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(57) ABSTRACT 
Correspondence Address: _ _ _ 

HONEYWELL INTERNATIONAL INC A volumetrlc ?uid ?oW sensor (100) mcludes a How channel 
PATENT SERVICES (120) for ?owing a ?uid therein; and a diaphragm (110) 

P 0 having an outer surface Within the ?OW channel The 

MORRISTOWN, N J 07962_22 45 (Us) diaphragm (110) includes at least one How disrupting feature 
mechanically coupled to or emerging from the outer surface 

(21) App1_ NO; 12/180,070 of the diaphragm (110). A sensing structure (126) is coupled 
to the diaphragm (110) for generating a sensing signal 

(22) Filed; Jul, 25, 2008 responsive to a pressure signal on the diaphragm (110). 
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PRESSURE-BASED FLUID FLOW SENSOR 

FIELD OF THE INVENTION 

[0001] Embodiments of the present invention relate to dia 
phragm-based ?uid ?oW sensors. 

BACKGROUND 

[0002] Both gas and liquid ?oW can be measured in volu 
metric or mass ?oW rates (such as liters per second or kg/ s). 
These measurements can be converted betWeen one another if 
the density of the material is knoWn. However, the density of 
the material is not alWays knoWn, such as in the case the 
composition of the ?uid is unknown. 
[0003] Volumetric ?oW sensors can be embodied as 
mechanical ?oW meters including rotometers and pith-ball 
indicators. Such mechanical ?oW meters are relatively large 
mechanical assemblies. Monolithic volumetric ?oW sensors 
are available that create a pres sure differential from ?uid ?oW 
normal to a planar stress-gauge diaphragm With a hole in it. 
Such a sensor, commonly referred to as an ori?ce plate, is 
placed in the ?oW and constricts the ?oW. Monolithic volu 
metric ?oW sensors use the same principle as the venturi 
meter in that the differential pressure relates to the velocity of 
the ?uid ?oW (Bernoulli’s principle). 
[0004] Other devices for volumetric ?oW sensing are based 
on various con?gurations for sensing a ?oW-induced pressure 
differential. Well knoWn microbridge structures achieve tan 
gential sensing of mass ?oW only, require a Well controlled 
heater for accuracy, and because of the heater, operate at 
higher levels of poWer dissipation. What is needed is neW ?oW 
sensing devices having reduced complexity for loWer cost 
and/ or more robust designs. 

SUMMARY 

[0005] This Summary is provided to comply With 37 CPR. 
§l.73, presenting a summary of the invention brie?y indicat 
ing the nature and substance of the invention. It is submitted 
With the understanding that it Will not be used to interpret or 
limit the scope or meaning of the claims. 
[0006] A volumetric ?uid ?oW sensor according to an 
embodiment of the invention comprises a ?oW channel for 
?oWing a ?uid therein; a diaphragm having an outer surface 
Within the ?oW channel, Wherein the diaphragm comprises at 
least one ?oW disrupting feature mechanically coupled to or 
emerging from the outer surface of the diaphragm. The ?oW 
disrupting feature increases the pressure on the diaphragm 
compared to a conventional diaphragm Which is uniformly 
planar. The increased pressure increases the de?ection of the 
diaphragm and thus the available output signal provided by a 
sensing structure that provides an output signal based on the 
de?ection of the diaphragm. As used herein, the term “?oW 
disrupting feature” refers to a feature that is mechanically 
coupled to or emerging from the outer surface of the dia 
phragm that increases the pressure on the diaphragm 220% 
at one or more diaphragm locations as compared to the pres 
sure obtained from a conventional planar diaphragm. 
[0007] A sensing structure is coupled to the ?oW disrupting 
feature. The sensing structure generates a sensing signal 
responsive to a pressure signal on said diaphragm. In one 
embodiment, the sensing structure comprises a plurality of 
pieZoresistive elements, such as arranged in a Wheatstone 
bridge con?guration, Which produces an electrical sensing 
signal. The sensing signal can produce a sensing signal that is 

Jan. 28, 2010 

proportional or nearly proportional to the pressure on the 
diaphragm induced by the ?uid ?oW. 
[0008] A method for sensing volumetric ?oW of a ?uid 
comprises ?oWing a ?uid over a diaphragm having an outer 
surface Within a ?oW channel, Wherein the diaphragm com 
prises at least one ?oW disrupting feature mechanically 
coupled to or emerging from said outer surface. A sensing 
signal is generated responsive to a pressure signal from a 
portion of said diaphragm. A ?oW rate of the ?uid is deter 
mined from the sensing signal. The ?oW disrupting feature 
can partially obstruct a ?oW of the ?uid to create a pressure 
differential betWeen opposite sides of the diaphragm, along a 
direction of the ?oW. In another embodiment, the ?oW dis 
rupting feature de?ects the ?oW of the ?uid to produce a force 
on the diaphragm. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 shoWs a cross sectional vieW of a volumetric 
?uid ?oW sensor according to an embodiment of the invention 
having a ?oW disrupting feature comprising a bump mechani 
cally coupled to an outer surface of a stress sensitive dia 
phragm, along With pieZoresistive sensing resistors. 
[0010] FIG. 2 illustrates a depiction of a sensing structure 
comprising 4 pieZoresistive elements formed Within the dia 
phragm, in a Wheatstone Bridge arrangement, Which mea 
sure the pressure on the diaphragm. Also represented is signal 
processing circuitry, electrically connected to the pieZoresis 
tive elements. 
[0011] FIG. 3A is a top-side vieW of a volumetric ?uid ?oW 
sensor according to an embodiment of the invention having a 
?oW disrupting tear-drop shaped feature mechanically 
coupled to the outer surface of a stress sensitive diaphragm, 
along With bond pads coupled to the pieZoresistors. 
[0012] FIG. 3B is a top-side vieW of the volumetric ?uid 
?oW sensor shoWn in FIG. 3A partially assembled, With the 
Wire bonds located outside the ?oW channel. 
[0013] FIG. 4A is a top-side vieW ofa volumetric ?uid ?oW 
sensor according to an embodiment of the invention having a 
?oW disrupting air-foil shaped feature mechanically coupled 
to the outer surface of a stress sensitive diaphragm, along With 
bond pads coupled to the pieZoresistors. 
[0014] FIG. 4B is a cross sectional vieW of the sensor 
shoWn in FIG. 4A. 
[0015] FIG. 5 is a top-side vieW of a volumetric ?uid ?oW 
sensor according to an embodiment of the invention having a 
?oW disrupting Wedge-shaped feature mechanically coupled 
to the outer surface of a stress sensitive diaphragm, along With 
bond pads coupled to the pieZoresistors. 
[0016] FIGS. 6A and B shoW the diaphragm de?ection and 
Von Mises stress produced by an air ?oW, respectively. 
[0017] FIGS. 7A and B shoW the diaphragm de?ection and 
Von Mises stress produced by the air ?oW over a diaphragm 
With a ?oW disrupting bump-shaped feature, according to an 
embodiment of the invention. 
[0018] FIGS. 5A and B shoW the diaphragm de?ection and 
Von Mises stress produced by the air ?oW over a diaphragm 
With a ?oW disrupting Wedge-shaped feature, according to an 
embodiment of the invention. 

DETAILED DESCRIPTION 

[0019] The present invention is described With reference to 
the attached ?gures, Wherein like reference numerals are used 
throughout the ?gures to designate similar or equivalent ele 
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ments. The ?gures are not draWn to scale and they are pro 
vided merely to illustrate the instant invention. Several 
aspects of the invention are described below With reference to 
example applications for illustration. It should be understood 
that numerous speci?c details, relationships, and methods are 
set foith to provide a full understanding of the invention. One 
having ordinary skill in the relevant art, hoWever, Will readily 
recogniZe that the invention can be practiced Without one or 
more of the speci?c details or With other methods. In other 
instances, Well-known structures or operations are not shoWn 
in detail to avoid obscuring the invention. The present inven 
tion is not limited by the illustrated ordering of acts or events, 
as some acts may occur in different orders and/or concur 

rently With other acts or events. Furthermore, not all illus 
trated acts or events are required to implement a methodology 
in accordance With the present invention. 

[0020] The present Inventors have discovered that ?uid 
?oWing across the top of a pressure sensor comprising a stress 
sensitive diaphragm that is modi?ed to include an attached 
?oW disrupting, protruding feature produces a pressure on the 
diaphragm that is signi?cantly enhanced (eg 220%, and 
typically >40%) as compared to the pressure provided by a 
conventional planar diaphragm. Depending on the geometry 
of the ?oW disrupting feature, the gas or liquid ?oWing around 
the ?oW disrupting feature can produce, for example: a pres 
sure differential tangential to the diaphragm due to obstruc 
tion of the ?oW and thereby delivering a moment to the 
diaphragm, a pressure differential directed normal to the dia 
phragm resulting from an airfoil effect and thereby delivering 
a force that is normal to the diaphragm, and forces delivered 
to the diaphragm caused by de?ection of the ?uid such as that 
produced by an aileron, or a resultant of any combination of 
these effects. The pressure signal can be related to the ?oW 
rate using calibration data that can be generated empirically 
or by simulation. 

[0021] In the case of pieZoresistor-based sensing elements, 
these extra force-generating effects produces additional 
stresses on the pieZoresistors Which increases the output sig 
nal of the sensor. The pieZoresistors can be located and ori 
ented on the diaphragm in a manner that maximiZes the output 
signal in response to an individual stress pattern produced by 
a corresponding individual ?oW disrupting feature shape. 
Although generally described using pieZoresistors, embodi 
ments of the present invention can use the diaphragm de?ec 
tion to provide other useful measurables. For example, 
capacitive elements can be used for sensing. In the case of 
capacitive elements, one of the plates of the capacitor com 
prises or is supported by the diaphragm. Sensing elements can 
also include light-based generally ?ber optic-based sensors, 
such as photoelastic, intensity-based, or interferometric 
based. In yet another embodiment, the sensing can be Dop 
pler-based. 
[0022] As knoWn in the art, a typical pressure sensor struc 
ture comprises a diaphragm Which is exposed to one pressure 
on one side and a control pressure on the other side. The 
?exing of the diaphragm is then measured and correlated to 
the pressure. As also knoWn in the art, this type of sensor can 
be formed using conventional semiconductor (e.g. silicon) 
integrated circuit processing using etching techniques (eg 
plasma etching), With, as one example, pieZoresistive ele 
ments formed generally at locations Within the diaphragm via 
ion implantation. The pieZoresistive elements Will vary their 
resistance in accordance With the stress placed on the dia 
phragm, alloWing measurement of the pressure With an elec 
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trical circuit. Altemately, in the case of capacitive sensing, a 
chip can be bonded to the top of the sensor and capacitive 
changes can be measured instead of pieZoresistive changes. 
[0023] As described above, volumetric ?oW sensors 
according to embodiments of the invention modify typical 
pressure sensor structures by adding at least one attached ?oW 
disrupting protruding feature on the stress sensitive dia 
phragm. In one embodiment a horiZontal pres sure gradient is 
created across the diaphragm producing a moment in the 
structure, described beloW relative to FIG. 3A. In an alternate 
embodiment a vertical pressure gradient is created by an 
airfoil producing a vertical force on the diaphragm, described 
beloW relative to FIG. 4A. In yet another embodiment, a 
pressure gradient is generated by a Wedge shaped feature 
mechanically coupled to an outer surface of the stress sensi 
tive diaphragm described beloW relative to FIG. 5. 
[0024] FIG. 1 shoWs a cross sectional vieW of a volumetric 
?uid ?oW sensor 100 according to an embodiment of the 
invention having a ?oW disrupting feature comprising a bump 
105 mechanically coupled to or emerging from an outer sur 
face of a stress sensitive-sensitive diaphragm 110. Stress sen 
sitive diaphragms are conventionally used for pressure sens 
ing, not for ?oW sensing according to embodiments of the 
invention. Diaphragm 110 is supported by a frame 116 Which 
in one embodiment is formed from an integral substrate 118, 
and in another embodiment diaphragm 11 0 and frame 1 16 are 
disposed on another substrate (e.g. bonded to), generally 
referred to as aconstraint substrate 118. Cavity region 122 is 
betWeen diaphragm 110 and substrate 118. How channel 120 
alloWs ?uid to ?oW over diaphragm 110 and interact With 
bump 105 Which experiences forces responsive to ?uid ?oW. 
FloW channel 120 can comprise a tube has a length suf?cient 
to extend beyond the area of diaphragm 110 in both the length 
and Width dimension. The ?oW disrupting bump 105 delivers 
?oW-induced stress signals directly to the pressure transducer 
diaphragm 110, and creates a pressure differential (gradient) 
along the diaphragm thereby imparting a moment or force on 
the diaphragm. 
[0025] TWo pieZoresistive sensing elements 126 are shoWn 
(2 other pieZoresistive resistors normally present to form a 
Wheatstone Bridge are not shoWn) Which are generally 
formed Within the diaphragm 110, laterally placed from the 
bump 105, such as by ion implantation. The pieZoresistive 
sensing elements 126 perform a transducer function by gen 
erating an electrical sensing signal responsive to a pressure 
signal received. As shoWn in FIG. 2 described beloW, signal 
detection circuitry 128 can be coupled to receive the electrical 
sensing signal or other sensing signal in the case of other 
sensing structures and is operable for determining a ?oW rate 
of the ?uid from the sensing signal. Alternatively, volumetric 
?uid ?oW sensor 100 can simply provide a sensing signal, 
such as an electrical signal at bond pads connected to respec 
tive pieZoresistive elements 126. 
[0026] Diaphragm 110 generally has a thickness ranging 
from about 5 pm to about 30 pm. In some con?gurations the 
diaphragm is square shaped With linear dimensions ranging 
from 3 to 10 mm. Diaphragm 110 can be generally formed 
from materials including silicon (e.g. single crystal silicon, 
epitaxially groWn silicon, polysilicon) and silicon nitride 
FloW disrupting features according to embodiments of the 
invention, such as bump 105 shoWn in FIG. 1, can be formed 
using several knoWn techniques. As described above, ?oW 
disrupting features according to embodiments of the inven 
tion can comprise the same material as diaphragm 110, or can 
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comprise a different material. For example, a “bump” of 
material can be deposited or micromachined on top of a 
pressure transducer diaphragm 110. Slab shaped ?aps can be 
patterned and etched out of a variety of thin ?lm materials, 
such as silicon nitride or silicon dioxide. Patternable poly 
mers such as conventional photoresists, polyimides, and 
PMMA, can be use to form a smooth bump on a surface. 
Shapes formed from these materials can be altered by re?oW 
ing, such as by using thermal and optical (UV) methods. 
Glasses and other ceramics or metals can be applied to the 
diaphragm surface as a thick ?lm through a silk screening 
process. These can be glaZed in place or re?oWed to give a 
desired shape. Another method is to directly modify the dia 
phragm material by plasma etching. Deep Reactive Ion Etch 
ing (DRIE) tool makers offer tools that can vary a plasma to 
micromachine lens shapes, Which could serve as an available 
?oW disrupting feature shape. Micro inkjet technology is also 
available to deposit bumps of material and microlenses. Tech 
niques utiliZing combinations of these manufacturing pro 
cesses can be used to machine shapes out of the diaphragm 
material. 
[0027] The ?oW disrupting feature 105 can comprise a vari 
ety of other shapes or a plurality of shapes. For example, an 
elongated tetrahedral shape can be used for improved perfor 
mance. The dimensions of the ?oW disrupting feature can be 
varied. Generally, the dimensions are on the order of tens or 
hundreds of microns. In the case of a uniform bump, such as 
bump 105, in one embodiment the height is 70 pm, the and the 
length and Width is approximately 300 um. Other exemplary 
dimensions are provide in the Examples described beloW. 
[0028] Substrate 118 can comprise a variety of substrates. 
For example, substrate 118 can comprise glass, quartz, sili 
con, or plastic. 
[0029] FIG. 2 illustrates a depiction of 4 pieZoresistive 
elements 126 Within the diaphragm 110 including ?oW dis 
rupting bump feature 105 for measuring the pressure differ 
ential. The pieZoresistor elements 126 are shoWn connected 
to signal detection circuitry 128, such as ASIC-based cir 
cuitry. The Wheatstone Bridge could be con?gured, such as 
guided by simulation, both electrically and physically, for 
maximum response to the resulting stress gradient. Sym 
metrical stresses Would then appear as a common mode sig 
nal, offering rejection to uniform pressure changes and sym 
metrical package induced stresses. 
[0030] FIG. 3A is a top-side vieW of a volumetric ?uid ?oW 
sensor 300 (?oW channel not shoWn) according to an embodi 
ment of the invention having a ?oW disrupting tear-drop 
shaped feature 305 mechanically coupled to the outer surface 
and near the center of a stress sensitive diaphragm 110. 
PieZoresistors 126 are formed Within the diaphragm 110. 
Beyond the area of the diaphragm 110, is a relatively thick 
portion of the die 330 (eg 200 to 400 um thick). Bond pads 
331-334 are coupled to the pieZoresistors 126 by the electrical 
traces 339 shoWn. In operation, ?uid impinging on tear drop 
305 applies a moment near the center of the diaphragm 110. 

[0031] FIG. 3B is a top-side vieW of the volumetric ?uid 
?oW sensor shoWn in FIG. 3A assembled to include a ?oW 
channel 120 and a package 345 that together With ?oW chan 
nel surrounds sensor 300, shoWn as reference 350, according 
to an embodiment of the invention. The ?oW channel 120 
extends beyond the diaphragm 110 shoWn in FIG. 3A, but 
does not extend to reach the bond pads 331-334. Bond Wires 
341-344 are shoWn for contacting bond pads 331-334 and 
coupling the signals provided to circuitry such as ASIC cir 
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cuitry, Within the package 345, for processing the sensor 
signal. The Wire bonds 341-344 are outside the ?oW channel 
120, Which generally leads to enhanced reliability as com 
pared to Wire bonds Which are conventionally inside the ?oW 
channel. 
[0032] FIG. 4A is a top-side vieW of a volumetric ?uid ?oW 
sensor 400 (?oW channel not shoWn) according to an embodi 
ment of the invention having a ?oW disrupting airfoil shaped 
feature 405 mechanically coupled to the outer surface near the 
center of a stress sensitive diaphragm 110. FIG. 4B is a cross 
sectional vieW of sensor 400 shoWn in FIG. 4A. 
[0033] FIG. 5 is a top-side vieW of a volumetric ?uid ?oW 
sensor 500 according to an embodiment of the invention 
having a ?oW disrupting Wedge-shaped feature 505 mechani 
cally coupled to the outer surface of a stress sensitive dia 
phragm 110, along With bond pads 331-334 coupled to the 
pieZoresistors 126. The ?uid ?oW around the Wedge 505 
increases the pres sure on the diaphragm 1 10 near the center of 
the diaphragm 110, and has shoWn improved performance as 
compared to a uniform slab or bump, such as bump 105 
described above relative to ?oW sensor 100 in FIG. 1. 

EXAMPLES 

[0034] The examples provided beloW are non-limiting 
examples provided to only shoW particular embodiments of 
the present invention. Unless noted otherWise, the ?uid Was 
air and, the air ?oW Was 1 m/ sec, and the diaphragm Was a 
silicon diaphragm 16 pm thick, and had a length and Width of 
1.7 mm. The sensing structure comprised pieZoresistors. 
Simulations used Ansys softWare (Ansys, Inc. 275 Technol 
ogy Drive Canonsburg, Pa. 15317. Reference data Was gen 
erated by simulating air ?oW over a conventional ?at dia 
phragm. 
[0035] FIGS. 6A and B shoW the diaphragm de?ection and 
Von Mises stress produced by the air ?oW, respectively. FIGS. 
7A and B shoW the diaphragm de?ection andVon Mises stress 
produced by the air ?oW over a diaphragm With a bump 
according to an embodiment of the invention. The dimensions 
of the bump Were 600 um Width (in the ?oW direction), 250 
um length (perpendicular to the ?oW direction) and 100 um 
height. The ?oW around the bump produces a larger pressure 
in this section of the diaphragm compared to the rest of the 
diaphragm. A larger pressure on the diaphragm increases the 
de?ection on it and thereby increases the output signal. The 
bump on the diaphragm Was found to increase the stresses on 
the diaphragm by 57.7% as compared to the conventional ?at 
diaphragm. This extra stress Was found to increase the sensor 
output signal by 44%. 
[0036] FIGS. 8A and B shoW the diaphragm de?ection and 
Von Mises stress produced by the air ?oW over a diaphragm 
With a Wedge, according to an embodiment of the invention. 
The dimensions of the Wedge Were 600 um Width (in the ?oW 
direction) 200 um length (perpendicular to the ?oW direction) 
and a height linearly increasing from Zero to 100 um. The 
Wedge Was found to increase the diaphragm stress by 93.4% 
as compared to the conventional ?at diaphragm. This extra 
stress Was found to increase the sensor output signal by 
66.5%. 
[0037] The shape and dimensions of the diaphragm, ?oW 
disrupting feature and ?uid channel can be modi?ed to further 
increase the pressure sensor’s output signal. Such modi?ca 
tions can be based on analysis and prototype testing Which 
can be used to adjust the siZe and shape of the components to 
increase the output signal. 
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[0038] This invention can be embodied in other forms With 
out departing from the spirit or essential attributes thereof 
and, accordingly, reference should be had to the following 
claims rather than the foregoing speci?cation as indicating 
the scope of the invention. 
[0039] In the preceding description, certain details are set 
forth in conjunction With the described embodiment of the 
present invention to provide a suf?cient understanding of the 
invention. One skilled in the art Will appreciate, hoWever, that 
the invention may be practiced Without these particular 
details. Furthermore, one skilled in the art Will appreciate that 
the example embodiments described above do not limit the 
scope of the present invention and Will also understand that 
various modi?cations, equivalents, and combinations of the 
disclosed embodiments and components of such embodi 
ments are Within the scope of the present invention. 
[0040] The Abstract of the Disclosure is provided to com 
ply With 37 C.F.R. §l.72(b), requiring an abstract that Will 
alloW the reader to quickly ascertain the nature of the techni 
cal disclosure. It is submitted With the understanding that it 
Will not be used to interpret or limit the scope or meaning of 
the folloWing claims. 
We claim: 
1. A volumetric ?uid ?oW sensor, comprising 
a ?oW channel for ?oWing a ?uid therein; 
a diaphragm having an outer surface Within said ?oW chan 

nel, said diaphragm comprising at least one ?oW disrupt 
ing feature mechanically coupled to or emerging from 
said outer surface; and 

a sensing structure coupled to said diaphragm for generat 
ing a sensing signal responsive to a pressure signal on 
said diaphragm. 

2. The ?oW sensor of claim 1, Wherein said sensing struc 
ture comprises a plurality of pieZoresistive elements. 

3. The ?oW sensor of claim 1, Wherein said sensing struc 
ture comprises a capacitive element. 

4. The ?oW sensor of claim 1, further comprising a sub 
strate for supporting said ?oW sensor, Wherein said dia 
phragm is formed from said substrate and said ?oW sensor is 
a monolithic device. 

5. The ?oW sensor of claim 4, Wherein said substrate com 
prises silicon or glass. 
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6. The ?oW sensor of claim 1, Wherein said ?oW disrupting 
feature comprises a Wedge. 

7. The ?oW sensor of claim 1, Wherein said ?oW disrupting 
feature comprises a moment generating geometry. 

8. The ?oW sensor of claim 1, Wherein said diaphragm and 
said ?oW disrupting feature are formed from different mate 
rials. 

9. The ?oW sensor of claim 1, further comprising signal 
detection circuitry coupled to receive said sensing signal 
operable for determining a ?oW rate of said ?uid from said 
sensing signal. 

10. The ?oW sensor of claim 1, Wherein said sensing struc 
ture comprises a plurality of pieZoresistive elements, further 
comprising a plurality of bond pads coupled to each of said 
plurality of pieZoresistive elements, Wherein said plurality of 
bond pads are outside said ?oW channel. 

11. A method for sensing a volumetric ?oW of a ?uid, 
comprising: 
?oWing a ?uid over a diaphragm having an outer surface 

Within a ?oW channel, Wherein said diaphragm com 
prises at least one ?oW disrupting feature mechanically 
coupled to or emerging from said outer surface; 

generating a sensing signal responsive to a pressure signal 
from a portion of said diaphragm, and 

determining a ?oW rate of said ?uid from said sensing 
signal. 

12. The method of claim 11, Wherein said sensing signal is 
an electrical signal provided by a pieZoresistive sensing struc 
ture. 

13. The method of claim 11, Wherein said ?oW disrupting 
feature partially obstructs a ?oW of said ?uid to create a 
pressure differential betWeen opposite sides of said dia 
phragm, along a direction of said ?oW. 

14. The method of claim 11, Wherein said ?oW disrupting 
feature de?ects said ?oW of said ?uid to produce a force on 
said diaphragm. 


