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Abstract-The problems of medical breath tests exploitation
were considered, and a method for solving these problems was
proposed. A review of current systems and calibration methods
was carried out. The benefits and deficiencies of these systems
were highlighted. A non-standard method of preparation and
calibration was described. A calibration device was provided to
automatically prepare a standard test gas for calibrating medical
respiratory sensors. Preparation errors of this device were
quantitatively estimated and were 4% and 12.5% compared to
commercially available device accuracy. Choice of the component
to produce this device was provided.

1. INTRODUCTION

Recently, the stomach microbiome was considered a fully
functioning organ, whose health directly influences the human
body. For example, research [1] shows that methanogens can
cause Alzheimer's disease. Study [2] describes that the risk of
developing obesity is related to M. smithii bacteria. The
stomach microbiome during its growth produces methane and
hydrogen. Afterward, these gases are eliminated from the body
via blood and lungs. It was found that methanogens and
hydrogen-producing bacteria have a symbiotic relationship [3].
Methane and hydrogen content in breath can serve as an
indicator of show stomach microbiome health [4].

Hydrogen and methane breath analyzers are widely used in
medical practice. According to the gas analyzer, diagnosis of
carbohydrate intolerance (lactase deficiency, sucrase-
isomaltase  insufficiency) carbohydrate = malabsorption,
galactose and glucose malabsorption, small bowel bacterial
overgrowth syndrome, exocrine pancreatic insufficiency,
hepatic cirrhosis, constipation, coeliac disease and other can be
done [5].

Today, the maintenance of medical gas analyzers is a
complex and unresolved challenge. The gas sensors must be
daily, weekly, or monthly calibrated to provide high
metrological characteristics [6].

The most known traditional calibration method is the use of
pressure bottles with calibrations gas (typical industrially
manufacturing). These bottles contain gas at known
concentrations. Various concentration ranges require more
pressure bottles. Calibration through a gas cylinder limits the
number of calibration points, that influence the quality of
analysis. Pressure bottles must be first safely stored and
maintained. As a result, it is difficult to automate the
calibration process and create barriers to the introduction of
medical breath tests for mass individual use. In addition, target
gas concentration may change over time due to leaks or
chemical interactions [7].
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II. COMMERCIALLY — AVAILABLE CALIBRATION DEVICES

A device, which performs gas calibration through standard
gas mixing. This device dilutes a standard gas mixture to
generate various concentrations of the calibration gas. For
example, dilution calibrator GGS-03-03 (I'TC-03-03, OOO
“Monitoring®, Russia) [8]. Such a generator can reduce the
number of gas cylinders.

Gas generators with microflow gas sources, for example,
GDP — 102 (I'IIT — 102, FSUE "SPA "Analitpribor", Russia)
[9], are also in use today. A Microflow source is a vessel with
permeable walls, that contain pure liquid gas or liquid. During
blow, gas diffuses from this vessel at a constant speed. The
major flaw of devices with microflow gas sources or dilution
calibrators is the necessity of gas cylinders presence.

The market has systems such as UK — 01 (YK — 01, “Alfa
Bassens”, Russia) which generates hydrogen calibration gas
through mixing of a fixed value of air and target value of pure
hydrogen [10]. Gaseous hydrogen is released in the chemical
reaction of dissolution of metallic zinc in dilute sulfuric acid
Zn + H,SO, — ZnSO, + H,. This process involves a complex
manual procedure of weighing a zinc metal using a
microchemical balance. Such devices do not require a
calibration gas cylinder but do not solve the problems of
simplification and automatization of the calibration process for
the end-user.

Another existing device [11] allows the preparation of a
calibration mixture of zero-point gas through incineration of
atmosphere air and again uses target gas for a lot of calibration
cycles. This device does not need a calibration gas cylinder but
works correctly only for zero-point.

Besides, a similar device exists which can calibrate gas
sensors without wasting calibration gas. For example [12],
such a device can use an infrared beam passed through optic
fiber and a transparent sealed vessel with a certain
concentration of target gas and then hit the calibrated optic gas
sensor. However, this method is good only for optic methane
sensors and is not suitable for medical purposes.

A method of obtaining the hydrogen gas using electrolysis
of water [7] is known. This method allows the preparation of
hydrogen calibration gas wusing solid-state electrolysis.
However, this method is not available for methane and
requires maintaining a high temperature of the unit.
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Fig. 1. Self-calibration bioengineering system for the medical breath tests

Based on the above considerations, there is a problem of
developing a hydrogen and methane calibration device that
will enable conversion from gas calibration cylinders to other
technologies.

The calibration device (Fig. 1), presented in this work,
meets the requirements of the automation challenge of medical
breath test sensors in research such as [13]. Such studies
require maintaining high metrological characteristics for a
time. The device will help to simplify and automate the
calibration process, which currently requires certain
competence of the operator, and simultaneously can be
portable enough to be integrated into a breath analyzer.

III. METHOD FOR PRODUCING METHANE AND HYDROGEN

There are several ways to produce hydrogen. These are
electrolysis in different electrolysis cells [14,15, 16] 2H,0 —
2H,1 + O,1, obtaining hydrogen from the hydrides [17] MHn
+ H,O — M(OH) + H,1, or metal hydration [11] Al + 3H,O
— AI(OH); + 1.5H,7, hydrogen also can be obtained in a
special electrolytic cell such as [18]. In addition, hydrogen is
formed by mixing some metals with acids.

The methods of methane-producing are production from
single substances reaction C + 2H, — CHy,, from synthesis gas
CO + 3H, — CH4 + H,O, from a mixture of sodium acetate
and sodium hydrate CH;COONa + NaOH — Na,CO; + CHyt,
by hydrolysis of aluminum carbide ALC; + 12H,0 —
4Al(OH); + 3CH41 or Grignard reagent CH;Mgl + H,O —
CH4t + Mg (OH)L

IV. PROPOSED CALIBRATION DEVICE

In the proposed device (Fig.3) calibration gases will be
prepared from liquid reagents and ambient air by mixing two
gas flows at a specified proportion. Mixing results in the flow
of calibration gas for examination of medical breath test gas
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Fig. 2. Tube in tube microreactor [17]

sensor. The functional block diagram is shown in Fig. 2. The
working principle is described on the example of methane.

Methane is produced in the “tube in tube” microreactor
[17]. This reactor is composed of an internal tube made from a
hollow fiber membrane and an external tube made from
polytetrafluoroethylene (PTFE). Reagents are placed in an
external tube, and products are released in the internal

capillary (Fig. 1).

The advantages of reacting in microreactor are high-rate
coefficients for reactions, safety, simplified automatized
process, pure end-product, and good repeatability and
reproducibility [18]. Microreactors can prepare explosive
gases excluding transportation and storage [17].

Mixing Grignard reagent with water methane results in gas
methane diffusing through a semi-permeable membrane into
the internal capillary. Hydration of Grignard reagent is an
exothermic reaction and proceeds violently [22]. As methane
is nearly insoluble in water and ether, so it easily diffuses
through the liquid and internal capillary.

Different concentrations of the calibration gas are obtained
from two different simultaneous dilution principles. The first
principle is flow dilution and the second is flow direction
modulation. Modulation is the control flow of target gas or
predilution mixed gas to accumulate flexible vessel or outflow
to the atmosphere with a certain pulse ratio or duty cycle. To
achieve low concentration two dilution cycle is implemented.

Flows are fixed on certain levels using a control system
with feedback. Gas is pumped to the inlet of the critical
orifice, and there is a mounting pressure and temperature
sensor. The sensor helps to read the information on flow
conditions and then the control device adjusts the capacity of
the stream. Therefore, at inlet maintained fixed pressure, and
the outlet of the critical orifice maintained fixed gas flow.

A critical orifice allows for definite mass flow through an
orifice of a certain diameter at a given pressure at the inlet.
Flow depends only on gauge pressure (Fig. 4).

Herewith consider the temperature according to equation 1
[23]:

T,

T

Q:=Q, (M
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Fig. 3 Function block diagram of the calibration device.

And different gases according to equation 2 [23]:

Flow(air)
vS.G.

In (1), Qr is a flow at a different temperature, Qg is an
experimentally obtained flow, Tr is a standard absolute
temperature, Tg is a different absolute temperature, S.G. is the
specific gravity of gas relative to air.

Flow(gas)= 2)

Block diagram of the proposed device is shown in Fig. 3,
where 1-3 are sealed flexible volume, 5,6 and 7-9 are liquid
and gas pumps respectively, 10—-12 are control devices with
pressure and temperature sensors, 13 is a three-way valve, 14
and 15 are the volumes with a liquid reagent such as water and
Grignard reagent, 16 is a tube in tube microreactor, 17 and 18
is a critical orifice, 19 and 20 are normally open liquid valve,
21-31 are normally open gas valve, AIR mean communication
with the atmosphere, SENSOR mean outlet for calibration
sensor

A device shown in Fig. 3 operates as follows. It prepares
clear target gas in the microreactor and then dilutes it to the
necessary concentration in one or two dilute cycles. Dilution
takes place at two controlled gas flows. Herewith flow is
managed via pump pressure and temperature sensor and
controller, which fixed it on a certain level.

For example, by mixing a target gas flow with 24.5
cm’/min [23] and a diluent airflow with 2.62:10° cm®/min
[23], we obtain a dilution of about 1/100 in one cycle in
volume 2. After that, it can repeat dilution from volume 2 to
volume 3. The volume will have the target gas at 1/10,000 or
100 ppm dilution without using flow modulation. If you
modulate the flow at each dilution step by diluting at 1/10, we
get a dilution of 1/100 in two steps with a resulting
1/1,000,000, or 1 ppm.

Therefore, if you dilute the target gas with modulating,
then you will have obtained calibration gas with a
concentration of 1 to 100 ppm. This corresponds to the
necessary concentration rate of an already known gas in
human breath and the rate for medical hydrogen and methane
breath analyzers.

SENSOR
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Mass Flow
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p
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P,/P, — Absolute Pressure Ratio
Fig. 4. Relationship between pressure and air mass flow through orifice [23]

The algorithm operates as follows (Fig. 3):

Algorithm 1 Preparations methane calibration gas

0: At first, sealed bag 1 and internal capillary 16 are
evacuated via pump 7 and valve 13. They prepare a
volume for the target gas in this manner.
1: Pumps 5 and 6 from tanks 14 and 15 pump reagent
into microreactor 16. The volume of reagents must be
chosen so that they refresh the volume of the capillary.
The flow was controlled through wvalves 19, 20.
2: The interaction of Grignard reagent with water results
in the formation of methane. Methane fills internal
capillaries in microreactor 16 and volume 1 through open
valve 20 which is set in the volume of atmospheric
pressure.

3: Then, pump 7 pumps target gas into volume 2 via
critical orifice 17, and flow control is accomplished via
manage device 11, which includes a pressure sensor and
a temperature sensor. The controlling device read
temperature and pressure properties at the inlet of the
critical orifice and then adjusted the capacity of the
stream so that flow at critical orifice outlet 17 was at a
fixed level.

4: Simultaneously, in addition to operating pump 8, it
controls device 11, which includes temperature and
pressure sensors at the critical orifice's inlet 18. They
create a fixed flow of atmospheric air, which here is
diluent gas. Valve 25 and 30 are now open. Volume 2 is
progressively filled in the low concentration of target
gas. Flow is fixed at a certain pressure and a certain
diameter of the critical orifice.

5: Here, control device 12 with three-way valve 13
modulates target gas flow, directing the stream either to
the accumulated volume or to the atmosphere based on
the required concentration in the dilution result. The first
stage is completed, the valves 23, 25, and 30 are closed,
and volume 2 contains prediluted calibration gas.

6: After that, valves 26, 27, and 30 open and, if you
already know the method, dilute the prediluted
calibration gas from volume 2 with atmospheric air and
fill volume 3. Flow with prediluted calibrated gas fixed
at critical orifice 17, the control device 10 includes
pressure and temperature sensors, which operate gas
pump 7 and modulate with required duty factor via
commutation of the three-way valve 13 diluted with
airflow through components 8,11, and 18.
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AIR FLOW — SCCM

Orifice
Diameter (In.) 0003 0005 .0007 .0010 0015 0020 0025 0030 .0035 .0040 0050
Size Number ocC 0E 0G 1 1E 2 2E 3 3E 4 5
Cv 0000019 0000053 0000104 0000216 0000477 0000840 0001300  .0001860 0002580 0003490 .0005450
0.50 1.38 2.70 5.60 124 209 338 48.2 67.9 90.6 144
0.72 2.00 3:92 8.13 18.0 313 494 70.6 97.1 133 203
=11 =
- 5 0.90 251 4.92 10.2 223 40.2 62.6 88.7 123 164 253
= 20 1.08 299 5.86 12.2 26.7 47.7 74.5 108 146 194 299
- 25 1.24 3.44 6.74 14.0 31.0 55.0 86.0 124 168 220 344
E 30 1.40 3.90 7.64 15.9 353 62.1 97.3 141 190 250 390
é 40 1.74 4.83 9.47 197 438 774 123 173 233 309 482
= 50 2.09 5.80 11.4 245 53.2 021 146 204 278 369 570
—: 60 242 6.73 13.2 284 61.8 107 169 237 324 428 662
2 70 2.76 1.65 15.0 325 70.2 121 192 270 369 487 753
o) 80 3.09 8.57 16.8 36.5 789 135 215 303 415 542 845
90 345 9.56 18.7 40.7 87.4 153 241 337 461 602 938
100 3.80 10.6 20.9 44.8 96.1 168 269 371 504 662 1036
Flow Accuracy +0.40 +0.50 +0.60 +0.70 =1.5 +4 +6 +8 +10 +20 +20
(@ 25 psig SCCM SCCM SCCM SCCM SCCM SCCM SCCM SCCM SCCM SCCM SCCM
Fig. 5. Relationship between flow rate pressure and diameter of critical orifice, where SCCM - Standard cu. cm. per min. or cm’/m [23]
Metal Orifice Air Flo SLPM
Orifice
Diameter 0.004 0.005 0006 0.007 0008 0.009 0010 0.011 0012 0.013 0014 0015 0016 0017 0.018 0019 0020 0021 0.022 0.023 0.024 0.025 0026 0027 0028 0.029 0.031 0032 0.033
Inches
Size
Number 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 31 32 33
C, 0.00035 0.00061 0.00086 0.0012 0.0015 0.0019 0.0025 0.0028 0.0034 0.0038 0.0043 0.0050 0.0055 0.0067 0.0073 0.0080 0.0088 0.0096 0.011 0.012 0.013 0.014 0016 0017 0018 0.019 0.022 0.024 0.025
T 0.035 0.064 0.086 0.127 0.170 0.226 0.280 0.308 0398 045 052 061 066 077 08 096 105 113 129 141 154 167 191 105 221 239 265 28 303
5 009 016 021 030 040 052 065 071 092 106 121 141 154 176 198 222 247 265 297 324 353 383 434 444 494 531 58 642 680
10 012 022 031 043 057 074 093 101 129 148 168 195 201 226 254 283 316 353 433 475 518 555 615 643 7.8 783 863 940 998
- 15 016 028 039 054 072 093 117 126 162 185 210 244 250 285 323 357 401 441 535 593 643 695 758 795 878 958 106 116 123
H 20 019 033 046 065 085 110 138 149 192 219 249 287 297 340 386 426 484 522 635 695 758 815 890 928 103 112 124 135 143
! 25 022 039 053 075 098 127 159 171 220 250 286 328 342 392 445 491 559 601 730 795 865 938 102 107 117 128 142 154 163
H 30 025 044 060 085 112 143 180 193 247 282 321 369 387 443 503 556 633 681 823 898 975 106 115 120 132 144 159 173 184
H 40 030 054 074 105 138 177 221 237 304 345 393 451 478 547 621 685 781 842 101 1.0 120 130 141 147 161 175 194 211 225
e 50 036 065 088 126 165 210 262 280 358 407 464 531 570 651 740 815 926 100 119 130 142 154 166 173 190 207 229 250 266
2 60 042 075 102 146 191 242 302 323 413 470 534 613 661 756 858 946 107 116 138 150 164 177 192 200 219 238 264 288 307
a 70 048 086 1.16 167 217 275 343 366 468 532 605 696 753 861 977 108 122 132 156 17.0 185 201 217 227 248 270 300 327 349
80 054 096 130 187 243 308 38 409 523 595 677 779 846 967 110 121 137 149 175 190 207 225 242 253 277 302 336 367 390
90 060 107 144 208 269 340 423 451 578 658 7.49 862 938 107 122 134 152 165 193 21.0 229 249 268 280 307 335 372 406 432
100 066 117 158 228 205 372 463 494 633 722 821 946 103 118 134 147 166 180 211 230 251 274 294 308 337 368 409 446 475
T 5 0.053 0096 0.129 0.191 0.253 0.332 0406 0.450 0582 0.661 0773 0.899 0977 1.14 128 141 155 170 190 210 230 248 274 283 316 341 378 412 432
K 10 | 0069 0124 0.168 0.246 0.324 0421 0519 0.564 0.730 0.834 0972 112 124 141 158 179 196 218 244 268 289 313 344 358 400 430 477 516 543
££ [F 15 | 0075 0.134 0.185 0.268 0351 0.455 0566 0614 0792 0902 107 122 135 155 175 194 219 232 261 285 312 334 365 378 420 451 505 545 572
3< [z 20 | 0075 0134 0.185 0.268 0.351 0455 0566 0614 0792 0.902 1.07 122 135 155 175 104 249 232 261 285 312 334 365 378 420 451 505 545 572
2[5 a 0.075 0.134 0.185 0.268 0.351 0455 0.566 0.614 0.792 0.902 1.07 122 1.35 155 175 194 219 232 261 285 312 334 365 378 420 451 505 545 572
Fig. 6. Relationship between flow rate pressure and diameter of critical orifice, where SCCM — Standard Liters Per Minute. or 10~ cm?*/m [23]

V. OVERVIEW OF AVAILABLE COMPONENTS

As pumps 14 and 15 must be used pump with a small
dosage volume. Micro annular gear pump mzr-2505 has a
dosage volume of 0.25 cm’. That would enable preciseness
and economically consume reagents [24].

Gas pump BTX-Connect Single Head Compact BLDC
Motor BIC has a small size. His flow rate is up to 9-10°
cm’/min [25]. This pump is used as pump 7,8,9 in Fig. 3.

As three-way valve 13 chosen BIBUS 320 series with a
minimum response time of less than 1.5 ms [26].

Diameters of the critical orifice were chosen 0,0254 mm
(size number 10 in Fig. 6) for target gas (item 17) and 0,254
mm. (size number 1 in Fig. 5) for diluent atmosphere air (item
18). Data in Fig. 5,6 was experimentally determined and
provided by the manufacturer [23].

Capillary microreactor 16 is such as in research [20] with
the following parameters presented in Table I:
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Here, the length of the microreactor was 1 cm (50 times
shorter than in research [20]). Then, inlet and outlet volumes
were  V,=9,498-10° cm’ and V,=0,96:10° cm® [18]
respectively.

As pressure sensor in the control of devices 10 and 11 will
be Absolute and Gauge Pressure transducer Series 2000 with
high accuracy of 0.01% [27]

VI. ESTIMATE AN ACCURACY CALIBRATION DEVICE

A calibration of methane analyzer using Grignard reaction,
errors occur at preparation target gas 8, pressure sensor error
d,, uncertainty flow through critical orifice 8; and inaccuracy
by three-way valve d,.

At the beginning of the reaction, internal capillary 12 and
some volume in the sealed bag 11 have an unknown gas
mixture, because gas evacuates incompletely. Take it into
consideration as an error. Providing pressure into capillary
equals the atmospheric.
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TABLEI. TUBE IN TUBE MICROREACTOR DIMENSIONAL CHARACTERS
Capillary | Diam. Value Unit 10° cm®/ cm
internal internal 350 um 0.96
external 450 pum
external internal 1 ‘ mm 9.498
external | Not provide

Calculate the amount of a substance in this gas mixture from
the equation 3:
P.xV.
v, =4 —2=0.23x10"mol 3)
RXT,

air

where 7,,=300 °K; P,;,=10° kg/(m-sz) are  atmospheric
temperature and pressure; R=8.31; v, is an amount of error
gas.

Provide concentration of reactant CH3MgI = 3-10° mol/cm’
(commercially available methylmagnesium iodide [28]) the
amount of methane after completing the reaction from
equation 4:

Ve =3x10° mol/cm3X%:142.47X 10"mol  (4)

where vcpg 1s the amount of target methane gas. The ratio of
the reactant volume is 1:1.

This gas mixture is used in the following as target gas.
Here the concentration of methane is from equation 5:

Yo 100% =99.2% )

Ve'rr +VCH4
It means §,= 0.8% error of preparation target gas mixture.

At normal pressure and temperature this gas will flood the
volume from the equation 6:

P X Ve tVens)

3
s RAT. 571 cm (6)

where 7,,=300 °K; P,;,=10° kg/(m-sz) are  atmospheric
temperature and pressure R=8.31; v, is the amount of error
gas; vcps 18 the amount of target methane gas; Vg, is the
volume of the gas mixture at normal pressure and temperature.

According to technical documentation [27] pressure sensor
accuracy is 6,=0.01%.

Critical orifice flows uncertainly accepted as from equation 7:

=07 100% %)
24.5

63

where 0.7 cm’/min is a flow rate error at a nominal flow rate
of 24.5 cm’/min at a certain condition: at 50 psig pressure and
0,0254 mm orifice diameter. This data in Fig. 5,6 was
experimentally determined and provided by the manufacturer
[23].

Inaccuracy by the three-way valve (1.5 ms response time)
8, was evaluated as the rate of difference between a rectangle
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and trapeze flow signal area to a rectangle flow signal area.
The rectangle flow signal area is an ideal signal without a 1.5
ms uncertain time.

The trapeze flow signal is an approximate real signal with

a 1.5 ms response time (Fig. 7). Herewith signal duration is 20
ms according to equation 8:
+

20msx .- 20ms+17ms y

S-S
84 — _rec tra_ o 100%: 2
S 20msx1

1

x100% (8)

rec

where S, is a rectangle area in Fig. 7 Sy, is a trapeze area in
Fig. 7.

There is the worst-case accuracy o of calibration gas
preparation i.e., 1ppm calibration gas error according to GOST
12.1.016-79 is from the equation 9,10:

5=1.1%/8,2 +2x5,2 428, +2x5,’ 9)
Here coefficient 2 means two cycle
preparation.
2
20- 20+17

5=1.1 0.8 12x0.012+2( 2L x100)+2| ——2x100| (10)
245 20

And the best-case accuracy 6 of calibration gas preparation
i.e., 100ppm calibration gas error according to GOST
12.1.016-79 is from the equation 11,12:

§=1.1%/8,24+2x5,2+2x3,’ (11)

8:1.1X\/0.82 +2X0.012+2X(%X100)2 (12)

with coefficient 1.1 and confidence coefficient equal P=95%.
The worst-case accuracy of calibration gas preparation equals
12.5%. The best-case accuracy of calibration equals 4.5%

This is less than the accuracy of the medical breath

analyzer £20 %, and less than physiological hydrogen and
methane breath concentration variations =10 %.

5
Flow

0:54+

time

Fig. 7. [llustration of calculation Oy.
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VII. CONCLUSION

As aresult, a device shown on the functional diagram (Fig.
3) would replace the need for a pressure bottle for calibration
methane and hydrogen medical breath tests. Herewith the
preparation error of this device is no more than 12,5%.Target
gas in this mixture may vary from a few up to several hundred
ppm, which enables calibration of the sensor with a nonlinear
transfer function. The claimed device makes it possible to
automate and simplify the calibration process and eliminate
storing, buying and maintaining expensive and unwieldy
pressure gas cylinders.

In comparison with a device such as dilution calibrator
GGS-03-03 [8], the proposed calibrator does not need a
calibration gas vessel and therefore it is more compact. The
proposed device can prepare hydrogen target gas while a
microflow gas generator like GDP — 102 [9] has no hydrogen
microflow source solution. A system such as UK — 01 [10]
could not be automatic in contrast proposed calibration device
and in addition, it has less accuracy. Solution [7, 11, 12] in
comparison proposed device can’t calibrate simultaneous
hydrogen and methane gas sensors. A comparison with
existing systems is presented in Table II.

TABLE II. COMPARISON WITH ANALOGS [8,9,10]
Parameter GGS-03-03 GDP-102 UK-01 Proposed device
Methane Yes Yes No Yes
Hydrogen Yes No Yes Yes
Other gas Yes Yes No Yes
(with other
reagents)
Accuracy 0,2 -4% 8-12% not 4-12.5%
provided
Ratio 10°t010°% | 0,7t033 | 3t010% 10°to 10* %
(Volume mg/m3 (Volume (Volume ratio)
ratio) (Volume ratio)
ratio is not
provided)
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