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Abstract: A 3D printing technique was introduced to a quartz-enhanced photoacoustic spectroscopy
(QEPAS) sensor and is reported for the first time. The acoustic detection module (ADM) was designed
and fabricated using the 3D printing technique and the ADM volume was compressed significantly.
Furthermore, a small grin lens was used for laser focusing and facilitated the beam adjustment in
the 3D-printed ADM. A quartz tuning fork (QTF) with a low resonance frequency of 30.72 kHz was
used as the acoustic wave transducer and acetylene (C2H2) was chosen as the analyte. The reported
miniaturized QEPAS trace gas sensor is useful in actual sensor applications.
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1. Introduction

Due to the advantages of highly sensitive, non-invasive, in situ, real-time observations, laser
gas sensing methods have attracted a wide range of interest in recent years and are extensively
used for environment monitoring, combustion diagnosis, biomedical science, and industrial process
control [1–3]. Among these methods, photoacoustic spectroscopy (PAS) is one of the most attractive
gas sensor techniques, and it is based on the photoacoustic (PA) effect. In the PAS method, a laser
source is used to periodically heat a gas sample when the laser emission wavelength matches an
absorption line of the gas species. The pressure wave resulting from the non-radiative processes yields
an indirect measure of the relative gas concentration. The resulting pressure modulation is detected
as acoustic waves using a microphone. However, the acoustic emission signal in PAS is exceedingly
weak. Thus, a resonator with a higher resonant Q factor to amplify the signal is essential. However,
the size of a typical photoacoustic resonator is relatively large [4].

The quartz-enhanced photoacoustic spectroscopy (QEPAS) technique is an improvement of the
PAS method [5]. Unlike a microphone, in QEPAS a piezoelectric quartz tuning fork (QTF) is used as
the acoustic wave transducer [6]. The QTF has extremely low internal losses and the Q factor is ~10,000
at 1 atm. Furthermore, it has an acoustic quadrupole geometry. This means it has low sensitivity to
external sound [7]. Due to the merit of high sensitivity, the QEPAS technique has been used for the
detection of numerous gases, such as carbon disulfide (CS2), nitrous acid (HONO), hydrogen sulfide
(H2S), ethylene (C2H4) and hydrogen chloride (HCl) [8–12].

In contrast to traditional microphone-based PAS, in QEPAS a size limitation of the gas cell no
longer exists. Therefore, a QEPAS sensor gas cell can be designed as described in [13–16]. In this paper,
a novel 3D printing technique was introduced to the QEPAS sensor platform for the first time. The
acoustic detection module (ADM) was designed and fabricated using a 3D printing technique and
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the volume of the ADM was reduced significantly. A small grin lens was used for laser focusing and
facilitated laser beam adjustment in the 3D-printed ADM. Such a miniaturized QEPAS trace gas sensor
is beneficial in future trace gas-sensing applications.

2. Experimental Setup

The 3D printing technique offers ease of fabrication. Therefore, several parts of the ADM can be
fabricated as an entire device. UV-curable resin was used as the material in the 3D printing fabrication
process. The ADM, together with the 3D model from which it was printed, is depicted in Figure 1.
For the ADM a smaller volume is desirable. A key attribute in the design is the ability to correctly align
the collimated laser beam along the longitudinal axis. The 3D-printed ADM section has a length of
29 mm and a width of 15 mm. A small grin lens with a diameter of 1.8 mm made from borosilicate glass
was used for laser focusing. The laser beam was focused between the QTF prongs and passed through
the micro-resonator (mR) without touching. The total weight of the 3D-printed ADM containing the
QTF, grin lens and mR was only 3 g.
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A QTF with a low resonant frequency f 0 is beneficial to increase the QEPAS sensor signal [17].
Therefore, in this paper, different from normally used QTFs with f 0 values of ~32.76 kHz, a QTF with
an f 0 value of 30.72 kHz was used as an acoustic wave transducer. Acetylene (C2H2) was chosen as the
analyte due to its important applications in the detection of fault gases in transformers and in ethylene
streams for polyethylene production [18,19]. The schematic of the developed QEPAS sensor setup is
shown in Figure 2. Since the PA effect induces a secondary signal, it is a zero-baseline technique. This
means that no signal is produced in the absence of an absorbing species. A low-noise trans-impedance
amplifier (TA) with a 10 MΩ feedback resistor converted the current signal produced from the QTF
into a voltage. The lock-in amplifier had an integration time of 1 s.

A pigtailed, near-infrared, continuous-wave (CW), distributed feedback (DFB) diode laser
emitting at 1.53 µm was employed as the excitation source. The DFB diode laser was mounted in
a 14-pin butterfly package that included a thermoelectric controller (TEC). A 1530.37 nm (6534.37 cm−1)
absorption line was selected as one of the strongest in the 1.53 µm spectral range for C2H2 detection
using the HITRAN 2012 database [20], which is shown in Figure 3. This absorption line is free
from spectral interference of other molecules. The output wavelength of the diode laser targeted the
1530.37 nm absorption line by controlling the temperature of the TEC and the injection current. This
was accomplished by setting the diode laser temperature and current to 26 ◦C and 93 mA, respectively.
The experimentally determined temperature and current tuning coefficients were −0.40 cm−1/◦C and
−0.017 cm−1/mA, respectively. The performance of this DFB CW diode laser is shown in Figure 4.
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3. Results and Discussion

The C2H2-QEPAS sensor performance was evaluated using 2000 ppmv (parts in 106 by volume)
C2H2 in nitrogen (N2). The flow rate was controlled to be 120 cm3/min using a mass flowmeter. The
measurements were performed under laboratory conditions (i.e., atmospheric pressure and room
temperature). An optimum distance between the top of QTF prongs and the diode laser beam of
0.7 mm was chosen to achieve the maximum QEPAS signal amplitude [21]. Furthermore, the laser
wavelength modulation depth was optimized. The relationship between the QEPAS signal amplitude
and the laser wavelength modulation depth for a 2000 ppm C2H2:N2 mixture is shown in Figure 5.
Initially, the QEPAS signal increased when the modulation depth increased, and did not change
appreciably when the modulation depth was >0.18 cm−1.
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Figure 5. C2H2-QEPAS signal amplitude as a function of the modulation depth.

When two metallic tubes are added to both sides of the QTF in order to provide a micro-resonator
(mR), the QEPAS sensor signal is improved significantly. The optimum length L of the mR tubes
should be in the range of λs/4 < L < λs/2, where λs is the sound wavelength. For a sound velocity
of 340 m/s and a frequency of sound of 30.72 kHz, the optimum length of the mR tubes should be
in the range of 2.8 mm < L < 5.5 mm. In the following experiments, the different lengths of 3, 4 and
5 mm were investigated, respectively, and the inner diameter of the stainless tubes was 0.5 mm. The
measured 2f C2H2-QEPAS signal amplitude as a function of the modulation depth when different
mRs were employed is shown in Figure 6. The maximum signal enhancement was obtained when
L = 5 mm and a nine-fold improvement was achieved at this condition. For a modulation depth of
0.18 cm−1 and L = 5 mm, the measured 2f QEPAS signals are shown in Figure 7a. When the ADM was
filled with ultra-high-purity nitrogen (N2), the background noise of the QEPAS sensor was determined.
Figure 7b shows the measured results. The background signal was 2.2 µV. The 1σ minimum detection
limit (MDL) of the C2H2-QEPAS sensor was 2.0 ppm for a 1 s time constant of the lock-in amplifier
based on the data depicted in Figure 7.
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4. Conclusions

In conclusion, a 3D printing technique was introduced to a QEPAS-based trace gas sensor for
the first time. The ADM was designed and fabricated using a 3D printing technique and the ADM
volume was compressed significantly. Furthermore, a tiny grin lens was used for laser focusing and
facilitated the beam adjustment in the 3D-printed ADM. The total weight of the 3D-printed ADM
containing the QTF, grin lens and mR was only 3 g. C2H2 was chosen as the analyte and a QTF with
a low resonance frequency of 30.72 kHz was used as the acoustic wave transducer. After optimization
of the modulation depth and the length of the mR tubes, a MDL of 2.0 ppm for the C2H2-QEPAS
sensor was obtained when the modulation depth was 0.18 cm−1 and the length of the mR tube was
5 mm. The miniaturized design method reported in this paper will be useful in certain applications of
a QEPAS trace gas sensor.



Sensors 2017, 17, 1750 6 of 7

Acknowledgments: This work was supported by the National Natural Science Foundation of China (Grant
Nos. 61405046 and 61505041), the National Key Research and Development Program of China (Grant
No. 2016YFC0205200), the Natural Science Foundation of the Heilongjiang Province of China (Grant Nos.
F2015011 and 51305089), the Application Technology Research and Development Projects of Harbin (No.
2016RAQXJ140), the Financial Grant from the China Postdoctoral Science Foundation (Grant Nos. 2014M560262
and 2015T80350), the Financial Grant from the Heilongjiang Province Postdoctoral Foundation (Grant Nos.
LBH-TZ0602 and LBH-Z14074), the Fundamental Research Funds for the Central Universities. Frank K. Tittel
gratefully acknowledges the financial support from a grant C-0586 from the Welch Foundation.

Author Contributions: Xiaotao Yang and Youhong Xiao performed the reported experiments. Yufei Ma was
leading the experiments. Ying He performed the data analysis. Frank K. Tittel provided valuable guidance as well
as contributed to the preparation of the manuscript. All authors were involved in numerous discussions related to
all aspects of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Arslanov, D.D.; Swinkels, K.; Cristescu, S.M.; Harren, F.J.M. Real-time, subsecond, multicomponent breath
analysis by optical parametric oscillator based off-axis integrated cavity output spectroscopy. Opt. Express
2011, 19, 24078–24089. [CrossRef] [PubMed]

2. Mohn, J.; Tuzson, B.; Manninen, A.; Yoshida, N.; Toyoda, S.; Brand, W.A.; Emmenegger, L. Site selective
real-time measurements of atmospheric N2O isotopomers by laser spectroscopy. Atmos. Meas. Tech. Discuss.
2012, 5, 813–838. [CrossRef]

3. Ma, Y.F.; Lewicki, R.; Razeghi, M.; Tittel, F.K. QEPAS based ppb-level detection of CO and N2O using a high
power CW DFB-QCL. Opt. Express 2013, 21, 1008–1019. [CrossRef] [PubMed]

4. Elia, A.; Lugarà, P.M.; di Franco, C.; Spagnolo, V. Photoacoustic techniques for trace gas sensing based on
semiconductor laser sources. Sensors 2009, 9, 9616–9628. [CrossRef] [PubMed]

5. Kosterev, A.A.; Bakhirkin, Y.A.; Curl, R.F.; Tittel, F.K. Quartz-enhanced photoacoustic spectroscopy. Opt. Lett.
2002, 27, 1902–1904. [CrossRef] [PubMed]

6. Patimisco, P.; Scamarcio, G.; Tittel, F.K.; Spagnolo, V. Quartz-enhanced photoacoustic spectroscopy: A review.
Sensors 2014, 14, 6165–6205. [CrossRef] [PubMed]

7. Mordmüller, M.; Köhring, M.; Schade, W.; Willer, U. An electrically and optically cooperated QEPAS device
for highly integrated gas sensors. Appl. Phys. B 2015, 119, 111–118. [CrossRef]

8. Waclawek, J.P.; Moser, H.; Lendl, B. Compact quantum cascade laser based quartz enhanced photoacoustic
spectroscopy sensor system for detection of carbon disulfide. Opt. Express 2016, 24, 6559–6571. [CrossRef]
[PubMed]

9. Yi, H.M.; Maamary, R.; Gao, X.M.; Sigrist, M.W.; Fertein, E.; Chen, W.D. Short-lived species detection of
nitrous acid by external-cavity quantum cascade laser based quartz-enhanced photoacoustic absorption
spectroscopy. Appl. Phys. Lett. 2015, 106, 101109. [CrossRef]

10. Wu, H.P.; Sampaolo, A.; Dong, L.; Patimisco, P.; Liu, X.L.; Zheng, H.D.; Yin, X.K.; Ma, W.G.; Zhang, L.;
Yin, W.B.; et al. Quartz enhanced photoacoustic H2S gas sensor based on a fiber-amplifier source and
a custom tuning fork with large prong spacing. Appl. Phys. Lett. 2015, 107, 111104. [CrossRef]

11. Wang, Z.; Li, Z.L.; Ren, W. Quartz-enhanced photoacoustic detection of ethylene using a 10.5 µm quantum
cascade laser. Opt. Express 2016, 24, 4143–4154. [CrossRef] [PubMed]

12. Ma, Y.F.; He, Y.; Yu, X.; Chen, C.; Sun, R.; Tittel, F.K. HCl ppb-level detection based on QEPAS sensor using
a low resonance frequency quartz tuning fork. Sens. Actuators B 2016, 233, 388–393. [CrossRef]

13. Liu, K.; Guo, X.Y.; Yi, H.M.; Chen, W.D.; Zhang, W.J.; Gao, X.M. Off-beam quartz-enhanced photoacoustic
spectroscopy. Opt. Lett. 2009, 34, 1594–1596. [CrossRef] [PubMed]

14. Borri, S.; Patimisco, P.; Galli, I.; Mazzotti, D.; Giusfredi, G.; Akikusa, N.; Yamanishi, M.; Scamarcio, G.; de
Natale, P.; Spagnolo, V. Intracavity quartz-enhanced photoacoustic sensor. Appl. Phys. Lett. 2014, 104, 091114.
[CrossRef]

15. Ma, Y.F.; Yu, X.; Yu, G.; Li, X.D.; Zhang, J.B.; Chen, D.Y.; Sun, R.; Tittel, F.K. Multi-quartz-enhanced
photoacoustic spectroscopy. Appl. Phys. Lett. 2015, 107, 021106. [CrossRef]

16. Zheng, H.D.; Dong, L.; Sampaolo, A.; Patimisco, P.; Ma, W.G.; Zhang, L.; Yin, W.B.; Xiao, L.T.; Spagnolo, V.;
Jia, S.T.; et al. Overtone resonance enhanced single-tube on-beam quartz enhanced photoacoustic
spectrophone. Appl. Phys. Lett. 2016, 109, 111103. [CrossRef]

http://dx.doi.org/10.1364/OE.19.024078
http://www.ncbi.nlm.nih.gov/pubmed/22109433
http://dx.doi.org/10.5194/amtd-5-813-2012
http://dx.doi.org/10.1364/OE.21.001008
http://www.ncbi.nlm.nih.gov/pubmed/23388995
http://dx.doi.org/10.3390/s91209616
http://www.ncbi.nlm.nih.gov/pubmed/22303143
http://dx.doi.org/10.1364/OL.27.001902
http://www.ncbi.nlm.nih.gov/pubmed/18033396
http://dx.doi.org/10.3390/s140406165
http://www.ncbi.nlm.nih.gov/pubmed/24686729
http://dx.doi.org/10.1007/s00340-015-6037-9
http://dx.doi.org/10.1364/OE.24.006559
http://www.ncbi.nlm.nih.gov/pubmed/27136846
http://dx.doi.org/10.1063/1.4914896
http://dx.doi.org/10.1063/1.4930995
http://dx.doi.org/10.1364/OE.24.004143
http://www.ncbi.nlm.nih.gov/pubmed/26907064
http://dx.doi.org/10.1016/j.snb.2016.04.114
http://dx.doi.org/10.1364/OL.34.001594
http://www.ncbi.nlm.nih.gov/pubmed/19448832
http://dx.doi.org/10.1063/1.4867268
http://dx.doi.org/10.1063/1.4927057
http://dx.doi.org/10.1063/1.4962810


Sensors 2017, 17, 1750 7 of 7

17. Ma, Y.F.; Yu, G.; Zhang, J.B.; Yu, X.; Sun, R.; Tittel, F.K. Quartz enhanced photoacoustic spectroscopy based
trace gas sensors using different quartz tuning forks. Sensors 2015, 15, 7596–7604. [CrossRef] [PubMed]

18. Marshall, S.T.; Schwartz, D.K.; Medlin, J.W. Selective acetylene detection through surface modification of
metal–insulator–semiconductor sensors with alkanethiolate monolayers. Sens. Actuators B 2009, 136, 315–319.
[CrossRef]

19. Miller, K.L.; Morrison, E.; Marshall, S.T.; Medlin, J.W. Experimental and modeling studies of acetylene
detection in hydrogen/acetylene mixtures on PdM bimetallic metal–insulator–semiconductor devices. Sens.
Actuators B 2011, 156, 924–931. [CrossRef]

20. Rothmana, L.S.; Gordon, I.E.; Babikov, Y.; Barbe, A.; Benner, D.C.; Bernath, P.F.; Birk, M.; Bizzocchi, L.;
Boudon, V.; Brown, L.R. The HITRAN2012 molecular spectroscopic database. J. Quant. Spectrosc. Radiat. Transf.
2013, 130, 4–50. [CrossRef]

21. Ma, Y.F.; He, Y.; Yu, X.; Zhang, J.B.; Sun, R.; Tittel, F.K. Compact all-fiber quartz-enhanced photoacoustic
spectroscopy sensor with a 30.72 kHz quartz tuning fork and spatially resolved trace gas detection.
Appl. Phys. Lett. 2016, 108, 091115. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/s150407596
http://www.ncbi.nlm.nih.gov/pubmed/25825977
http://dx.doi.org/10.1016/j.snb.2008.11.026
http://dx.doi.org/10.1016/j.snb.2011.03.007
http://dx.doi.org/10.1016/j.jqsrt.2013.07.002
http://dx.doi.org/10.1063/1.4943233
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Setup 
	Results and Discussion 
	Conclusions 

