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Abstract — Time-resolved serial femtosecond crystallography (TR-SFX) is a powerful technique for determining temporal
variations in the structural properties of biomacromolecules on ultra-short time scales without causing structure damage
by employing femtosecond X-ray laser pulses generated by an X-ray free electron laser (XFEL). The mixing rate of reactants
and biomolecule samples, as well as the hit rate between crystal samples and x-ray pulses, are critical factors determining
TR-SFX performance, such as accurate image acquisition and efficient sample consumption. We here develop two distinct
sample delivery systems that enable ultra-fast mixing and on-demand droplet injecting via pneumatic application with a square
pulse signal. The first strategy relies on inertial mixing, which is caused by the high-speed collision and subsequent coalescence of
droplets ejected through a double nozzle, while the second relies on on-demand pneumatic jetting embedded with a 3D-printed
micromixer. First, the colliding behaviors of the droplets ejected through the double nozzle, as well as the inertial mixing
within the coalesced droplets, are investigated experimentally and numerically. The mixing performance of the pneumatic jetting
system with an integrated micromixer is then evaluated by using similar approaches. The sample delivery system devised in this
work is very valuable for three-dimensional biomolecular structure analysis, which is critical for elucidating the mechanisms by
which certain proteins cause disease, as well as searching for antibody drugs and new drug candidates.

Key words: Time-resolved serial femtosecond crystallography, Sample delivery, Inertial mixing, 3D printing, Micromixer,
Pneumatic dispenser, Level set method
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Fig. 1. Schematic diagrams of experimental setups for mixing and delivery systems (a) based on double droplet collision and (c) integration of
3D-printed micromixing and pneumatic dispensing. 3D-printed emitters embedded with a metal needle and a micromixer are shown

in (c) and (d), respectively.

Table 1. Physical properties of the working fluids [13] (23£1 °C)

Percentage Viscosity Surface tension Density
of glycerol (Wt%) u (mPa-s) v (dyne/cm) p (g/em?)
0 1.0 71.2 0.99
46 4.8 65.5 1.12
60 10.7 64.8 1.16
70 22.5 64.5 1.18

33220a, Agilen) = ¥ ZES $13F 4153100 mV ~ 200 mV)
= 7FskSlnh A s FE R FA1E 4HE7)elA o]t
W8 o) AElE Fal A EFARE IS A, Al 77
= ool 71HEe] mlo] 3.2 71 E E-# (arduino-based microcontroller)
£ o] g3t s 4 et

EZY N0 AFE 7Hsksl] flste] viaw A= At
%114 7| 2h(Fastcam Mini UX100, Photron), € F(diffuser plate),
(kWS LED light)yS dE 2 wjx]slion, E&H A7 9 A
ol gk o|u A& A7) $lall 21 8000 | o) o= 4 &
skt

3. RloiA] 2 JHE

-3+ 2 AW (finite element method)”|{Fe] A8 =X]lj4] L2 7
2ol COMSOL Mutiphysics (v5.5, COMSOL Inc.)S ©]&3}o] o]
T 2Es e TY AR AlAEE B EEE KA AT odSE
95t A4 RS ekl thFig. 2(a)). = FRIEIA M=
A (flow field)$F 22 Al(level set)ell thet A W7 2l (transport
equation)S 153t AAHFITH14]. -39} AMAAL gh4=ef] ot
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Fig. 2. (a) Computational domain and (b) mesh of the numerical
model for the double droplet collision-based mixing and deliv-
ery system. (c) Computational domain and (d) mesh of the
numerical model for the 3D-printed micromixer.
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Fig. 3. Flight velocity of droplets ejected from the pneumatic dispenser
as a function of pneumatic pressure and liquid viscosity.
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Fig. 4. Temporal variation of the shape and internal mixing of two colliding droplets with different colours in (a) the diagonal and (b) the hor-
izontal directions. Consecutive photographs of (c) and (d) from a magnified view show colliding droplets diagonally and horizontally,

respectively.
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Fig. 5. Consecutive photos of a droplet emitted from the integrated system of 3D-printed micromixing and pneumatic dispensing.
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Fig. 6. (a) Volume and (b) flight velocity of the ejected droplet as a function of the delay time when pneumatic pressure is applied with a

square pulse.

4-4. % 7IX| CI2 EIRJQ| =11 olN 9 QIME! A|ARI| CHEH TR A A S AAEsle] Aatelo 2 FE 5 ety A
SR[oHA] Za} O] T RS 5T T QS Ao eitsit)

L AFAE o) wERNEH AP0 B FENEe R BEE o9} Y&, 3a19l ZRE 7ke] wlo]| A2 u|A 9] vl AJ5S
¥ WA FE AKS o Z3H= |4 maS /el thFig. AS3k7] gt FAle A El B JHsFA th(Fig. 7(c) and (d)).
7(a) and (b)). ¥ |34 o] A F= Aol tigh HF A AN mEs Bl IE T A9 ] A A7) vlE e
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Fig. 7. Numerical predictions for the colliding dynamics of two
droplets emitted from the double pneumatic dispenser in
(a) the diagonal and (b) the horizontal directions. Numer-
ical predictions for (c) concentration distribution and (d)
mixing index of the micromixer as a function of Renolds
number.
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