in embodiments that employ a liquid jet device. Additional details of 

fluid inlets that may be suitable for use with the embodiments disclosed herein may be found, 

e.g., in 11 [0075]-[0078] and various other portions of U.S. Patent Publication No. US 
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2012/0237893, published September 20, 2012, which is incorporated by reference herein for 

all purposes.  

[0047] As explained above, the fluid platforms 101 disclosed herein can also have 

a fluid outlet, e.g., an outflow conduit to transfer liquid out of the enclosed volume of the 

chamber during the procedure. In some embodiments, waste treatment liquid can be allowed 

to spill directly into the patient's mouth. In other embodiments, however, waste treatment 

liquid (as well as removed material and byproduct gases) can be transferred through the fluid 

outlet, which can pass through or along the handpiece 108. As explained herein, the fluid 

outlet may be active or passive. In the case of a passive fluid outlet, the waste treatment 

liquid can move through the fluid outlet due to capillary forces, gravity, or because of a slight 

overpressure created in the enclosed volume or chamber. In the case of an actively pumped 

fluid outlet, the waste liquid can be transferred using a pump, suction, or other device that 

draws liquid out through the outlet. In one example, the fluid outlet is connected to the 

suction system and/or vacuum lines in the clinician's office. Additional details of fluid 

outlets that may be suitable for use with the embodiments disclosed herein may be found, 

e.g., in 11 [0079]-[0081] and various other portions of U.S. Patent Publication No. US 

2012/0237893, published September 20, 2012, which is incorporated by reference herein for 

all purposes.  

[0048] As explained herein, the fluid platform 101 can also include one or more 

vents to regulate pressure of the treatment fluid. The vents can be disposed in a portion of 

the handpiece 108 in some arrangements, such as along a waste line or fluid outlet. The 

vents can take the form of a permeable or semi-permeable material (e.g., a sponge), 

openings, pores, or holes, etc. Additional details of vents that may be suitable for use with 

the embodiments disclosed herein may be found, e.g., in 11 [0071]-[0073], [0082]-[0086], 

[0177]-[0194] and various other portions of U.S. Patent Publication No. US 2012/0237893, 

published September 20, 2012, which is incorporated by reference herein for all purposes.  

B. Handpiece 

[0049] The systems disclosed herein can also include a handpiece 108, e.g., the 

handpieces disclosed herein with respect to Figures 1A through 9B. The handpiece 108 can 

be configured to apply the fluid platform 101 (e.g., the fluid retainer or cap) to the tooth 110 
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and to position the pressure wave generator 105 relative to the carious region 115. In the 

disclosed embodiments, the handpiece 108 can be used to create a substantially closed liquid 

circuit as the handpiece 108 engages the fluid platform 01 with the tooth 110. When the 

handpiece 108 couples the fluid platform101 to the tooth 110, the handpiece 108 can form an 

enclosed volume within a chamber of a cap. Treatment liquids can be transferred into and 

out of the enclosed volume by way of lumens or tubes in the handpiece 108.  

[0050] In addition, the handpiece 108 can provide the operator or clinician with a 

handheld device to hold during the procedure. For example, the handpiece 108 can include 

user-friendly grips and a user-friendly shape to grasp. The clinician can manipulate the 

handpiece 108 to accurately position the fluid platform 101 and/or pressure wave generator 

105 at a desired position on or near the tooth 110. In addition, the handpiece 108 can allow 

the clinician to move or rotate the fluid platform 101 and pressure wave generator 105 during 

the procedure so as to dispose the pressure wave generator 105 at a desirable position relative 

to the carious region 115. Alternatively, the handpiece 108 can also provide a device for the 

operator to clamp or attach to the tooth 110 such that the handpiece 108 does not require 

substantial user intervention during the procedure. The handpiece 108 can be disposable 

(e.g., single-use), or the handpiece 108 can be reusable. In one embodiment, the handpiece 

108 is disposable, but the pressure wave generator 105 is reusable. The handpiece 108 can 

be formed of any suitable material. In some embodiments, the handpiece 108 can be formed 

of a plastic material. In other embodiments, the handpiece 108 can be formed of a metal.  

Additional details of handpieces that may be suitable for use with the embodiments disclosed 

herein may be found, e.g., in 11 [0107], [0138]-[0142], [0156]-[0161] and various other 

portions of U.S. Patent Publication No. US 2012/0237893, published September 20, 2012, 

which is incorporated by reference herein for all purposes.  

C. Sealing Material 

[0051] A sealant or sealing material disclosed herein can be configured to 

temporarily fill the space between the teeth 110 or the areas which are not accessible to the 

fluid platform 101 to help enclose the carious region 115. The sealing material can therefore 

act to assist in the retention of fluid in the fluid platform 101 (e.g., the cap), which can 

improve the cleaning of the carious regions 115 using pressure waves. For example, the 

tooth seal can help create an enclosed volume around the carious region 115. The sealant can 
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be configured to flow into spaces, such as the gaps between adjacent teeth, and can be 

configured to set and/or harden to hold its shape during treatment. In addition, the sealing 

material can be easily removed or pulled from the tooth 110 after use. In some arrangements, 

the sealing material can easily be reshaped using tools such as a dental bur, knife, etc. For 

example, in various embodiments, the sealing material can be shaped (e.g., planarized) to 

support a flat coupling surface (e.g., a washer, one or more support magnets, etc.). The 

handpiece 108 can couple to the coupling surface, and the pressure wave generator 105 (e.g., 

a liquid jet device) can extend through a hole in the coupling surface such that a distal 

portion of the pressure wave generator 105 is disposed near the treatment site. Additional 

details of using a sealing material or attachment media for engaging the handpiece 108 may 

be found in Figure 1 and the accompanying description of U.S. Provisional Patent 

Application No. 61/767,746, filed February 21, 2013, entitled "APPARATUS AND 

METHODS FOR SEALING TEETH," which is incorporated by reference herein.  

[0052] The sealing material can be any suitable sealant. For example, the sealing 

material can be a substantially semi-flexible material that can set or harden in less than about 

30 seconds. The sealing material can be any suitable material that is able to seal the tooth 

110, but that also can easily be removed from the tooth 110. Examples of suitable sealing 

materials can include silicones, impression materials, bite registration materials, etc. In some 

embodiments, for example, the sealing materials can include 3M ImprintTM Bite, Jet Blue 

Bite by Coltene Whaledent@, LuxaBite bite registration material by DMG America, Alpha
TM Dam LC Gingival Dam Material or any other suitable sealant. In other embodiments, 

however, the tooth seal may not be used.  

D. Pressure Wave Generator 

[0053] As explained herein, the disclosed pressure wave generator 105 is 

configured to generate pressure waves with energy sufficient to clean carious regions 115 of 

a tooth 110, e.g., to remove decayed tissue from the tooth 110. The pressure wave generator 

105 can be a device that converts one form of energy into pressure waves within the 

treatment liquid. The pressure wave generator 105 can induce, among other phenomena, 

fluid dynamic motion of the treatment liquid (e.g., in the chamber), fluid circulation, 
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turbulence, and other conditions that can enable the cleaning of the tooth. The pressure wave 

generators disclosed in Figures 1A-9B can be any suitable type of pressure wave generator.  

[0054] The pressure wave generator 105 can be used to clean tooth surfaces (e.g., 

to treat dental caries), to remove tooth decay, etc. As explained herein, the pressure wave 

generator 105 creates pressure waves that propagate through the treatment liquid in a 

chamber of the fluid platform 101 (e.g., the cap). In some implementations, as explained 

herein, the pressure wave generator 105 can also create cavitation, acoustic streaming, 

turbulence, etc. In various embodiments, the pressure wave generator 105 can generate 

pressure waves or acoustic energy having a broadband power spectrum. For example, the 

pressure wave generator 105 can generate acoustic waves at multiple different frequencies, as 

opposed to only one or a few frequencies. Without being limited by theory, it is believed that 

the generation of power at multiple frequencies can help to remove various types of organic 

and/or inorganic materials that have different material or physical characteristics at various 

frequencies.  

[0055] The pressure wave generator 105 (e.g., high-speed liquid jet, ultrasonic 

transducer, a laser fiber, etc.) can be placed at the desired location relative to the tooth 110 so 

as to create pressure waves within the liquid inside the enclosed volume of the chamber to 

clean the carious region 115, as described herein. In various embodiments, the pressure 

wave generator 105 can be coupled or attached to the handpiece 108 and/or to a portion of 

the cap or other part of the fluid platform 101. A portion of the pressure wave generator 105, 

such as a distal portion, can be submerged in the treatment fluid in the chamber. For 

example, the pressure wave generator 105 can be disposed inside the enclosed area formed 

by the chamber of the cap around the carious region 115. The pressure wave generator 105 

can be located in close proximity to the carious region 115. In some arrangements, the 

clinician can use the handpiece 108 to manipulate the pressure wave generator 105 to be at a 

desired location and/or angle relative to the carious region 115 of the tooth 110. In some 

implementations, for a given amount of energy emitted by the pressure wave generator 105, 

the pressure waves can have an increased effect on cleaning and disinfecting. The energy 

source for the pressure wave generator 105 can be positioned in any suitable location. For 

example, the energy source that provides the energy for the pressure wave generator 105 can 
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be located outside the handpiece 108, inside the handpiece 108, integrated with the handpiece 

108, etc.  

[0056] For example, in some embodiments, the pressure wave generator 105 can 

comprise a liquid jet device. The liquid jet can be created by passing high pressure liquid 

through an orifice. The liquid jet can create pressure waves within the treatment liquid. In 

some embodiments, the pressure wave generator 105 comprises a coherent, collimated jet of 

liquid. The jet of liquid can interact with liquid in the enclosed volume (e.g., the chamber of 

the cap) and/or an impingement surface to create the pressure waves. In addition, the 

interaction of the jet and the treatment fluid and/or the interaction of spray and treatment 

fluid may induce cavitation and/or create acoustics to clean the tooth.  

[0057] In various embodiments, the pressure wave generator 105 can comprise a 

positioning member (e.g., a guide tube) having a channel or lumen along which or through 

which the liquid jet can propagate. The distal end portion of the positioning member can 

include an impingement surface on which the liquid jet impinges and is deflected into jets or 

spray. The distal end portion of the positioning member can include one or more openings 

that permit the deflected liquid to exit the positioning member and interact with the 

surrounding environment in the tooth. In some treatment methods, the openings disposed at 

or near the distal end portion of the positioning member can be submerged in liquid that can 

be enclosed in the fluid platform 101 attached to or enclosing a portion of the tooth 110. In 

some embodiments, the liquid jet can pass through the guide tube and can impact an 

impingement surface. The impact of the jet on the impingement surface can generate the 

pressure waves in some implementations. In some embodiments, the liquid jet can directly 

impact the tooth 110 to clean the carious region 115. Additional details of a pressure wave 

generator that includes a liquid jet device may be found at least in 11 [0045]-[0050], [0054]

[0077] and various other portions of U.S. Patent Publication No. US 2011/0117517, 

published May 19, 2011, and in 11 [0136]-[0142] and various other portions of U.S. Patent 

Publication No. US 2012/0237893, published September 20, 2012, each of which is 

incorporated by reference herein and for all purposes.  

[0058] In some embodiments, a high-speed liquid jet device can be used as, in 

addition to, or instead of the disclosed pressure wave generator and can be configured to 

clean the carious region 115. In some aspects, the liquid jet device can be used without 
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coupling a fluid platform to the tooth 110. For example, in some embodiments, the liquid jet 

can be directed against the tooth at or near the carious region 115. The liquid jet can be 

maintained in contact with the tooth until the carious region 115 (e.g., caries, diseased dentin, 

bacteria, etc.) is substantially removed. In some embodiments, a flow interrupter can be 

provided which can be configured to activate the liquid jet device only when the jet is 

directed against the treatment site. For example, the flow interrupter can be configured as a 

safety device to prevent activation of the jet before treatment so as to protect the clinician 

and/or the patient from accidental contact with the jet. In some embodiments, the liquid jet 

can be maintained against the tooth for a time period in a range of about 0.1 minutes to about 

20 minutes to remove the carious region 115, depending on the extent and location of the 

caries and decay. For example, in some embodiments, the liquid jet can be maintained 

against the tooth for a time period in a range of about 0.1 minutes to about 5 minutes to 

remove the carious region 115. Furthermore, in some embodiments, various treatment 

solutions may be used in the jet, such as NaOCl, EDTA, fluoride treatments, degassed liquid, 

water, chlorhexidine, etc.  

[0059] As explained herein, hydrodynamic impact of the jet against the tooth, 

acoustic cavitation, vibrations, pressure waves, and/or other acoustic phenomena may act 

alone or in combination to substantially remove the carious region 115 from the tooth 110, 

while leaving healthy dentin and enamel unaffected and unharmed. For example, various 

parameters of the jet may be adjusted to form a jet having sufficient energy to remove the 

carious region 115 without damaging healthy dentin or enamel. As an example, the pressure 

of the liquid jet can be at or below about 15,000 psi in some embodiments. In particular, the 

pressure of the liquid jet can be in a range of about 10,000 psi to about 15,000 psi in some 

arrangements. In various embodiments, the pressure of the liquid jet can be in a range of 

about 8,000 psi to about 10,000 psi. In addition, in some embodiments, a jet capable of 

removing the carious region 115 without damaging healthy tooth matter can be formed by 

passing pressurized liquid through a nozzle having a diameter at or below about 100 microns, 

for example a nozzle having a diameter in a range of about 40 microns to about 70 microns in 

some embodiments. In various embodiments, the nozzle can have a diameter in a range of 

about 55 microns to about 65 microns. Moreover, the liquid jet may be run at steady state or 

may be pulsed in various embodiments. For example, in some embodiments, the jet can be 
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pulsed to enhance the removal of the carious region 115. For example, in some 

embodiments, the liquid jet can be pulsed at frequencies in a range of about 1 Hz to about 

1000 Hz.  

[0060] In some embodiments, the liquid jet can be a coherent, collimated jet. In 

other embodiments, the liquid jet may not be a coherent, collimated jet, for example, when 

the jet maintains high velocity and energy sufficient to clean the tooth 110 until impact with 

the tooth 110 (e.g., before it turns into a mist). Various examples of liquid jet devices 

suitable for use with the disclosed embodiments are described in U.S. Patent No. 6,224,378; 

U.S. Patent No. 6,497,572; and U.S. Patent Application No. 12/945,791, filed November 12, 

2010, published May 19, 2011, as U.S. Patent Publication No. US 2011/0117517, entitled 

"LIQUID JET APPARATUS AND METHODS FOR DENTAL TREATMENTS;" each of 

which is hereby incorporated by reference herein in its entirety so as to form part of this 

specification.  

[0061] As has been described, a pressure wave generator 105 can be any physical 

device or phenomenon that converts one form of energy into pressure waves within the 

treatment fluid. Many different types of pressure wave generators 105 (or combinations of 

pressure wave generators) are usable with embodiments of the systems and methods 

disclosed herein.  

(i) Mechanical Energy 

[0062] Pressure wave generators 105 can include liquid jet devices, as explained 

above. Mechanical energy pressure wave generators 105 can also include rotating objects, 

e.g. miniature propellers, eccentrically-confined rotating cylinders, a perforated rotating disk, 

etc. These types of pressure wave generators 105 can also include vibrating, oscillating, or 

pulsating objects such as sonication devices that create pressure waves via piezoelectricity, 

magnetostriction, etc. In some pressure wave generators 105, electric energy transferred to a 

piezoelectric transducer can pressure waves in the treatment fluid. In some cases, the 

piezoelectric transducer can be used to create acoustic waves having ultrasonic frequencies.  

(ii) Electromagnetic Energy 

[0063] An electromagnetic beam of radiation (e.g., a laser beam) can propagate 

energy into a chamber, and the electromagnetic beam energy can be transformed into 

pressure waves as it enters the treatment fluid. In some embodiments, the laser beam can be 
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directed into the chamber or space as a collimated and coherent beam of light. The 

collimated laser beam can be sufficient to generate pressure waves as the laser beam delivers 

energy to the fluid. Furthermore, in various embodiments, the laser beam can be focused 

using one or more lenses or other focusing devices to concentrate the optical energy at a 

location in the treatment fluid. The concentrated energy can be transformed into pressure 

waves sufficient to clean the carious regions. In one embodiment, the wavelength of the 

laser beam or electromagnetic source can be selected to be highly absorbable by the 

treatment fluid in the chamber (e.g., water) and/or by the additives in the treatment fluid 

(e.g., nanoparticles, etc.). For example, at least some of the electromagnetic energy may be 

absorbed by the fluid (e.g., water) in the chamber, which can generate localized heating and 

pressure waves that propagate in the fluid. The pressure waves generated by the 

electromagnetic beam can generate photo-induced or photo-acoustic cavitation effects in the 

fluid. The electromagnetic radiation from a radiation source (e.g., a laser) can be propagated 

to the chamber by an optical waveguide (e.g., an optical fiber), and dispersed into the fluid at 

a distal end of the waveguide (e.g., a shaped tip of the fiber, e.g., a conically-shaped tip). In 

other implementations, the radiation can be directed to the chamber by a beam scanning 

system.  

[0064] The wavelength of the electromagnetic energy may be in a range that is 

strongly absorbed by water molecules. The wavelength may in a range from about 300 nm to 

about 3000 nm. In some embodiments, the wavelength is in a range from about 400 nm to 

about 700 nm, about 700 nm to about 1000 nm (e.g., 790 nm, 810 nm, 940 nm, or 980 nm), 

in a range from about 1 micron to about 3 microns (e.g., about 2.7 microns or 2.9 microns), 

or in a range from about 3 microns to about 30 microns (e.g., 9.4 microns or 10.6 microns).  

The electromagnetic energy can be in the ultraviolet, visible, near-infrared, mid-infrared, 

microwave, or longer wavelengths.  

[0065] The electromagnetic energy can be pulsed or modulated (e.g., via a pulsed 

laser), for example with a repetition rate in a range from about 1 Hz to about 500 kHz. The 

pulse energy can be in a range from about 1 mJ to about 1000 mJ. The pulse width can be in 

a range from about 1 ps to about 500 ps, about 1 ms to about 500 ms, or some other range.  

In some cases, nanosecond pulsed lasers can be used with pulse rates in a range from about 

100 ns to about 500 ns. The foregoing are non-limiting examples of radiation parameters, 
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and other repetition rates, pulse widths, pulse energies, etc. can be used in other 

embodiments.  

[0066] The laser can include one or more of a diode laser, a solid state laser, a 

fiber laser, an Er:YAG laser, an Er:YSGG laser, an Er,Cr:YAG laser, an Er,Cr:YSGG laser, a 

Ho:YAG laser, a Nd:YAG laser, a CTE:YAG laser, a CO 2 laser, or a Ti:Sapphire laser. In 

other embodiments, the source of electromagnetic radiation can include one or more light 

emitting diodes (LEDs). The electromagnetic radiation can be used to excite nanoparticles 

(e.g., light-absorbing gold nanorods or nanoshells) inside the treatment fluid, which may 

increase the efficiency of photo-induced cavitation in the fluid. The treatment fluid can 

include excitable functional groups (e.g., hydroxyl functional groups) that may be susceptible 

to excitation by the electromagnetic radiation and which may increase the efficiency of 

pressure wave generation (e.g., due to increased absorption of radiation). During some 

treatments, radiation having a first wavelength can be used (e.g., a wavelength strongly 

absorbed by the liquid for instance water) followed by radiation having a second wavelength 

not equal to the first wavelength (e.g., a wavelength less strongly absorbed by water) but 

strongly absorbed by another element, e.g. dentin, or nanoparticles added to solution. For 

example, in some such treatments, the first wavelength may help create bubbles in the fluid, 

and the second wavelength may help disrupt the tissue.  

[0067] The electromagnetic energy can be applied to the chamber for a treatment 

time that may be in a range from about one to a few seconds up to about one minute or 

longer. A treatment procedure may include one to ten (or more) cycles of applying 

electromagnetic energy to the tooth. The fluid platform 101 may be used to circulate a fluid 

in the chamber during the treatment process, which advantageously can inhibit heating of the 

tooth 110 (which may cause discomfort to the patient). The fluid platform 101 can include a 

fluid platform 101 (e.g., a fluid retainer or cap) to assist retaining fluid in the chamber. The 

fluid platform 101 can inhibit splashback of fluid, which can occur by hydraulic self-ejection 

during certain pulsed laser treatments. The circulation of treatment fluid (e.g., water with a 

tissue dissolving agent) by the fluid platform 101 can bring fresh treatment fluid to tissue and 

organic matter as well as flush out dissolved material from the treatment site. In some 

treatments using electromagnetic radiation, circulation of the treatment fluid can increase the 

effectiveness of the cleaning (as compared to a treatment with little or no fluid circulation).  
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[0068] In some implementations, electromagnetic energy can be added to other 

pressure wave generation modalities. For example, electromagnetic energy can be delivered 

to a chamber in which a mechanical energy pressure wave generator (e.g., a liquid jet) is used 

to generate the acoustic waves.  

(iii) Acoustic Energy 

[0069] Acoustic energy (e.g., ultrasound) can be generated from electric energy 

transferred to an ultrasound transducer or an ultrasonic tip (or file or needle) that creates 

pressure waves in the treatment fluid. The ultrasonic transducer can comprise a piezoelectric 

crystal that physically oscillates in response to an electrical signal or a magnetostrictive 

element that converts electromagnetic energy into mechanical energy. The transducer can be 

disposed in the treatment fluid, for example, in the fluid inside the chamber. As explained 

herein with respect to Figures 1lA-llJB, ultrasonic devices used with the embodiments 

disclosed herein are preferably broadband and/or multi-frequency devices. For example, 

unlike the power spectra of the conventional ultrasonic transducer shown in Figure 11B, 

ultrasonic devices used with the disclosed embodiments preferably have broadband 

characteristics similar to those of the power spectra of Figure 11 A (acoustic power of a liquid 

jet device).  

(iv) Further Properties of Some Pressure Wave Generators 

[0070] A pressure wave generator 105 can be placed at a desired location with 

respect to the tooth 110. The pressure wave generator 105 creates pressure waves within the 

fluid inside a chamber, e.g., a chamber of a fluid platform 101 (the generation of pressure 

waves may or may not create or cause cavitation). The pressure waves propagate throughout 

the fluid inside the chamber, with the fluid in the chamber serving as a propagation medium 

for the pressure waves. The pressure waves can also propagate through tooth material (e.g., 

dentin). It is believed, although not required, that as a result of application of a sufficiently 

high-intensity pressure wave, acoustic cavitation may occur. The collapse of cavitation 

bubbles may induce, cause, or be involved in a number of processes described herein such as, 

e.g., sonochemistry, tissue dissociation, tissue delamination, sonoporation, and/or removal of 

calcified structures. In some embodiments, the pressure wave generator 105 can be 

configured such that the pressure waves (and/or cavitation) do not substantially break down 
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natural dentin in the tooth 110. The pressure wave field by itself or in addition to cavitation 

may be involved in one or more of the abovementioned processes.  

[0071] In some implementations, the pressure wave generator 105 generates 

primary cavitation, which creates pressures waves, which may in turn lead to secondary 

cavitation. The secondary cavitation may be weaker than the primary cavitation and may be 

non-inertial cavitation. In other implementations, the pressure wave generator 105 generates 

pressure waves directly, which may lead to secondary cavitation.  

[0072] Additional details of pressure wave generators that may be suitable for use 

with the embodiments disclosed herein may be found, e.g., in 11 [0191]-[0217], and various 

other portions of U.S. Patent Publication No. US 2012/0237893, published September 20, 

2012, which is incorporated by reference herein for all purposes.  

III. Treatment of Non-Cavitated and Cavitated Caries 

[0073] Figure lB is a schematic side cross-sectional view of the dental system 

100 having a fluid platform 101 coupled to a treatment tooth 110 and that covers, or is 

positioned proximate to, a relatively small carious region 115 on the tooth 110. The carious 

region 115 illustrated in Figure lB may include a non-cavitated caries, e.g., a caries in which 

decay has progressed within the enamel, but not below the enamel into dentin. The carious 

region 115 of Figure lB may be formed in a side surface 107 of the tooth 110, such as a 

buccal or lingual surface of the tooth 110, as shown in Figure 1B. In the illustrated 

embodiment, the carious region 115 may be formed on the side surface 107 above a gum line 

109 of the tooth 110.  

[0074] The system 100 can include a handpiece 108, a fluid retainer or cap 102 

configured to be attached to the tooth 110 over the carious region 115, and a pressure wave 

generator 105. The handpiece 108 can be provided to assist the clinician in positioning and 

coupling the cap 102 to the tooth 110. For example, the clinician can manipulate the 

handpiece 108 such that the cap 102 is disposed over and/or encloses the carious region 115.  

Furthermore, the handpiece 108 can be used by the clinician to position the cap 102 and the 

pressure wave generator 105 relative to the carious region 115 such that the pressure wave 

generator 105 is capable of generating sufficient acoustic energy to clean the carious region 

115. For example, the clinician can use the handpiece 108 to position the cap 102 such that a 
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distal portion of the pressure wave generator 105 is suitably spaced apart from and/or angled 

relative to the carious region 115 of the tooth 110. For example, the clinician, for various 

treatment reasons, may want to be able to position the pressure wave generator 105 at a 

particular distance from the carious region 115 and/or at a particular angle relative to the 

carious region 115 in order to achieve desirable treatment outcomes. In addition, as 

explained herein, the handpiece 108 can also, in some arrangements, include various inflow 

and outflow conduits to permit the transfer into and out of the cap 102 of suitable treatment 

fluids and/or waste fluids.  

[0075] The cap 102 can be coupled to, or integrally formed with, the handpiece 

108, e.g., at a distal portion of the handpiece 108. The cap 102 can be sized and shaped to 

retain fluid in a chamber 104 of the cap 102 when the cap 102 is attached or coupled to the 

tooth 110. In various embodiments, the chamber 104 of the fluid platform 101 can be at least 

partially filled with a liquid during treatment of the tooth 110. In some embodiments, for 

example, the chamber 104 can be substantially filled with liquid during treatment. For 

example, the chamber 104 can be filled above about 30% of the volume of the chamber 104, 

above about 50% of the volume of the chamber 104, above about 60% of the volume of the 

chamber 104, above about 75% of the volume of the chamber 104, above about 90% of the 

volume of the chamber 104, about 100% of the volume of the chamber 104, etc. The cap 102 

can be configured to maintain a sealed liquid connection between the carious region 115 of 

the tooth 110 and the handpiece 108. For example, the cap 102 can be attached to the tooth 

110 using an adhesive or sealant (not illustrated in Figure 1B). The adhesive or sealant can 

act to couple the cap 102 to the tooth 110 and/or to provide a liquid seal between the tooth 

110 (e.g., the carious region 115) and the handpiece 108. In various embodiments, described 

below, treatment fluid can be introduced by way of one or more inlets from the handpiece 

108 to the chamber 104 of the cap 102. In some embodiments, when the pressure wave 

generator 105 is a liquid jet, for example, the pressure wave generator 105 can introduce 

liquid into the chamber 104. In still other embodiments, a separate fluid introducer can be 

provided to introduce fluid into the chamber 104. The connection created between the cap 

102 and the tooth 110 can be flexible such that the interface between the cap 102 and tooth 

110 can accommodate movements in the handpiece 108 relative to the chamber 104, while 

maintaining the sealed connection. For example, the sealed connection between the cap 102 
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and the tooth 110 can allow the clinician to adequately position a distal portion of the 

pressure wave generator 105 relative to the carious region 115 of the tooth 110. The cap 70 

can be formed from a sufficiently durable, biocompatible substance such as metal or plastic.  

[0076] The pressure wave generator 105 can be coupled to the cap 102, and at 

least a portion of the pressure wave generator 105 can be disposed in the chamber 104. For 

example, a distal portion of the pressure wave generator 105 can be disposed in the chamber 

104. The pressure wave generator 105 can be activated inside the chamber 104 of the cap 

102 to clean the carious region 115 using generated acoustic waves 103. In some 

embodiments, the distal end portion of the pressure wave generator 105 can be submerged in 

the fluid inside the chamber 104. In other embodiments, the distal end portion of the 

pressure wave generator 105 can be disposed outside the fluid in the chamber 104.  

[0077] The pressure wave generator 105 can generate the acoustic or pressure 

waves 103 within the liquid inside the chamber 104 in some embodiments. The pressure 

waves 103 can propagate throughout the liquid inside the enclosed volume formed by the 

chamber 104 and the cap 102, which can be sealed or attached to the tooth 110. Without 

being limited by theory, it is believed, although not required, that by applying sufficiently 

high-intensity pressure waves 103, acoustic cavitation may occur. The collapse of cavitation 

bubbles may induce, cause, or be involved in a number of processes such as, e.g., 

sonochemistry, tissue dissociation, tissue delamination, sonoporation, etc. The pressure 

wave field by itself may also be involved in one or more of the abovementioned processes.  

In some arrangements, the generation of pressure waves may or may not create or cause 

cavitation.  

[0078] The pressure wave generator 105 can be any suitable pressure wave 

generator. For example, in some embodiments, the pressure wave generator 105 can include 

a liquid jet device. In particular, a coherent, collimated liquid jet can be formed by an orifice 

near a proximal portion of a guide tube. The jet can pass through a channel of the guide tube 

and can impact an impingement surface in some arrangements. The impact of the jet on the 

impingement surface can create the pressure waves 103 shown in Figure 1B. In some 

embodiments, the pressure waves 103 can propagate through the fluid that at least partially or 

substantially fills the chamber 104 of the cap 102. The pressure waves 103 can interact with 

the carious region 115 of the tooth to substantially remove decayed tooth matter, e.g., the 
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caries. In some embodiments, the liquid that at least partially or substantially fills the 

chamber 104 can be a degassed liquid, which can improve cavitation and reduce the presence 

of gas bubbles inside the caries in some treatments. In other embodiments, the pressure wave 

generator 105 of Figure lB can include a mechanical pressure wave generator, an ultrasonic 

generator, an electromagnetic pressure wave generator (e.g., a laser), or a piezoelectric 

pressure wave generator. In still other embodiments, the pressure wave generator 105 can 

include a generator that transfers energy to particles within the treatment liquid that in turn 

creates pressure waves (e.g., photo-induced cavitation).  

[0079] As explained herein, various conventional dental techniques may leave 

non-cavitated caries, such as the small caries shown in Figure 1B, untreated, or may only 

minimally treat the caries. Advantageously, the embodiment of Figure lB can detect and 

clean the non-cavitated, carious region 115 without harming the enamel or the underlying 

dentin. Furthermore, the system 100 of Figure lB can detect and clean such small carious 

regions 115 that may otherwise go undetected or untreated using conventional dental 

techniques. By detecting and cleaning even small caries (whether non-cavitated or 

cavitated), the system 100 disclosed herein can prevent further progression or worsening of 

the caries and can improve the overall health of the tooth 110.  

[0080] Figure 2 is a schematic side cross-sectional view of a dental system 200 

having a fluid platform 201 coupled to a treatment tooth 210 and that covers, or is positioned 

proximate to, a relatively large carious region 215 on the tooth 210. In Figure 2, for 

example, the carious region 215 may be formed in a side surface 207 of the tooth 210, e.g., 

above a gum line 209. Unlike the carious region 115 of Figure 1B, however, the carious 

region 215 of Figure 2 may include a cavitated caries on the tooth 210. The cavitated caries 

in the carious region 215 may include a decayed region of the tooth that extends past the 

enamel of the tooth 210 and into at least a portion of the dentin. In some case, for example, 

the cavitated caries may extend into the dentin but may remain outside the pulp cavity.  

[0081] Unless otherwise noted, components illustrated in Figure 2 can be the 

same as or similar to components illustrated in Figure 1B, except the reference numbers are 

incremented by 100. For example, as in Figure 1B, the system 200 can include a handpiece 

208, a fluid retainer or cap 202, and a pressure wave generator 205. The cap 202 can be 

coupled to a distal portion of the handpiece 208 and can include a chamber 204 that can be at 
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least partially filled with a liquid during treatment of the tooth 210. For example, in some 

arrangements, the chamber 204 can be substantially filled with liquid during treatment. The 

fluid retainer or cap 202 can be disposed proximate to and/or enclosing the carious region 

215. For example, the cap 202 can substantially or entirely cover the portion of the side 

surface 207 of the tooth 210 that is affected by the caries. The perimeter of the cap 202 can 

thus extend about a carious surface of the side surface 207 of the tooth 210.  

[0082] The pressure wave generator 205 can be activated, which can generate 

pressure waves 203 sufficient to remove the carious region 215 from the tooth 210. As with 

Figure 1B, a distal portion of the pressure wave generator 205 can be disposed inside the 

liquid filled chamber 204 of the cap 202, such that the distal portion of the pressure wave 

generator 205 is submerged in the treatment liquid. In other arrangements, the distal portion 

of the pressure wave generator 205 can be outside the treatment fluid in the chamber 204. In 

general, the components of Figure 2 can interact and/or operate as the components described 

above with respect to Figure 1B.  

[0083] As shown in Figure 2, therefore, the system 200 can advantageously clean 

large carious regions 215 (e.g., cavitated caries) from the tooth 210. For example, for caries 

that extend into the dentin of the tooth 210, the pressure wave generator 205 can generate 

pressure waves 203 sufficient to remove the decayed material (e.g., the caries) while leaving 

healthy dentin unharmed or unaffected. By contrast, conventional techniques that employ a 

mechanical apparatus (such as a bur, excavator, etc.) may harm healthy dentin because the 

clinician may be unable to determine the boundary between the carious regions and the 

healthy dentin. Thus, conventional techniques are susceptible to under-treatment (when only 

part of the caries is removed) and/or over-treatment (when healthy dentin is also removed or 

damaged). For example, when using conventional techniques, the clinician may erroneously 

remove healthy dentin and/or may erroneously leave carious portions of the tooth untreated.  

Accordingly, the disclosed embodiments for removing caries from the tooth can 

advantageously remove all or substantially all the caries from a tooth while protecting the 

healthy dentin.  

[0084] Figures 3A, 3B, and 3C are enlarged, schematic side cross-sectional views 

of a fluid platform 301 coupled to a treatment tooth 310 and that covers, or is positioned 

proximate to, a carious region 315 (e.g., regions 315a-b) on the tooth 310, which can be 
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similar to the carious regions 115, 215 of Figures 1 and 2 above. In particular, Figures 3A

3C illustrate a dental cleaning procedure at various stages of treatment.  

[0085] Unless otherwise noted, components illustrated in Figure 3 can be the 

same as or similar to components illustrated in Figures 1A-2, except the reference numbers 

are incremented by 100 relative to Figure 2. For example, as in Figures 1A-2, the fluid 

platform 301 can include a handpiece 308, a fluid retainer or cap 302 that includes or defines 

a chamber 304, and a pressure wave generator 305. In some arrangements, as above, the 

chamber 304 can be at least partially, or substantially, filled with liquid during treatment.  

The pressure wave generator 305 can be activated to generate pressure waves 303 inside the 

liquid filled cap 302 to remove decayed matter from the carious region 315a-b.  

[0086] In particular, Figure 3A shows the carious region 315a before treatment, 

or just after the treatment procedure begins. As illustrated in Figure 3A, for example, the 

carious region 315a may include decayed tooth matter 324 that neighbors or is proximate 

healthy tooth matter 326 (e.g., healthy dentin or enamel). As explained above, the carious 

region 315a may be cavitated or non-cavitated. For example, the caries may extend only into 

a portion of the enamel, or the caries may extend into healthy dentin portions of the tooth 

310. Without treatment, the carious region 315a may progress such that it extends farther 

into the healthy tooth matter 326. Further progression of the carious region 315a may 

seriously damage the tooth 310.  

[0087] Figure 3B shows the carious region 315b of the tooth 310 during a 

treatment procedure, wherein a portion of the caries or decayed tooth matter 324 is cleaned 

and removed while the healthy tooth matter 326 (e.g., dentin or enamel) remains unharmed 

by the procedure. For example, after attaching the cap 302 to the tooth 310 (e.g., using an 

adhesive or sealant in some embodiments), the chamber 304 of the fluid platform 301 can be 

at least partially filled with a treatment fluid, such as water. In some cases, the chamber 304 

can be substantially filled with the treatment fluid, as explained above. In various 

arrangements, the treatment fluid can include a degassed liquid, as explained herein. The 

pressure wave generator 305 can be disposed in the chamber 304 and a portion of the 

pressure wave generator 305, such as a distal portion, can be submerged in the fluid filling 

the chamber 304. As above, the clinician can use the handpiece 308 to position the cap 302 

and pressure wave generator 305 at a desirable position and angle. The pressure wave 
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generator 305 can be activated, and the generated pressure waves 303 can propagate through 

the fluid in the chamber 304 to remove the decayed tooth matter 324 that remains in the 

carious region 315b. The generated pressure waves 303 have a magnitude and frequency 

designed such that the decayed tooth matter 324 is removed, while the healthy tooth matter 

326 remains unaffected by the pressure waves 303.  

[0088] Figure 3C shows the end of the treatment procedure, wherein substantially 

all of the caries is cleaned and removed without affecting the healthy tooth matter 326 (e.g., 

dentin or enamel). As shown in Figure 3C, therefore, the carious region 315b of Figure 3B 

can be cleaned such that liquid in the chamber 304 flows into the region of the tooth 310 

where the carious region 315b was originally present. In various embodiments, the pressure 

wave generator 305 can be activated for a time period sufficient to substantially remove the 

caries. For example, in some embodiments, pressure wave generator 305 can be activated for 

a time period less than about 15 minutes to substantially remove the caries. In some 

arrangements, the pressure wave generator 305 can be activated for a time period in a range 

of about 0.1 minutes to about 20 minutes depending on the extent and location of the caries 

to substantially remove the caries. For example, in some embodiments, the pressure wave 

generator 305 can be activated for a time period in a range of about 0.1 minutes to about 5 

minutes to remove the caries.  

IV. Treatment of Occlusal Surfaces of the Tooth 

[0089] Figure 4 is a schematic side cross-sectional view of a dental system 400 

having a fluid platform 401 coupled to a treatment tooth 410 and that is configured to treat a 

carious region 415 on an occlusal surface 418 of the tooth 410. Unless otherwise noted, 

components illustrated in Figure 4 can be the same as or similar to components illustrated in 

Figures 1A-3C, except the reference numbers are incremented by 100 relative to the 

components of Figures 3A-3C. For example, the system 400 can include a handpiece 408, a 

cap 402 that includes or defines a chamber 404, and a pressure wave generator 405 

configured to generate pressure waves 403.  

[0090] While the embodiments in Figures 1A-3C showed a fluid platform 101, 

201, 301 configured to treat caries on side surfaces of the tooth (e.g., buccal or lingual 

surfaces), the fluid platform 401 of Figure 4 is configured to treat caries on the occlusal 
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surface 418 of the tooth 410. As shown in Figure 4, the cap 402 can extend substantially 

around the crown of the tooth 410. For example, in some embodiments, the cap 402 can 

cover and/or enclose substantially the entire occlusal 418 or top surface of the tooth 410. A 

perimeter of the cap 402 can be coupled side surfaces 407 of the tooth 410, as shown in 

Figure 4. In some arrangements, the perimeter or ends of the cap 402 can couple to the 

occlusal surface 418. The perimeter of the cap 402 can be attached to the tooth 410 using a 

suitable adhesive or sealant. In other arrangements, however, the cap can be flexible, such 

that when the cap 402 is urged over the tooth 410, the cap 402 engages the tooth 410 in a 

tight fit, in which case an adhesive or sealant may not be needed. In addition, although the 

cap 402 is illustrated in Figure 4 as covering substantially the entire occlusal 418 or top 

surface of the tooth 410, in other arrangements, the cap 402 can cover only the carious region 

415 of the occlusal surface 418. Sealants or adhesives can be used to fill any gaps that 

remain between the cap 402 and the tooth 410.  

[0091] As above, the chamber 404 can be at least partially, or substantially, filled 

with liquid during treatment. The pressure wave generator 405 can be activated to generate 

pressure waves 403 inside the liquid filled cap 402 to remove decayed matter from the 

carious region 415. The pressure wave generator 405 can therefore remove the carious 

region 415 without damaging the healthy portions of the tooth. Thus, the disclosed 

embodiments can advantageously be used to remove caries from various surfaces of the 

tooth, including occlusal surfaces of the tooth.  

V. Treatment of Proximal Surfaces of the Tooth 

[0092] In addition to treating lingual and buccal surfaces and occlusal surfaces of 

teeth, the embodiments disclosed herein can also be configured to treat proximal surfaces of 

a tooth, such as mesial and distal surfaces of the tooth. Proximal surfaces of the tooth are 

side surfaces of the tooth that are between two adjacent teeth. Treating caries on proximal 

surfaces may be difficult because the clinician may have difficulty accessing the carious 

regions when the caries is located between two adjacent teeth. Conventional techniques, 

such as mechanical removal methods, may damage healthy portions of the teeth when the 

clinician tries to remove carious portions in the tight spaces between adjacent teeth.  
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Accordingly, it can be advantageous to remove caries from proximal surfaces of a tooth 

while ensuring that the healthy portions of the tooth are not damaged.  

[0093] Figure 5A is a schematic side cross-sectional view of a dental system 500 

having a fluid platform 501 coupled to two adjacent teeth and that is configured to treat a 

carious region 515 on a proximal surface 517 of a tooth 510. Figure 5B is a bottom, cross

sectional view of the system 500 of Figure 5A, taken along line 5B-5B. Unless otherwise 

noted, components illustrated in Figures 5A-5B may be the same as or similar to components 

illustrated in Figures 1A-4, except the reference numbers are incremented by 100 relative to 

the components of Figure 4. For example, the system 500 can include a handpiece 508, a cap 

502 that includes or defines a chamber 504, and a pressure wave generator 505 configured to 

generate pressure waves 503.  

[0094] The cap 502 can be applied about two adjacent teeth, including the tooth 

510 to be treated and a neighboring tooth, which may be healthy. A perimeter of the cap 502 

can extend over the crowns of the two neighboring teeth and can couple to side surfaces of 

the teeth, bottom portions of the teeth, and/or portions of a gum line 509 near the adjacent 

teeth. In some arrangements, a sealant 512 or adhesive can be used to attach the cap 502 to 

the teeth. As above, the chamber 504 can be at least partially, or substantially, filled with a 

treatment liquid. Indeed, because the carious region 515 is on the proximal surface 517 

between two neighboring teeth, it can be desirable to form an enclosed volume that encloses 

both neighboring teeth and that seals the teeth from the outside environs. Fluid can thus be at 

least partially retained in a space between two adjacent teeth. Thus, liquid can be provided in 

the chamber 504 without leaking from the fluid platform 501.  

[0095] The pressure wave generator 505 can be activated to generate the pressure 

waves 503, which can propagate through the treatment fluid to the carious region 515 located 

on the proximal surface 517 of the tooth 510. Advantageously, the pressure waves 503 can 

reach and clean the carious region 515 even though the carious region 515 is located at least 

partially between two adjacent teeth at a distance from the fluid platform 501. In some cases, 

the carious region 515 may be located entirely between two adjacent teeth. Furthermore, as 

explained above, the pressure waves 503 can remove the caries from the carious region 515 

without damaging healthy portions of the two adjacent teeth covered by the cap 502. Thus, 

the embodiments disclosed herein can be used to treat any suitable surface of a tooth having a 
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caries. Indeed, by generating pressure waves that can propagate through a treatment fluid, 

the disclosed pressure wave generators can clean carious regions of a diseased tooth that are 

at locations remote or at a distance from the fluid platform.  

VI. Additional Fluid Platform Arrangements 

[0096] Additional fluid platform arrangements may be used with the 

embodiments disclosed herein. The fluid platforms can provide an interface between the 

handpiece and the carious region to be treated. As explained above, the fluid platforms can 

include a fluid retainer or cap that can attach to a tooth. A pressure wave generator can be 

coupled to the fluid retainer and/or a handpiece. Furthermore, the fluid platforms can include 

inlets, outlets, vents, and other features to direct fluids through the dental apparatus and to the 

tooth.  

[0097] Figure 6 is a schematic side cross-sectional view of a dental system 600 

that includes a fluid platform 601 having a fluid outlet 620. As shown in Figure 6, the 

system 600 can be coupled to a tooth 610 having a carious region 615 on a side surface 607 

of the tooth 610, e.g., above a gum line 609. It should be appreciated that, while the carious 

region 615 is on the side surface 607 in Figure 6, the components of the fluid platform 601 of 

Figure 6 can also be used to treat caries on an occlusal or proximal surface, as well.  

Furthermore, unless otherwise noted, components illustrated in Figure 6 may be the same as 

or similar to components illustrated in Figures 1A-5B, except the reference numbers are 

incremented by 100 relative to the components of Figures 5A-5B. For example, the system 

600 can include a handpiece 608, a cap 602 that includes or defines a chamber 604, and a 

pressure wave generator 605 configured to generate pressure waves 603 sufficient to remove 

caries without damaging healthy portions of the tooth 610.  

[0098] The fluid platform 601 of Figure 6 also includes the fluid outlet 620. The 

fluid outlet 620 can act as a waste line, in which waste fluid from the chamber 604 can be 

expelled from the cap 602. The fluid outlet 620 can be incorporated to allow waste liquid to 

exit the cap 602 into a hose which can be connected to a collection canister or a drain. The 

fluid outlet 620 can be an active or passive outlet. For a passive fluid outlet 620, in some 

cases the waste treatment liquid moves through a conduit due to capillary forces, gravity, or 

because of a slight overpressure created in the enclosed volume. For an actively pumped 
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fluid outlet 620, the waste liquid can be transferred using a pump, suction, or other device 

that draws liquid out through an outflow conduit. In some arrangements, for example, the 

fluid outlet 620 can be connected to the suction system and/or vacuum lines in the clinician's 

office.  

[0099] The pressure wave generator 605 of Figure 6 can be a liquid jet apparatus 

in some embodiments. As above, the liquid jet can create pressure waves 603 sufficient to 

remove decayed matter from the carious region 615 without damaging healthy portions of the 

tooth 610. In addition to cleaning the carious region 615, the liquid jet can also provide a 

fluid inlet, in which treatment fluid is introduced into the chamber 604 by way of the jet. The 

fluid platform 601 of Figure 6 can act as a closed fluid system in some embodiments, such 

that substantially all the fluid that enters the chamber 604 exits through the fluid outlet 620.  

[0100] Figure 7 is a schematic side cross-sectional view of a dental system 700 

that includes a fluid platform 701 having a fluid outlet 720 and a fluid inlet 722. The system 

700 can be coupled to a tooth 710 over a carious region 715, which is on a side surface 707 

of the tooth 710 in Figure 7, although the carious region 715 can be on any other surface of 

the tooth 710, as explained above. Unless otherwise noted, components illustrated in Figure 

7 can be the same as or similar to components illustrated in Figures 1A-6, except the 

reference numbers are incremented by 100 relative to the components of Figure 6. For 

example, the system 700 can include a handpiece 708, a cap 702 that includes or defines a 

chamber 704, and a pressure wave generator 705 configured to generate pressure waves 703 

sufficient to remove caries without damaging healthy portions of the tooth 710.  

[0101] The fluid platform 701 of Figure 7 can also include a fluid outlet 720 and 

the fluid inlet 722. As explained above with respect to Figure 6, the fluid outlet 720 can be 

configured to remove waste fluid from the chamber 704. The fluid inlet 722 can be an active 

inlet, such that a pump (not shown) can be activated to drive treatment fluid into the chamber 

704. In some cases, the fluid inlet 722 can be the same as the pressure wave generator 705, 

e.g., when the pressure wave generator 705 is a liquid jet. The fluid inlet 722 can supply 

fresh treatment fluid to the chamber 704 of the cap 702 such that the chamber 704 remains at 

least partially, or substantially, filled with liquid during treatment. As above, the pressure 

wave generator 705 can be activated inside the liquid filled cap 702 to propagate pressure 

waves 703 through the fluid to remove decayed matter from the carious region 715. The 
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fluid inlet 722 can be in fluid communication with a fluid reservoir, supply, or source that 

provides the fluid to be delivered to the tooth via the inlet 722. As explained above, the fluid 

can be delivered under pressure, for example, by use of one or more pumps or by using a 

gravity feed. The fluid platform 701 can include additional components (not shown) 

including, e.g., pressure regulators, pressure sensors, valves, etc.  

[0102] Figure 8 is a schematic side cross-sectional view of a dental system 800 

that includes a fluid platform 801 having a fluid outlet 820, a fluid inlet 822, and one or more 

vents 824. In Figure 8, the system 800 is coupled to a tooth 810 to treat a carious region 815 

on an occlusal surface 818 of the tooth 810, similar to the embodiment disclosed in Figure 4.  

Of course, the fluid platform 801 of Figure 8 can also be configured to treat caries on any 

surface of the tooth 810, such as a lingual, buccal, or proximal surface. Unless otherwise 

noted, components illustrated in Figure 8 may be the same as or similar to components 

illustrated in Figures 1A-7, except the reference numbers are incremented by 100 relative to 

the components of Figure 7. For example, the system 800 can include a handpiece 808, a cap 

802 that includes or defines a chamber 804, and a pressure wave generator 805 configured to 

generate pressure waves 803 sufficient to remove caries without damaging healthy portions 

of the tooth 810. The chamber 804 can be at least partially or substantially filled with a 

treatment liquid, and the generated pressure waves 803 can propagate through the treatment 

liquid to remove the caries.  

[0103] As with the embodiment of Figure 7, the fluid inlet 822 and the fluid 

outlet 820 can be included in the fluid platform 801 to supply fresh treatment liquid to the 

chamber 804 of the cap 802 and to remove waste liquid from the chamber 804, respectively.  

Furthermore, in Figure 8, the fluid platform 801 includes one or more vents 824. The vents 

824 can act to at least partially regulate pressure of the liquid inside the chamber 804 of the 

cap 802. For example, the vents 824 can be disposed along the fluid outlet 820 (e.g., waste 

line).  

[0104] In some vented fluid platforms, the inlet and outlet flow rates can be 

driven by independent driving forces. For example, in some implementations, the fluid inlet 

822 can be in fluid communication with and driven by a pressure pump, while the fluid outlet 

820 can be in fluid communication with and controlled via an evacuation system (e.g., a 

suction or vacuum pump). In other implementations, the fluid inlet 822 or outlet 820 can be 
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controlled with a syringe pump. The pressures of the fluid inlet 822 and the fluid outlet 820 

can be such that a negative net pressure is maintained in the chamber 804. Such a net 

negative pressure can assist delivering the treatment fluid into the chamber 804 from the fluid 

inlet 822.  

[0105] In various embodiments described herein, the vents 824 can take the form 

of a permeable or semi-permeable material (e.g., a sponge), openings, pores, or holes, etc.  

The use of vents in a controlled fluid platform can lead to one or more desirable advantages.  

For example, the evacuation system can collect waste fluid from the chamber 804, as long as 

there is any available. If there is a pause in treatment (e.g. the time between treatment 

cycles), waste fluid flow may stop, and the evacuation system may start drawing air through 

the one or more vents 824 to at least partially compensate for the lack of fluid supplied to the 

evacuation system, rather than depressurizing the chamber 804. If the evacuation system 

stops working for any reason, the waste fluid may flow out through the one or more vents 

into the patient's mouth or onto a rubber dam (if used), where it can be collected by an 

external evacuation line. Therefore, the use of vent(s) can tend to dampen the effects of the 

applied pressure differential, and therefore can inhibit or prevent negative or positive 

pressure buildup. Also note that positive or negative pressure inside the chamber 804 can 

exert some amount of force on the sealing material(s), and as such a stronger seal may be 

required to withstand such force in some cases. Possible advantages of some vented systems 

include that the vent(s) help relieve pressure increases (or decreases) inside the chamber 804, 

reduce or eliminate the forces acting on the sealing material(s), and therefore render the 

sealing more feasible and effective.  

[0106] Figure 9A is a schematic side cross-sectional view of a dental system 900 

that includes a fluid platform 901 coupled to two adjacent teeth and configured to treat a 

carious region 915 between the two teeth. Figure 9B is a side cross-sectional view of the 

system 900 in Figure 9A, taken along line 9B-9B. In particular, the carious region 915 in 

Figure 9 is situated on a proximal surface of a tooth 910 to be treated. Unless otherwise 

noted, components illustrated in Figures 9A-9B may be the same as or similar to components 

illustrated in Figures 1A-8, except the reference numbers are incremented by 100 relative to 

the components of Figure 8. For example, the system 900 can include a handpiece 908, a cap 

902 that includes or defines a chamber 904, and a pressure wave generator 905 configured to 

-34-



WO 2013/142385 PCT/US2013/032635 

generate pressure waves 903 sufficient to remove caries without damaging healthy portions 

of the tooth 910. The chamber 904 can be at least partially or substantially filled with a 

treatment liquid, and the generated pressure waves 903 can propagate through the treatment 

liquid to remove the caries.  

[0107] In the embodiment of Figures 9A-9B, the cap 902 can be attached to the 

top or occlusal surfaces 918 of the tooth 910. For example, an adhesive or sealant can be 

applied to attach the cap 902 to portions of the occlusal surfaces 918 of the tooth 910 in some 

embodiments. It should be appreciated that when the cap 902 is coupled to the occlusal 

surfaces 918 of the tooth 910, there still may be gaps between the adjacent teeth, even when 

the cap 902 is sealed to the tooth 910. Such gaps may not be desirable, because treatment 

fluid may leak or flow out through the gaps, which may inhibit the operation and/or reduce 

the effectiveness of waves 903 generated by the pressure wave generator 905. It can 

therefore be advantageous to seal the gaps such that a fluid seal is formed between the cap 

902, the two adjacent teeth, and a gum line 909 of the tooth 910. Providing such a fluid seal 

can act to retain the treatment fluid within the chamber 904 of the fluid platform 901.  

[0108] In some embodiments, for example, the fluid platform 901 can include a 

sealing material 912 to seal the cap 902 to the tooth 910 and to close the gaps between 

adjacent teeth. In particular, the sealing material 912 or sealant (which can include, e.g., a 

bite registration material in some embodiments) can be used to provide a seal around the 

space between the two teeth and to maintain the chamber 904 substantially filled with liquid.  

For example, the sealing material 912 can be applied between the two teeth and can be 

applied from the cap 902 (e.g., where the cap 902 spans the gap), down along the sides 

between the two teeth and along the gum line 909 between the two teeth. The fluid platform 

901 can therefore substantially enclose a volume defined by, e.g., the cap 902, the sealing 

material 912, and the two adjacent teeth.  

[0109] As above, the pressure wave generator 905 can be activated such that 

pressure waves 903 propagate through the fluid to clean caries from the carious region 915 

on the side of the tooth 910. For example, in some treatments, it can be advantageous to 

dispose the pressure wave generator in the vicinity of the caries. Although two teeth are 

shown in Figures 9A-9B, in other embodiments, the cap 902 can enclose three or more teeth.  
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VII. Example Treatment Methods 

[0110] As explained herein, a clinician can use the embodiments disclosed herein 

to clean caries (e.g., cavities or holes in a tooth) on a tooth. Figure 10 is a flowchart 

illustrating one example method 1000 for cleaning caries from a tooth. The method 1000 can 

begin in a block 1002, in which a cap is applied over a carious region of a tooth. As 

explained herein, the carious region may be large or small, cavitated or non-cavitated.  

Furthermore, the carious region may reside on any surface of the tooth, including side 

surfaces (e.g., lingual, buccal, proximal, etc.) and occlusal surfaces. The cap can be formed 

of a flexible material and can define or include a chamber configured to retain treatment 

fluid. The cap can be disposed or coupled to a distal portion of a handpiece. The clinician 

can use the handpiece to manipulate the cap over the carious region. Indeed, the cap can be 

applied only over a small portion of the carious region, such as only over a portion of the side 

surface of the tooth (see, e.g., Figure 1 B). In other embodiments, the cap can be applied over 

substantially the entire crown of the tooth (see, e.g., Figure 4). In yet other embodiments, the 

cap can be applied over the entire occlusal surfaces and/or crowns of two or more adjacent 

teeth (see, e.g., Figure 5). Further, the cap can be applied only over portions of occlusal 

surfaces of two or more adjacent teeth (see, e.g., Figures 9A-9B).  

[0111] Turning to a block 1004, the cap can be sealed to the tooth. As explained 

above, it can be desirable to form a substantially sealed chamber or enclosed volume to 

accommodate treatment fluid. To seal the cap to the tooth, in some embodiments, a sealant 

or adhesive is applied around the perimeter of the cap to adhere the cap to a suitable surface 

of the tooth (or teeth). The seal can be any suitable sealant or adhesive, such as silicones, 

impression materials, bite registration materials, etc. Additional examples of sealing 

materials are 3M ImprintTM Bite, Jet Blue Bite by Coltene Whaledent@. Still other sealing 

materials may be suitable. Furthermore, as explained with respect to Figures 9A-9B, the 

sealing material can also be applied in gaps between two adjacent teeth. For example, the 

sealant can be applied between the applied cap, the teeth, and a gum line. The sealant can 

thereby create a substantially sealed chamber in which treatment fluid can be retained.  

[0112] The method 1000 moves to a block 1006, in which a chamber of the cap is 

at least partially filled with fluid. In various embodiments disclosed herein, the fluid can be 

introduced with a fluid inlet. In some arrangements, the fluid inlet can also act as a pressure 
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wave generator (e.g., when the pressure wave generator is a liquid jet device). In some 

embodiments, the chamber is substantially filled with a treatment fluid. For example, the 

chamber can be filled above about 30% of the volume of the chamber, above about 50% of 

the volume of the chamber, above about 60% of the volume of the chamber, above about 

75% of the volume of the chamber, above about 90% of the volume of the chamber, about 

100% of the volume of the chamber, etc. The treatment fluid can be any suitable treatment 

fluid, such as water, saline, etc. The solution can also be degassed to improve cavitation and 

reduce the presence of gas bubbles inside the caries in some treatments. It should be 

appreciated that, by at least partially filling or by substantially filling the chamber, pressure 

waves generated by the pressure wave generator can propagate through the fluid and interact 

with the carious regions to remove caries from the tooth.  

[0113] Turning to a block 1008, a pressure wave generator is activated in the 

chamber to clean the carious region of the tooth. As explained above, a portion of the 

pressure wave generator, such as a distal portion, can be inserted in the chamber of the cap.  

In some arrangements, the distal portion of the pressure wave generator can be submerged in 

the treatment liquid. The pressure wave generator can be any suitable apparatus that creates 

sufficient pressure waves to clean caries from a tooth. For example, the pressure wave 

generator can include devices that generate mechanical energy (e.g., a liquid jet, a 

mechanical paddle or rotor), electromagnetic energy (e.g., a laser), acoustic energy (e.g., an 

ultrasound horn or a piezoelectric oscillator), etc.  

[0114] To clean the caries, the pressure wave generator can be activated for any 

suitable period of time by a clinician. For example, in various embodiments, activating the 

pressure wave generator for a time period less than about 15 minutes can substantially 

remove the caries. In some arrangements, the pressure wave generator can be activated for a 

time period in a range of about 0.1 minutes to about 20 minutes to clean the carious region, 

depending on the extent and location of the caries to substantially remove the caries. For 

example, in some embodiments, the pressure wave generator can be activated for a time 

period in a range of about 0.1 minutes to about 5 minutes to clean the carious region, 

depending on the extent and location of the caries to substantially remove the caries. As 

explained herein, the generated pressure waves may in some cases create a cavitation cloud 

that removes the caries from healthy portions of the tooth. Indeed, the disclosed 
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embodiments allow for the removal of caries in a non-invasive manner, such that 

substantially all the caries are removed while leaving healthy portions of the tooth unharmed.  

[0115] The method moves to a block 1010 to restore the tooth. Once the caries 

have been substantially cleaned using the pressure wave generator, portions of the tooth 

structure may be missing, e.g., portion in the carious regions of the tooth. In some 

embodiments, the clinician can restore the tooth by applying a restoration material such as 

composite. In some cases, a crown can be applied over the treated tooth to restore the tooth.  

In other cases, however, the removed carious portions may be relatively small, such that no 

or minimal restoration is desirable. For example, when small caries are removed, a sealant 

and/or antimicrobial or fluoride agents can be applied to restore the treated tooth.  

VIII. Treatment Solutions 

[0116] The treatment solutions disclosed herein can be any suitable fluid, 

including, e.g., water, saline, etc. In some embodiments, the treatment solution can be 

degassed, which may improve cavitation and/or reduce the presence of gas bubbles inside the 

caries in some treatments. In some embodiments, the dissolved gas content can be less than 

about 1% by volume. Various chemicals can be added to treatment solution, including, e.g., 

tissue dissolving agents (e.g., NaOCl), disinfectants (e.g., chlorhexidine), anesthesia, fluoride 

therapy agents, EDTA, citric acid, and any other suitable chemicals. In some embodiments, 

chemicals and the concentrations of the chemicals can be varied throughout the procedure by 

the clinician and/or by the system to improve patient outcomes.  

[0117] One example of a treatment solution comprises water or saline with 0.3% 

to 6% NaOCl. In some methods, tissue dissolution and caries removal in the presence of 

NaOCl may not occur when the NaOCl concentration is less than 1%. In some treatment 

methods disclosed herein, tissue dissolution and caries removal can occur at smaller (or much 

smaller) concentrations.  

IX. Enhancing the Removal of Caries 
[0118] As explained above, a pressure wave generator can remove dental caries 

by propagating pressure waves through a propagation medium to the carious region. Without 

being limited by theory, a few potential ways that the pressure waves are believed to clean 

caries are presented below. Note that these principles, and the principles described above, 
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are generally applicable for each embodiment disclosed herein, e.g., each of the embodiments 

of Figures 1-10.  

[0119] Pressure waves generated by the pressure wave generator can interact with 

diseased and damaged hard tissue as well as soft tissues, food and bacteria inside the carious 

regions. The generated pressure waves can be tuned to have no or minimal (negligible) 

effect on healthy dentin and enamel. When the pressure waves remove the caries and reach 

healthy dentin or enamel, the tissue removal action stops or slows down such that the health 

tooth matter is maintained. Thus, as compared with conventional mechanical treatments, the 

disclosed pressure wave generators can advantageously remove caries in a non-invasive 

manner and without damaging healthy tooth matter.  

[0120] In some arrangements, cavitation may be induced by the generated 

pressure waves. Upon irradiation of a liquid (e.g., water) with high intensity pressure waves 

(e.g., sound or ultrasound), acoustic cavitation may occur. The oscillation or the implosive 

collapse of small cavitation bubbles can produce localized effects, which may further 

enhance the cleaning process, e.g., by creating intense, small-scale localized heat, shock 

waves, and/or microjets and shear flows. Therefore, in some treatment methods, acoustic 

cavitation may be responsible for or involved in enhancing the chemical reaction, 

sonochemistry, sonoporation, soft tissue/cell/bacteria dissociation, delamination and breakup 

of biofilms.  

[0121] For example, if the treatment liquid contains chemical(s) that act on hard 

and/or soft tissues, the pressure waves (acoustic field) and/or the subsequent acoustic 

cavitation may enhance the chemical reaction via agitation and/or sonochemistry.  

Furthermore, sonoporation, which is the process of using pressure waves (e.g., acoustic field, 

ultrasonic frequencies) and/or the subsequent acoustic cavitation to modify the permeability 

of the cell plasma membrane, may also expedite the chemical reaction that removes the 

carious regions from the tooth. It should also be appreciated that generated pressure waves, 

and/or the subsequent acoustic cavitation of certain frequencies, may result in cellular and 

bacterial rupture and death (e.g., lysis) as well as removal of decayed and weakened dentin 

and enamel. The cellular and bacterial rupture phenomenon may kill bacteria which might 

otherwise reinfect the tooth.  
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[0122] Generated pressure waves and/or the subsequent acoustic cavitation may 

also loosen the bond between the cells, bacteria, and biofilm, and/or the pressure waves may 

dissociate the tissue. In some cases, pressure waves and/or acoustic cavitation may loosen 

the bond between the cells and the dentin and/or delaminate the tissue from the tooth.  

Furthermore, the pressure waves and/or the subsequent acoustic cavitation may act on 

decayed hard tissue (which may be relatively weak and loosely connected) through vibrations 

and/or shock waves, and/or the microjets created as a result of cavitation bubble implosion, 

to remove decayed hard tissue from other healthy portions of the tooth.  

[0123] Some properties can be adjusted or selected in various embodiments to 

enhance the cleaning process. For example, liquid properties such as, e.g., surface tension, 

boiling or vapor temperature, or saturation pressure can be adjusted or selected by the 

clinician to improve the cleaning process. Furthermore, the dissolved gas content of the 

treatment liquid can be adjusted or selected to reduce the energy loss of pressure waves that 

are created by hydrodynamic cavitation or other sources. As explained herein, for example, 

the treatment liquid can be degassed, which may help preserve the energy of the pressure 

waves and may increase the efficiency of the system.  

[0124] In some arrangements, liquid circulation (e.g., convection) can enhance 

the cleaning of caries from a diseased tooth. Due to relatively short time scales of the 

reaction process as compared to that of diffusion mechanisms, a faster mechanism of reactant 

delivery such as "macroscopic" liquid circulation can be advantageous in some of the 

embodiments disclosed herein. For example, liquid circulation with a time scale comparable 

to (and preferably faster than) that of chemical reaction may help replenish the reactants at 

the chemical reaction front and/or may help to remove the reaction byproducts from the 

reaction site. The convective time scale, which may relate to effectiveness of the convection 

process, can be adjusted and/or optimized depending on, e.g., the location and characteristics 

of the source of circulation. Furthermore, it should be appreciated that the introduction of 

liquid circulation generally does not eliminate the diffusion process, which can still remain 

effective within a thin microscopic layer at the chemical reaction front. Liquid circulation 

can also cause a strong irrigation in the caries and may therefore result in loosening and/or 

removing larger pieces of debris from the caries.  
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[0125] In some arrangements, various properties can be adjusted to enhance 

liquid circulation, e.g., in the chamber of the cap. For example, the source of circulation 

relative to the location of the caries can be adjusted. In some cases, for example, the 

handpiece can be used to position the cap, fluid inlet, fluid outlet, and pressure wave 

generator to enhance circulation and caries removal. The geometry of the enclosed space 

with which the source of circulation and caries are enclosed may also be varied. For 

example, the disclosed embodiments illustrate various designs for the cap and chamber of the 

fluid platform. In other arrangements, however, the cap can be shaped in any other suitable 

shape or configuration to enhance the removal of the caries. It should also be appreciated 

that circulation may be affected by the viscosity of the treatment liquid and/or the mechanism 

of action of the source of circulation. For example, the circulation source, such as a jet of 

liquid ejected through the inlet opening, a stirrer such as a propeller or a vibrating object, 

etc., may be selected to enhance circulation of the fluid in the fluid retainer or cap. In some 

aspects, the input power of the source of liquid circulation can also be adjusted, such as the 

source of a pump that drives a liquid jet in some embodiments.  

[0126] Various reaction chemistries can be adjusted or designed to improve the 

caries removal process. For example, to enhance the dissolution of organic tissue in the 

carious region, a tissue dissolving agent (e.g., sodium hypochlorite - NaOCl) can be added to 

the treatment liquid. The agent may react with organic tissue during a chemical reaction. In 

some cases, tissue dissolution may be a multi-step process. The agent may dissolve or 

dissociate organic matter and bacteria inside the caries, which may result in better patient 

outcomes. Furthermore, in some embodiments, a decalcifying agent (e.g., an acid such as 

EDTA or citric acid) can be added to the treatment liquid. The decalcifying agent may 

further soften the diseased hard tissue (dentin/enamel) facilitating the cleaning and removal 

of caries.  

[0127] Sodium hydroxide can be generated from the sodium hypochlorite 

reaction when the tissue is dissolved and can react with organic and fat (triglycerides) 

molecules to produce soap (fatty acid salts) and glycerol (alcohol). This reaction may reduce 

the surface tension of the remaining solution, which in turn may facilitate the penetration of 

the treatment liquid into small or microscopic spaces inside the caries and to remove bubbles 

formed due to the chemical reaction. Sodium hydroxide can also act to neutralize amino 
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acids that form amino acid salts and water. The consumption of NaOH can reduce the pH of 

the remaining solution.  

[0128] Hypochlorous acid, a substance that can be present in sodium hypochlorite 

solution, e.g., the tissue dissolving agent, may release chlorine that can react with amino 

groups of proteins and amino acids to produce various chloramines derivatives. For 

example, hypochlorous acid can react with free amino acids in tissue to form N-chloro amino 

acids which are strong oxidizing agents that may have higher antiseptic activity than 

hypochlorite.  

[0129] In some embodiments, the cavitation dynamics that result from the 

generated pressure waves can be modified by adjusting the chemicals used in the treatment 

fluid. For example, the chemical(s) in the fluid may affect the surface tension of the solution, 

which in turn may change the cavitation phenomenon. For example, a solution of an 

inorganic chemical such as, e.g., sodium hypochlorite in water, may increase the ion 

concentration in the solution which may increase the surface tension of the solution.  

Increasing the surface tension can advantageously result in stronger cavitation in some cases, 

which can enhance the cleaning action of the procedure. In some cases, the magnitude of a 

cavitation inception threshold may increase with increasing surface tension, and the 

cavitation inducing mechanism (e.g., pressure wave generator) may need to generate waves 

that are sufficiently intense to pass the threshold in order to have inception of cavitation 

bubbles. Without being limited by theory, however, it is believed that once the cavitation 

threshold is passed, increased surface tension may typically result in stronger cavitation. For 

example, the solution of sodium hypochlorite in water can result in the following equilibrium 

reaction, which may increase the ionic concentration of the liquid and therefore may improve 

cavitation in some arrangements.  

NaOCl + H2 0 4-0 NaOH + HOCl *- Na' +O1-+ H+ OCl

[0130] In some embodiments, accelerated bubble removal from the site of caries 

may be arranged. For example, in some methods, a chemical, such as NaOCl, may cause 

saponification. The removal of bubbles created or trapped inside the caries may be 

accelerated due to local reduction of surface tension at the chemical reaction front as a result 
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of local saponification. Although in some methods it may be desirable to have a relatively 

high surface tension at the pressure wave source (e.g., the pressure wave generator), inside 

the caries it may be beneficial to have locally reduced surface tension to accelerate bubble 

removal. The accelerated bubble removal phenomenon may happen as tissue dissolving 

agent(s) react with the tissue. For example, sodium hypochlorite can act as a solvent to 

degrade fatty acids and to transform them into fatty acid salts (soap) and glycerol (alcohol) 

that can reduce the surface tension of the remaining solution at the chemical reaction front.  

[0131] Other properties or variables can be adjusted or selected to enhancing the 

cleaning procedure. For example, a chemical reaction rate can be adjusted for each chemical 

reaction, which may determine the overall speed of reaction. In some cases, for example, the 

temperature can be adjusted to adjust the reaction rate. In addition, a concentration of 

reactants can be an important factor that may affect the time for the reaction to complete, 

e.g., the time to complete the cleaning of the carious region. For instance, a 5% NaOCl 

solution generally may be more aggressive than a 0.5% NaOCl solution and may tend to 

dissolve tissue faster. In some cases, a reactant refreshment rate can be adjusted. For 

example, bubbles may form and stay at the chemical reaction front (e.g., due to surface 

tension forces) and may act as barriers at the chemical reaction front impeding or preventing 

fresh reactants from reaching the reaction front. The circulation of the treatment liquid can 

help remove the bubbles and the reaction byproducts, and may replace them with fresh 

treatment liquid.  

[0132] In some embodiments, the introduction of heat can increase the chemical 

reaction rate. Heat can be introduced into the system through a variety of source(s). For 

example, the treatment fluid can be preheated using any suitable heating technique. Further, 

heat can be generated from cavitation or from other internal or external dissipative sources.  

In some arrangements, heat can be produced from exothermic chemical reactions that may 

further enhance or increase reaction rates, which can increase the speed of the cleaning 

process.  

[0133] In some arrangements, sonication can occur. For example, upon 

irradiation of a liquid (e.g. water) with high intensity pressure waves (including, e.g., sonic or 

ultrasonic waves) acoustic cavitation may occur. The oscillation and/or implosive collapse 

of the cavitation bubbles can produce intense local heating and high pressures with short 
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lifetimes. Experimental results have shown that at the site of the bubble collapse, the 

temperature and pressure may reach around 5000 K and 1000 atm, respectively. This 

phenomenon, known as sonochemistry, can create extreme physical and chemical conditions 

in otherwise cold liquids. Sonochemistry, in some cases, has been reported to enhance 

chemical reactivity by as much as a millionfold. Such high temperatures and pressures can 

assist in removing caries from the tooth. In yet other aspects, however, when acoustic 

cavitation does not occur (or occurs at a relatively low amplitude), the vibration and agitation 

of reactants, due to the pressure waves, may enhance the chemical reaction as it assists in 

replacing the byproducts by fresh reactants. The pressure waves generated by the pressure 

wave generator can therefore effectively and quickly remove caries from the tooth to be 

treated.  

X. Examples of Acoustic Power Generated by Pressure Wave Generators 
[0134] Figures 1 lA and 11B are graphs that schematically illustrate possible 

examples of acoustic power that could be generated by different embodiments of the pressure 

wave generator. These graphs schematically show acoustic power (in arbitrary units) on the 

vertical axis as a function of acoustic frequency (in kHz) on the horizontal axis. The acoustic 

power in the tooth can influence, cause, or increase the strength of effects including, e.g., 

acoustic cavitation (e.g., cavitation bubble formation and collapse, microjet formation), 

acoustic streaming, microerosion, fluid agitation, fluid circulation, sonoporation, 

sonochemistry, and so forth, which may act to dissociate organic material in or on the tooth 

and effectively clean the organic and/or inorganic materials and caries. In various 

embodiments, the pressure wave generator can produce an acoustic wave including acoustic 

power (at least) at frequencies above: about 1 Hz, about 0.5 kHz, about 1 kHz, about 10 kHz, 

about 20 kHz, about 50 kHz, about 100 kHz, or greater. The acoustic wave can have 

acoustic power at other frequencies as well (e.g., at frequencies below the aforelisted 

frequencies).  

[0135] The graph in Figure llA represents a schematic example of acoustic 

power generated by a liquid jet impacting a surface disposed within a chamber on or around 

the tooth that is substantially filled with liquid and by the interaction of the liquid jet with 

fluid in the chamber. This schematic example shows a broadband spectrum 190 of acoustic 

power with significant power extending from about 1Hz to about 1000 kHz, including, e.g., 
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significant power in a range of about 1 Hz to about 100 kHz, and e.g., significant power in a 

range of about 1 kHz to about 1000 kHz (e.g., the bandwidth can be about 1000 kHz). The 

bandwidth of the acoustic energy spectrum can, in some cases, be measured in terms of the 3

decibel (3-dB) bandwidth (e.g., the full-width at half-maximum or FWHM of the acoustic 

power spectrum). In various examples, a broadband acoustic power spectrum can include 

significant power in a bandwidth in a range from about 1 Hz to about 500 kHz, in a range 

from about 1 kHz to about 500 kHz, in a range from about 10 kHz to about 100 kHz, or some 

other range of frequencies. In some implementations, a broadband spectrum can include 

acoustic power above about 1 MHz. In some embodiments, the pressure wave generator can 

produce broadband acoustic power with peak power at about 10 kHz and a bandwidth of 

about 100 kHz. In various embodiments, the bandwidth of a broadband acoustic power 

spectrum is greater than about 10 kHz, greater than about 50 kHz, greater than about 100 

kHz, greater than about 250 kHz, greater than about 500 kHz, greater than about 1 MHz, or 

some other value. In some cleaning methods, acoustic power between about 1 Hz and about 

200 kHz, e.g., in a range of about 20 kHz to about 200 kHz, can be particularly effective at 

cleaning teeth. The acoustic power can have substantial power at frequencies greater than 

about 1 kHz, greater than about 10 kHz, greater than about 100 kHz, or greater than about 

500 kHz. Substantial power can include, for example, an amount of power that is greater 

than 10%, greater than 25%, greater than 35%, or greater than 50% of the total acoustic 

power (e.g., the acoustic power integrated over all frequencies). In some arrangements, the 

broadband spectrum 190 can include one or more peaks, e.g., peaks in the audible, ultrasonic, 

and/or megasonic frequency ranges.  

[0136] The graph in Figure 11 B represents a schematic example of acoustic 

power generated by an ultrasonic transducer disposed in a chamber on or around the tooth 

that is substantially filled with liquid. This schematic example shows a relatively 

narrowband spectrum 192 of acoustic power with a highest peak 192a near the fundamental 

frequency of about 30 kHz and also shows peaks 192b near the first few harmonic 

frequencies. The bandwidth of the acoustic power near the peak may be about 5 to 10 kHz, 

and can be seen to be much narrower than the bandwidth of the acoustic power schematically 

illustrated in Figure 11 A. In other embodiments, the bandwidth of the acoustic power can be 

about 1 kHz, about 5 kHz, about 10 kHz, about 20 kHz, about 50 kHz, about 100 kHz, or 
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some other value. The acoustic power of the example spectrum 192 has most of its power at 

the fundamental frequency and first few harmonics, and therefore the ultrasonic transducer of 

this example can provide acoustic power at a relatively narrow range of frequencies (e.g., 

near the fundamental and harmonic frequencies). The acoustic power of the example 

spectrum 190 exhibits relatively broadband power (with a relatively high bandwidth 

compared to the spectrum 192), and the example liquid jet can provide acoustic power at 

significantly more frequencies than the example ultrasonic transducer. For example, the 

relatively broadband power of the example spectrum 190 illustrates that the example jet 

device provides acoustic power at these multiple frequencies with energy sufficient to break 

the bonds between the decayed and healthy material so as to substantially remove the 

decayed material from the carious region.  

[0137] It is believed, although not required, that acoustic waves having broadband 

acoustic power (see, e.g., the example shown in Figure 11 A) can generate acoustic cavitation 

or other means of cleaning and disinfection that is more effective at cleaning teeth (including 

cleaning, e.g., dental caries or carious regions in or on the tooth) than cavitation generated by 

acoustic waves having a narrowband acoustic power spectrum (see, e.g., the example shown 

in Figure 11 B). For example, a broadband spectrum of acoustic power can produce a 

relatively broad range of bubble sizes in the cavitation cloud and on the surfaces on the tooth, 

and the implosion of these bubbles can be more effective at disrupting tissue than bubbles 

having a narrow size range. Relatively broadband acoustic power can also allow acoustic 

energy to work on a range of length scales, e.g., from the cellular scale up to the tissue scale.  

Accordingly, pressure wave generators that produce a broadband acoustic power spectrum 

(e.g., some embodiments of a liquid jet) can be more effective at tooth cleaning for some 

treatments than pressure wave generators that produce a narrowband acoustic power 

spectrum. In some embodiments, multiple narrowband pressure wave generators can be used 

to produce a relatively broad range of acoustic power. For example, multiple ultrasonic tips, 

each tuned to produce acoustic power at a different peak frequency, can be used.  

XI. Degassed Treatment Fluids 

[0138] As will be described below, the treatment fluid (and/or any of solutions 

added to the treatment fluid) can be degassed compared to normal liquids used in dental 
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offices. For example, degassed distilled water can be used (with or without the addition of 

chemical agents or solutes).  

(1) Examples of Possible Effects of Dissolved Gases in the Treatment Fluid 

[0139] In some procedures, the fluid may include dissolved gases (e.g., air). For 

example, the fluids used in dental offices generally have a normal dissolved gas content (e.g., 

determined from the temperature and pressure of the fluid based on Henry's law). During 

cleaning procedures using a pressure wave generator, the acoustic field of the pressure wave 

generator and/or the flow or circulation of fluids in the chamber can cause some of the 

dissolved gas to come out of solution and form bubbles.  

[0140] The bubbles can block small passageways or cracks or surface 

irregularities in the tooth, and such blockages can act as if there were a "vapor lock" in the 

small passageways. In some such procedures, the presence of bubbles may at least partially 

block, impede, or redirect propagation of acoustic waves past the bubbles and may at least 

partially inhibit or prevent cleaning action from reaching, for example, proximal caries or 

other difficult-to reach carious regions. The bubbles may block fluid flow or circulation 

from reaching these difficult-to-reach, or otherwise small, regions, which may prevent or 

inhibit a treatment solution from reaching these areas of the tooth.  

[0141] In certain procedures, cavitation is believed to play a role in cleaning the 

tooth. Without wishing to be bound by any particular theory, the physical process of 

cavitation inception may be, in some ways, similar to boiling. One possible difference 

between cavitation and boiling is the thermodynamic paths that precede the formation of the 

vapor in the fluid. Boiling can occur when the local vapor pressure of the liquid rises above 

the local ambient pressure in the liquid, and sufficient energy is present to cause the phase 

change from liquid to a gas. It is believed that cavitation inception can occur when the local 

ambient pressure in the liquid decreases sufficiently below the saturated vapor pressure, 

which has a value given in part by the tensile strength of the liquid at the local temperature.  

Therefore, it is believed, although not required, that cavitation inception is not determined by 

the vapor pressure, but instead by the pressure of the largest nuclei, or by the difference 

between the vapor pressure and the pressure of the largest nuclei. As such, it is believed that 

subjecting a fluid to a pressure slightly lower than the vapor pressure generally does not 

cause cavitation inception. However, the solubility of a gas in a liquid is proportional to 
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pressure; therefore lowering the pressure may tend to cause some of the dissolved gas inside 

the fluid to be released in the form of gas bubbles that are relatively large compared to the 

size of bubbles formed at cavitation inception. These relatively large gas bubbles may be 

misinterpreted as being vapor cavitation bubbles, and their presence in a fluid may have been 

mistakenly described in certain reports in the literature as being caused by cavitation, when 

cavitation may not have been present.  

[0142] In the last stage of collapse of vapor cavitation bubbles, the velocity of the 

bubble wall may even exceed the speed of sound and create strong shock waves inside the 

fluid. The vapor cavitation bubble may also contain some amount of gas, which may act as a 

buffer and slow down the rate of collapse and reduce the intensity of the shockwaves.  

Therefore, in certain procedures that utilize cavitation bubbles for tooth cleaning, it may be 

advantageous to reduce the amount of the dissolved air in the fluid to prevent such losses.  

[0143] The presence of bubbles that have come out of solution from the treatment 

fluid may lead to other disadvantages during certain procedures. For example, if the pressure 

wave generator produces cavitation, the agitation (e.g. pressure drop) used to induce the 

cavitation may cause the release of the dissolved air content before the water molecules have 

a chance to form a cavitation bubble. The already-formed gas bubble may act as a nucleation 

site for the water molecules during the phase change (which was intended to form a 

cavitation bubble). When the agitation is over, the cavitation bubble is expected to collapse 

and create pressure waves. However, cavitation bubble collapse might happen with reduced 

efficiency, because the gas-filled bubble may not collapse and may instead remain as a 

bubble. Thus, the presence of gas in the treatment fluid may reduce the effectiveness of the 

cavitation process as many of the cavitation bubbles may be wasted by merging with gas

filled bubbles. Additionally, bubbles in the fluid may act as a cushion to damp pressure 

waves propagating in the region of the fluid comprising the bubbles, which may disrupt 

effective propagation of the pressure waves past the bubbles. Some bubbles may either form 

on or between tooth surfaces, or be transferred there by the flow or circulation of fluid in the 

tooth. The bubbles may be hard to remove due to relatively high surface tension forces. This 

may result in blocking the transfer of chemicals and/or pressure waves into the irregular 

surfaces and small spaces in and between teeth, and therefore may disrupt or reduce the 

efficacy of the treatment.  
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(2) Examples of Degassed Treatment Fluids 

[0144] Accordingly, it can be advantageous in some systems and methods to use 

a degassed fluid, which may inhibit, reduce, or prevent bubbles from coming out of solution 

during treatments as compared to systems and methods that use normal (e.g., non-degassed) 

fluids. In dental procedures in which the treatment fluid has a reduced gas content 

(compared with the normal fluids) tooth surfaces or tiny spaces between teeth may be free of 

bubbles that have come out of solution. Acoustic waves generated by the pressure wave 

generator can propagate through the degassed fluid to reach and clean the surfaces, cracks, 

and tooth spaces and cavities. In some procedures, the degassed fluid can be able to 

penetrate spaces as small as about 500 microns, 200 microns, 100 microns, 10 microns, 5 

microns, 1 micron, or smaller, because the degassed fluid is sufficiently gas-free that bubbles 

are inhibited from coming out of solution and blocking these spaces (as compared to use of 

fluids with normal dissolved gas content).  

[0145] For example, in some systems and methods, the degassed fluid can have a 

dissolved gas content that is reduced when compared to the "normal" gas content of water.  

For example, according to Henry's law, the "normal" amount of dissolved air in water (at 

25 C and 1 atmosphere) is about 23 mg/L, which includes about 9 mg/L of dissolved oxygen 

and about 14 mg/L of dissolved nitrogen. In some embodiments, the degassed fluid has a 

dissolved gas content that is reduced to approximately 10%-40% of its "normal" amount as 

delivered from a source of fluid (e.g., before degassing). In other embodiments, the 

dissolved gas content of the degassed fluid can be reduced to approximately 5%-50% or 1%

70% of the normal gas content of the fluid. In some treatments, the dissolved gas content can 

be less than about 70%, less than about 50%, less than about 40%, less than about 30%, less 

than about 20%, less than about 10%, less than about 5%, or less than about 1% of the 

normal gas amount.  

[0146] In some embodiments, the amount of dissolved gas in the degassed fluid 

can be measured in terms of the amount of dissolved oxygen (rather than the amount of 

dissolved air), because the amount of dissolved oxygen can be more readily measured (e.g., 

via titration or optical or electrochemical sensors) than the amount of dissolved air in the 

fluid. Thus, a measurement of dissolved oxygen in the fluid can serve as a proxy for the 

amount of dissolved air in the fluid. In some such embodiments, the amount of dissolved 
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oxygen in the degassed fluid can be in a range from about 1 mg/L to about 3 mg/L, in a range 

from about 0.5 mg/L to about 7 mg/L, or some other range. The amount of dissolved oxygen 

in the degassed fluid can be less than about 7 mg/L, less than about 6 mg/L, less than about 5 

mg/L, less than about 4 mg/L, less than about 3 mg/L, less than about 2 mg/L, or less than 

about 1 mg/L.  

[0147] In some embodiments, the amount of dissolved gas in the degassed fluid 

can be in a range from about 2 mg/L to about 20 mg/L, in a range from about 1 mg/L to 

about 12 mg/L, or some other range. The amount of dissolved gas in the degassed fluid can 

be less than about 20 mg/L, less than about 18 mg/L, less than about 15 mg/L, less than about 

12 mg/L, less than about 10 mg/L, less than about 8 mg/L, less than about 6 mg/L, less than 

about 4 mg/L, or less than about 2 mg/L.  

[0148] In other embodiments, the amount of dissolved gas can be measured in 

terms of air or oxygen percentage per unit volume. For example, the amount of dissolved 

oxygen (or dissolved air) can be less than about 5% by volume, less than about 1% by 

volume, less than about 0.5 % by volume, or less than about 0.l1% by volume.  

[0149] The amount of dissolved gas in a liquid can be measured in terms of a 

physical property such as, e.g., fluid viscosity or surface tension. For example, degassing 

water tends to increase its surface tension. The surface tension of non-degassed water is 

about 72 mN/m at 20 'C. In some embodiments, the surface tension of degassed water can 

be about 1%, 5%, or 10% greater than non-degassed water.  

[0150] In some treatment methods, one or more secondary fluids can be added to 

a primary degassed fluid (e.g., an antiseptic solution can be added to degassed distilled 

water). In some such methods, the secondary solution(s) can be degassed before being added 

to the primary degassed fluid. In other applications, the primary degassed fluid can be 

sufficiently degassed such that inclusion of the secondary fluids (which may have normal 

dissolved gas content) does not increase the gas content of the combined fluids above what is 

desired for a particular dental treatment.  

[0151] In various implementations, the treatment fluid can be provided as 

degassed liquid inside sealed bags or containers. The fluid can be degassed in a separate 

setup in the operatory before being added to a fluid reservoir. In an example of an "in-line" 

implementation, the fluid can be degassed as it flows through the system, for example, by 
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passing the fluid through a degassing unit attached along a fluid line (e.g., the fluid inlet).  

Examples of degassing units that can be used in various embodiments include: a Liqui-Cel@ 

MiniModule@ Membrane Contactor (e.g., models 1.7 x 5.5 or 1.7 x 8.75) available from 

Membrana-Charlotte (Charlotte, North Carolina); a PermSelect@ silicone membrane module 

(e.g., model PDMSXA-2500) available from MedArray, Inc. (Ann Arbor, Michigan); and a 

FiberFlo@ hollow fiber cartridge filter (0.03 micron absolute) available from Mar Cor 

Purification (Skippack, Pennsylvania). The degassing can be done using any of the 

following degassing techniques or combinations of thereof: heating, helium sparging, 

vacuum degassing, filtering, freeze-pump-thawing, and sonication.  

[0152] In some embodiments, degassing the fluid can include de-bubbling the 

fluid to remove any small gas bubbles that form or may be present in the fluid. De-bubbling 

can be provided by filtering the fluid. In some embodiments, the fluid may not be degassed 

(e.g., removing gas dissolved at the molecular level), but may be passed through a de-bubbler 

to remove the small gas bubbles from the fluid.  

[0153] In some embodiments, a degassing system can include a dissolved gas 

sensor to determine whether the treatment fluid is sufficiently degassed for a particular 

treatment. A dissolved gas sensor can be disposed downstream of a mixing system and used 

to determine whether mixing of solutes has increased the dissolved gas content of the 

treatment fluid after addition of solutes, if any. A solute source can include a dissolved gas 

sensor. For example, a dissolved gas sensor can measure the amount of dissolved oxygen in 

the fluid as a proxy for the total amount of dissolved gas in the fluid, since dissolved oxygen 

may be measured more readily than dissolved gas (e.g., nitrogen or helium). Dissolved gas 

content can be inferred from dissolved oxygen content based at least partly on the ratio of 

oxygen to total gas in air (e.g., oxygen is about 21% of air by volume). Dissolved gas 

sensors can include electrochemical sensors, optical sensors, or sensors that perform a 

dissolved gas analysis. Examples of dissolved gas sensors that can be used with 

embodiments of various systems disclosed herein include a Pro-Oceanus GTD-Pro or HGTD 

dissolved gas sensor available from Pro-Oceanus Systems Inc. (Nova Scotia, Canada) and a 

D-Opto dissolved oxygen sensor available from Zebra-Tech Ltd. (Nelson, New Zealand). In 

some implementations, a sample of the treatment can be obtained and gases in the sample can 

be extracted using a vacuum unit. The extracted gases can be analyzed using a gas 
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chromatograph to determine dissolved gas content of the fluid (and composition of the gases 

in some cases).  

[0154] Accordingly, fluid delivered to the tooth from a fluid inlet and/or the fluid 

used to generate the jet in a liquid jet device can comprise a degassed fluid that has a 

dissolved gas content less than normal fluid. The degassed fluid can be used, for example, to 

generate the high-velocity liquid beam for generating pressure waves, to substantially fill or 

irrigate a chamber (e.g., the chamber between the fluid retainer and tooth), to provide a 

propagation medium for acoustic waves, to inhibit formation of air (or gas) bubbles in the 

chamber (e.g., in small spaces or cracks in or between teeth), and/or to provide flow of the 

degassed fluid into small spaces in the tooth (e.g., cracks, irregular surfaces, tubules, etc.). In 

embodiments utilizing a liquid jet, use of a degassed fluid can inhibit bubbles from forming 

in the jet due to the pressure drop at a nozzle orifice where the liquid jet is formed.  

[0155] Thus, examples of methods for endodontic treatment comprise flowing a 

degassed fluid onto a tooth or tooth surface or into a chamber. The degassed fluid can 

comprise a tissue dissolving agent and/or a decalcifying agent. The degassed fluid can have 

a dissolved oxygen content less than about 9 mg/L, less than about 7 mg/L, less than about 5 

mg/L, less than about 3 mg/L, less than about 1 mg/L, or some other value. A fluid for 

treatment can comprise a degassed fluid with a dissolved oxygen content less than about 9 

mg/L, less than about 7 mg/L, less than about 5 mg/L, less than about 3 mg/L, less than about 

1 mg/L, or some other value. The fluid can comprise a tissue dissolving agent and/or a 

decalcifying agent. For example, the degassed fluid can comprise an aqueous solution of less 

than about 6% by volume of a tissue dissolving agent and/or less than about 20% by volume 

of a decalcifying agent.  

[0156] Although the tooth schematically depicted in some of the figures is a 

molar, the procedures can be performed on any type of tooth such as an incisor, a canine, a 

bicuspid, a pre-molar, or a molar. Further, although the tooth may be depicted as a lower 

(mandibular) tooth in the figures, this is for purposes of illustration, and is not limiting. The 

systems, methods, and compositions can be applied to lower (mandibular) teeth or upper 

(maxillary) teeth. Also, the disclosed apparatus and methods are capable of any portions of a 

tooth. Moreover, the disclosed apparatus, methods, and compositions can be applied to 

human teeth (including juvenile teeth) and/or to animal teeth.  
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[0157] Reference throughout this specification to "some embodiments" or "an 

embodiment" means that a particular feature, structure, element, act, or characteristic 

described in connection with the embodiment is included in at least one embodiment. Thus, 

appearances of the phrases "in some embodiments" or "in an embodiment" in various places 

throughout this specification are not necessarily all referring to the same embodiment and 

may refer to one or more of the same or different embodiments. Furthermore, the particular 

features, structures, elements, acts, or characteristics may be combined in any suitable 

manner (including differently than shown or described) in other embodiments. Further, in 

various embodiments, features, structures, elements, acts, or characteristics can be combined, 

merged, rearranged, reordered, or left out altogether. Thus, no single feature, structure, 

element, act, or characteristic or group of features, structures, elements, acts, or 

characteristics is necessary or required for each embodiment. All possible combinations and 

subcombinations are intended to fall within the scope of this disclosure.  

[0158] As used in this application, the terms "comprising," "including," "having," 

and the like are synonymous and are used inclusively, in an open-ended fashion, and do not 

exclude additional elements, features, acts, operations, and so forth. Also, the term "or" is 

used in its inclusive sense (and not in its exclusive sense) so that when used, for example, to 

connect a list of elements, the term "or" means one, some, or all of the elements in the list.  

[0159] Similarly, it should be appreciated that in the above description of 

embodiments, various features are sometimes grouped together in a single embodiment, 

figure, or description thereof for the purpose of streamlining the disclosure and aiding in the 

understanding of one or more of the various inventive aspects. This method of disclosure, 

however, is not to be interpreted as reflecting an intention that any claim require more 

features than are expressly recited in that claim. Rather, inventive aspects lie in a 

combination of fewer than all features of any single foregoing disclosed embodiment.  

[0160] The foregoing description sets forth various example embodiments and 

other illustrative, but non-limiting, embodiments of the inventions disclosed herein. The 

description provides details regarding combinations, modes, and uses of the disclosed 

inventions. Other variations, combinations, modifications, equivalents, modes, uses, 

implementations, and/or applications of the disclosed features and aspects of the 

embodiments are also within the scope of this disclosure, including those that become 
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apparent to those of skill in the art upon reading this specification. Additionally, certain 

objects and advantages of the inventions are described herein. It is to be understood that not 

necessarily all such objects or advantages may be achieved in any particular embodiment.  

Thus, for example, those skilled in the art will recognize that the inventions may be 

embodied or carried out in a manner that achieves or optimizes one advantage or group of 

advantages as taught herein without necessarily achieving other objects or advantages as may 

be taught or suggested herein. Also, in any method or process disclosed herein, the acts or 

operations making up the method or process may be performed in any suitable sequence and 

are not necessarily limited to any particular disclosed sequence.  
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CLAIMS 

1. A system configured to treat a carious region at an external surface of a tooth, the 

system comprising: 

a fluid platform having a chamber sized and shaped to retain fluid, the chamber 

configured to be coupled to and at least partially seal against the external surface of the 

tooth over the carious region such that the chamber defines an enclosed volume around 

the carious region at the external surface of the tooth when the chamber is at least 

partially sealed against the external surface of the tooth; and 

a pressure wave generator having a distal end configured to be positioned in the 

chamber and configured to generate pressure waves in the retained fluid of sufficient 

energy to clean the carious region on the external surface, the distal end of the pressure 

wave generator to be positioned outside the tooth near the carious region, 

wherein the pressure wave generator is further configured to produce pressure 

waves having a broadband power spectrum and multiple frequencies, wherein the 

broadband power spectrum includes significant energy at frequencies in the range of 1 Hz 

to 100 kHz.  

2. The system of Claim 1, wherein the pressure wave generator is configured to generate 

pressure waves in the retained fluid sufficient to clean the carious region when the chamber is 

substantially filled with fluid.  

3. The system of Claim 1, wherein the fluid platform comprises a cap comprising the 

chamber, and a seal configured to seal the cap to the tooth.  

4. The system of Claim 3, wherein the cap is configured to be coupled to at least two 

adjacent teeth.  

5. The system of Claim 1, wherein the pressure wave generator comprises a liquid jet 

device, a laser, a mechanical rotor, an ultrasonic hom, or a piezoelectric oscillator.  

6. The system of Claim 5, wherein the pressure wave generator comprises the liquid jet 

device.  

7. The system of Claim 1, wherein the fluid platform comprises an outlet configured to 

remove waste fluids from the chamber.
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8. The system of Claim 1, wherein the fluid platform comprises an inlet configured to 

deliver fluid to the chamber.  

9. The system of Claim 1, wherein the fluid platform comprises a vent configured to at 

least partially regulate pressure of the fluid retained in the chamber.  

10. The system of Claim 1, wherein the multiple frequencies comprise at least one 

continuous range of frequencies.  

11. The system of Claim 1, further comprising a handpiece having a distal end and 

carrying the pressure wave generator.  

12. The system of Claim 11, wherein at least a portion of the pressure wave generator is 

disposed at the distal end of the handpiece.  

13. The system of Claim 11, wherein the fluid platform configured to be coupled to the 

distal end of the handpiece.  

14. The system of Claim 11, wherein the fluid platform is affixed to the handpiece.  

15. A method for treating a carious region on an external surface of a tooth, the method 

comprising: 

applying a cap over the carious region of the tooth, the cap comprising a chamber; 

sealing at least a portion of the cap to the external surface the tooth such that the 

chamber defines an enclosed volume around the carious region at the external surface of 

the tooth when the chamber is at least partially sealed against the external surface of the 

tooth; 

at least partially filling the chamber with fluid; 

positioning a pressure wave generator in the chamber such that a distal end of the 

pressure wave generator is immersed in fluid in the chamber and positioned outside the 

tooth near the carious region; and 

activating the pressure wave generator in the chamber to produce pressure waves 

having a broadband power spectrum and multiple frequencies, the pressure waves being 

of sufficient energy to clean the carious region on the external surface of the tooth, 

wherein the broadband power spectrum includes significant energy at frequencies in the 

range of 1 Hz to 100 kHz.
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16. The method of Claim 15, wherein at least partially filling the chamber comprises 

substantially filling the chamber with fluid.  

17. The method of Claim 15, wherein applying the cap comprises attaching the cap to top 

surfaces of two adjacent teeth, and wherein sealing the cap comprises applying a sealant between 

the two adjacent teeth.  

18. The method of Claim 14, further comprising restoring the tooth after cleaning the 

carious region of the tooth.  

19. The method of Claim 15, wherein activating the pressure wave generator comprises 

activating a liquid jet device.  

20. A method for cleaning a carious region on an external surface of a tooth, the carious 

region disposed in a space at least partially between two adjacent teeth, the method comprising: 

applying a cap over the carious region of the tooth, the cap comprising a chamber; 

sealing at least a portion of the cap to the external surface of the tooth such that 

the chamber defines an enclosed volume around the carious region at the external surface 

of the tooth when the chamber is at least partially sealed against the external surface of 

the tooth; 

at least partially filling the chamber with fluid; 

positioning a pressure wave generator in the chamber such that a distal end of the 

pressure wave generator is immersed in fluid in the chamber and positioned outside the 

tooth near the carious region; and 

propagating pressure waves having a broadband power spectrum and multiple 

frequencies through the fluid in the chamber, the pressure waves having sufficient energy 

to substantially clean the carious region on the external surface of the tooth, wherein the 

broadband power spectrum includes significant energy at frequencies in the range of 1 Hz 

to 100 kHz.  

21. The method of Claim 20, further comprising generating the pressure waves outside 

the space between the two teeth.  

22. The method of Claim 20, wherein at least partially filling the chamber with fluid 

comprises at least partially filling the chamber with degassed liquid.
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23. The method of Claim 20, wherein the carious region is disposed entirely between the 

two teeth.  

24. The method of Claim 20, further comprising applying a cap over the carious region of 

the tooth, wherein retaining fluid comprises retaining fluid in a chamber of the cap.  

25. A system for cleaning a carious region on an external surface of a tooth, the carious 

region disposed in a space at least partially between two adjacent teeth, the system comprising: 

a fluid retainer configured to at least partially retain fluid in the space, the fluid 

retainer having a chamber that defines an enclosed volume around the carious region on 

the external surface of the tooth when the fluid retainer is at least partially sealed against 

the external surface of the tooth; and 

a pressure wave generator configured to propagate pressure waves through the 

retained fluid in the space between the teeth to clean the carious region on the external 

surface of the tooth, the pressure wave generator having a distal end configured to be 

positioned in the chamber and configured to generate pressure waves in the retained fluid 

of sufficient energy to clean the carious region, the distal end of the pressure wave 

generator to be positioned outside the tooth near the carious region, 

wherein the pressure wave generator is further configured to produce pressure 

waves having a broadband power spectrum and multiple frequencies, wherein the 

broadband power spectrum includes significant energy at frequencies in the range of 1 Hz 

to 100 kHz.  

26. The system of Claim 25, wherein the pressure wave generator is configured to be 

disposed outside the space.  

27. The system of Claim 26, wherein the pressure wave generator is configured to 

generate the pressure waves outside the space.  

28. The system of Claim 25, wherein the carious region is disposed entirely between the 

two teeth.  

29. The system of Claim 25, further comprising a fluid inlet configured to deliver a 

degassed liquid to the space, wherein the retained fluid comprises the degassed liquid.  

30. The system of Claim 1, wherein the broadband power spectrum includes significant 

energy at frequencies greater than 100 kHz.
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31. The system of Claim 15, wherein the broadband power spectrum includes significant 

energy at frequencies greater than 100 kHz.  
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