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a b s t r a c t 

Magnetic liquid metal droplets (MLMDs) have been proven to be very important in many fields such as 

flexible electronics and soft robotics. Usually, soft magnetic particles such as nickel (Ni) and iron (Fe) are 

mixed or suspended into the liquid metal to obtain soft MLMDs (S-LMDs), which can be easily manipu- 

lated under the magnetic field due to the favorable deformability and flexibility. In addition, hard mag- 

netic particles such as neodymium iron boron (NdFeB) with a high residual magnetization can also be 

dispersed into the liquid metal and the hard MLMDs (H-LMDs) become more compact due to the inter- 

action between internal particles induced by remanence. This work reports a kind of H-LMDs with high 

surface tension, high flexibility and mechanical robustness, whose electrical conductivity and strength are 

better than the S-LMDs. Under the magnetic field, the H-LMDs have a faster response time (0.58 s) and 

a larger actuating velocity (4.45 cm/s) than the S-LMDs. Moreover, the H-LMDs show excellent magnetic 

controllability, good elasticity and favorable mobility, as demonstrated by magnetically actuated locomo- 

tion, bounce tests and rolling angle measurements. Finally, the droplets can be further applied in wheel- 

driven motors and micro-valve switches, which demonstrates their high application potential in robotic 

manipulation and microfluidic devices. 

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals. 
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. Introduction 

Gallium-based room temperature liquid metal alloys such as 

alinstan or EGaIn have received increasing attention due to their 

iverse and unique properties, including low melting point [1] , low 

vaporation pressure [2] , nontoxicity [3] , large surface tension [4] , 

igh thermal/electrical conductivity [ 5 , 6 ] and superb fluidity [7] . 

hese favorable properties endow gallium-based liquid metal al- 

oys a wide potential applications in flexible electronics and sen- 

ors [8–11] , stretchable circuits [12–14] , soft robotics [15–17] and 

icrofluidics [ 18 , 19 ]. The magnetic manipulation of gallium-based 

iquid metal alloys is of great significance in these applications. 

sually, the manipulation of these liquid metals alloys under an 

xternal magnetic field is achieved by modifying their surface or 

oping with magnetic particles. After being coated or dispersed 

ith magnetic particles, the liquid metal alloys acquire magnetism 

nd become easy to control. The magnetic manipulation provides a 

avorable actuation for magnetic liquid metals with the advantages 

f wireless and remote control. For example, the magnetic liquid 

etals can be manipulated in the microfluidic channel to perform 
∗ Corresponding author. 
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heir functions such as electric switches and they can also be de- 

igned as motors for drug delivery [20–22] . 

Magnetic liquid metal droplets (MLMDs) with good elasticity 

nd mechanical robustness can be used to achieve specific func- 

ions and it presents a fundamental and promising platform for 

he application of liquid metals in different fields. Among different 

inds of MLMDs, the liquid metal droplets with soft magnetic par- 

icles such as Fe and Ni are mostly studied because they are easy 

o prepare and have good fluidity and deformability [23–25] . Fur- 

hermore, Cu doped magnetic liquid metal can be achieved by mix- 

ng Fe particles together and the MLMDs show similar appearance, 

obility and deformability to the pure liquid metal [26] . Compared 

ith the soft magnetic particles, hard magnetic particles such as 

dFeB possessed a large coericivity and unique magnetic polar- 

ty reconfigurability. Therefore, the liquid metal droplets with hard 

agnetic particles can obtain higher surface tension, better elas- 

icity and mechanical robustness due to the interaction of internal 

agnetic particles caused by remanence. Nonetheless, the research 

f hard magnetic liquid metal droplets (H-LMDs) still faces some 

hallenges since the lack of a universal method for preparing hard 

agnetic liquid metal and the hard magnetic particles are easy to 

e deposited in the liquid metal matrix due to their high density 

 27 , 28 ]. Therefore, developing a simple and versatile method ca- 
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able of preparing hard magnetic liquid metal with good disper- 

ion and improving magnetically dependent mechanical properties 

s highly desired. 

In this paper, a versatile method was developed to produce 

ard magnetic liquid metal with good mobility and deformability. 

he NdFeB particles were uniformly dispersed in the liquid metal, 

hich endowed the obtained H-LMDs with high surface tension, 

ood mechanical and magnetic properties. The high magnetic con- 

rollability, good elasticity and favorable mobility of the H-LMDs 

ere investigated by magnetically actuated experiments, bounce 

ests, and rolling angle measurements. Comparing with the pure 

iquid metal droplets (LMDs) and the soft magnetic liquid metal 

roplets containing Fe particles (S-LMDs), the H-LMDs exhibited 

etter elasticity, mechanical robustness and magnetic maneuver- 

bility. Interestingly, the easy manipulation of H-LMDs enabled it 

o be used as a wheel-driven motor. Finally, by turning on/off of 

he micro-valve, the H-LMDs showed a wonderful switching appli- 

ability in the integrated microfluidic devices. 

. Material and methods 

.1. Materials and chemicals 

The Galinstan liquid metal (66.5% gallium, 20.5% indium, and 

3% tin) with a melting point of 11 °C was purchased from 

ongcheng Co., Ltd., China. Iron (Fe) particles with average diam- 

ters of 6 μm and neodymium iron boron (NdFeB) particles with 

verage diameters of 8 and 15 μm were purchased from Sigma- 

ldrich. Hydrochloric acid (HCl) was obtained from Sinopharm 

hemical Reagent Co., Ltd. NdFeB magnets were purchased from 

hizan Co., Ltd., China. Deionized water used in these experiments 

as self-prepared. 

.2. Preparation of hard magnetic liquid metal 

Firstly, the Galinstan liquid metal was squeezed into a clean 

eaker using a syringe. The surface of the liquid metal was imme- 

iately oxidized when exposed in the air, forming an oxide skin. 

hen the NdFeB particles were added into the beaker and stirred 

ith the Galinstan liquid metal at room temperature for 5 min. 

fter the stirring, the NdFeB particles were fully wrapped by the 

iquid metal. Next, 1 mol/L HCl solution was added into the beaker 

o remove the oxide layer on the surface of the liquid metal. In this 

rogress, the direct contact between the HCl solution and the Nd- 

eB particles was avoided since the NdFeB particles were wrapped 

y the liquid metal, which facilitated the magnetic particles to be 

ell mixed with the liquid metal directly. 

.3. Characterization 

The micromorphology of the droplets was observed by scan- 

ing electron microscopy (SEM) and related energy-dispersive X- 

ay spectrum (EDX) (SEM 500, Zeiss, Ltd.). Contact angles were 

aptured by a commercial camera (Nikon, Japan) and extracted by 

atlab software. The rolling angles were measured employing a 

tage with an adjustable tilt angle (Ganwei Metal Products Co., 

td., China). The images of the droplets were captured via the mi- 

roscopy and high-speed video camera (Nikon, Japan). The mag- 

etic flux density was measured using a HT20 handheld digital 

esla meter (Hengtong Magnetoelectric Technology Co., Ltd., China). 

he hysteresis loops of the droplets were tested by Hysteresis Mea- 

urement of Soft and Hard Magnetic Materials (HyMDC Metis, Leu- 

en, Belgium). The rheological properties of the magnetic liquid 

etal were carried out by a commercial rheometer (Physica, MCR 

02, Anton Paar Co., Austria). The conductivity of the samples were 
61 
easured by the four wires method through Keithley 2450 source 

easuring unit (SMU). 

. Results and discussion 

.1. Preparation of the MLMDs 

The preparation process of the magnetic liquid metal was 

hown in Fig. 1 a. The liquid metal and the NdFeB particles with 

 mass ratio of 9:1 were first added into the beaker and stirred 

t room temperature. Then 1 mol/L HCl solution was added to 

emove the oxide layer on the surface of the liquid metal. Dur- 

ng the preparation progress, this method could effectively avoid 

he chemical corrosion of the NdFeB particles by HCl solution. For 

omparison, the magnetic liquid metal with Fe particles were pre- 

ared by the common method (stirring Fe particles liquid metal 

ixture directly in HCl solution). The maximum magnetic parti- 

les content in the liquid metal was controlled at 10 wt% to in- 

ure the fluidity of the liquid metal [29] . The hard magnetic liq- 

id metal droplets with small-sized NdFeB particles (H-LMD) and 

arge-sized NdFeB particles (H-LMD1) were extruded by a pipette. 

he pure liquid metal droplet (LMD) and the soft magnetic liquid 

etal droplet with Fe particles (S-LMD) were also prepared. 

Optical images of the droplets mentioned above are shown in 

ig. 1 c and the volume of them is 8 μL. The images showed that

he H-LMD, S-LMD and LMD with a smooth surface well main- 

ained the spherical shape, while the H-LMD1 had an ellipsoidal 

hape and a rough surface. This result indicated that the size of the 

agnetic particles had an effect on the morphology of the droplet. 

he hysteresis loops of the droplets were measured at room tem- 

erature ( Fig. 1 d). The S-LMD exhibited soft magnetic behavior 

nd its hysteresis loop was smooth. The coercivity (6.8 kA/m) and 

esidual magnetization (0.7 emu/g) of the S-LMD were very small, 

hich must be originated from the soft magnetic Fe particles (Fig. 

1). In contrast, for the H-LMD1 and H-LMD, the coercivities were 

5.4 and 60.7 kA/m, and the residual magnetizations were 7.7 and 

.8 emu/g, respectively. Due to the addition of NdFeB particles, 

he hard MLMDs exhibited an obvious hard magnetic behavior. The 

aturated magnetizations of the three droplets were 16, 12 and 13 

mu/g, respectively. The hysteresis loops of LMD had no hystere- 

is and the saturated magnetization was zero. The characteristics, 

uch as wettability, elasticity, mobility and magnetic control capa- 

ility of the S-LMD, H-LMD and H-LMD1 were investigated as well. 

he NdFeB particles dispersed in the H-LMD and H-LMD1 were 

agnetically saturated through a magnetic field before testing. The 

roperties of the H-LMD, S-LMD and LMD were mainly studied in 

his paper and the relevant data of H-LMD1 were shown in the 

upporting Information. 

.2. Rheological properties and electrical conductivity of magnetic 

iquid metal 

According to SEM images, the small-sized NdFeB particles 

 Fig. 2 a) with an average particle size of 8 μm had relatively reg-

lar shapes and uniform sizes, while the large-sized NdFeB parti- 

les (Fig. S2a) with average particle size of 15 μm had irregular 

hapes. The average particle size of spherical Fe particles was 6 μm 

Fig. S2b). Although the density of the small-sized NdFeB parti- 

les (7.8 g/cm 

3 ) was higher than that of the liquid metal matrix 

6.48 g/cm 

3 ), the magnetization-enabled high rheological property 

f the hard magnetic liquid metal (H-LM) could effectively prevent 

he particle from sedimentation and ensure that the particles were 

niformly distributed in the liquid metal matrix ( Fig. 2 b). The en- 

rgy dispersive X-Ray spectrometer (EDS) mapping showed there 

ere Ga, In, Sn, Fe and Nd elements in the H-LM ( Fig. 2 c). For the
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Fig. 1. (a) Schematic diagram of the preparation process of magnetic liquid metal. (b) Optical images of the pure liquid metal droplet (LMD), magnetic liquid metal droplet 

with Fe particles (S-LMD), large-sized NdFeB particles (H-LMD1) and small-sized NdFeB particles (H-LMD). (c) The magnetic hysteresis loops of the three kinds of MLMDs. 

Fig. 2. SEM images of (a) small-sized NdFeB particles and (b) the particles dispersed in the H-LM. (c) EDS mapping of the H-LM. (d) The impacts of shear rates on the 

viscosity of the H-LM under different magnetic fields. The inset shows schematic illustrations of the Physica MCR302 test system. (e) The impacts of magnetic fields on the 

viscosity of the three magnetic liquid metal at a constant shear rate of 1 s −1 . (f) The electrical conductivity of the S-LM, H-LM and LM. 
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-LM, the particles and the matrix were mixed uniformly and there 

ere Ga, In, Sn and Fe elements in it (Figs. S2d and S2e). 

Here, rheological properties of the prepared magnetic liquid 

etal were also explored. The samples were tested at room tem- 

erature, the shear rate varied from 0.01 to 100 s −1 and the maxi- 

um magnetic flux density was 800 mT. The influence of the shear 

ate on the viscosity of the H-LM under different magnetic flux 

ensity was shown in Fig. 2 d. It was found that the increased shear

ate led to the decrement of the viscosity, indicating that the H-LM 
62 
xhibited low viscosity under high shear rates. With the increment 

f magnetic flux density, the initial viscosity of H-LM gradually in- 

reased and the maximum initial viscosity was 55 kPa •s. Fig. 2 e 

howed the change of the viscosity for the three kinds of liquid 

etal with the magnetic field at a shear rate of 1 s −1 . The vis-

osities of the S-LM increased rapidly and then tend to be stable 

hen the magnetic flux density was above 450 mT because the Fe 

articles inside the S-LM reached magnetic saturation. The viscos- 

ty of the H-LM increased with the magnetic field because the in- 
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Fig. 3. (a) Images of the contact angle measuring experiment for S-LMD, H-LMD and LMD on silicon wafer, glass, and PDMS substrates. Scale bar = 1 mm. (b) The static 

contact angles of the three kinds of droplets. (c) The changes of droplet morphology under different magnetic flux density. Scale bar = 1 mm. (d) Schematic diagram of 

contact angle test under the magnetic field. (e) The changes of contact angles for H-LMD and S-LMD on silicon substrate under the magnetic field. (f) The changes of contact 

lines for H-LMD and S-LMD on silicon substrate under the magnetic field. 
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rement of magnetic field caused more internal molecular friction 

ue to the rapid movement of dispersed NdFeB particles inside the 

-LM. The viscosity of the pure liquid metal hardly changed un- 

er different shear rates and magnetic fields which proved that 

he magnetic particles had an effect on the viscosity of the liq- 

id metal [30–32] . Although the NdFeB particles had a low elec- 

rical conductivity, the H-LM could achieve an electrical conductiv- 

ty of about 3.48 × 10 6 S m 

−1 , which is higher than that of S-LM

 Fig. 2 f). 

.3. Contact and rolling angle measurements of the droplets 

In order to investigate the wettability of the droplets, the con- 

act angle of the H-LMD, S-LMD and LMD were measured on three 

ypes of substrates (polydimethylsiloxane (PDMS), glass, and sili- 

on wafer). The wettability of a liquid can be reflected by the static 

ontact angle with the substrate. If the contact angle varies from 0 °
o 90 °, the liquid wets the substrate. Otherwise, the liquid is non- 

etting to the substrate. Each droplet (8 μL) was placed on the 

ubstrate using a pipette and the static contact angle was mea- 

ured with the captured droplet’s outline. As shown in Fig. 3 a, 

he droplets maintained a spherical shape on all the substrates. 

he static contact angles of these droplets against different sub- 

trates were shown in Fig. 3 b. All the contact angles on different 

ubstrates were larger than 130 °, indicating that the droplets all 

howed non-wetting properties. The static contact angles of the H- 

MD were larger than the other droplets, which were 150.13 ° ±
.61 °, 145.37 ° ± 0.51 °, and 136.57 ° ± 0.47 ° for silicon wafer, glass, 

nd PDMS substrates, respectively. Regardless of the droplets, the 

tatic contact angles on the PDMS were the smallest, which at- 

ributed to the low surface energy and the chemical inertness [33] . 

his result also revealed that the surface tension of the H-LMD was 

igher than that of S-LMD and LMD because the NdFeB particles 

nside the H-LMD would attract each other due to the presence of 

emanent magnetism and caused the droplet to be more compact 

Fig. S5). 

Moreover, the contact angles and contact lines of H-LMD and S- 

MD on different substrates were tested under different magnetic 

ux density. The morphology of the droplet changed due to the 

ovement of the internal magnetic particles under the magnetic 
63 
eld ( Fig. 3 c). The schematic diagram of the contact angle and con- 

act line measurements under the magnetic field was shown in 

ig. 3 d. The droplets and the substrate were placed on the electro- 

agnet, and the contact angles and contact lines of the droplets 

ere recorded under different magnetic flux density. As shown in 

ig. 3 e, the contact angles for the two kinds of droplets gradually 

ecreased with increasing of the magnetic field. The smallest con- 

act angles for H-LMD and S-LMD were 124.73 ° ± 0.71 °and 119.73 °
0.79 °, respectively. This is because the magnetic particles inside 

he droplet were attracted downwards by the electromagnet, re- 

ulting in the increase of contact area between the droplet and the 

ubstrate thus the contact angle was reduced. 

The line formed on the solid-liquid-gas three-phase contact in- 

erface when the droplet spreads along the substrate is contact 

ine. Unlike the contact angle, the contact line of the droplet also 

radually increased with the contact area between the droplet and 

he substrate ( Fig. 3 f). Similar conclusions were obtained on the 

ther two substrates (Fig. S6). The contact angles on PDMS sub- 

trate were still the smallest but all the contact angles were larger 

han 90 °, indicating that the droplets were still non-wetting to 

he substrates under the magnetic field. The large surface tension 

f the H-LMD improved the stability of the droplets under differ- 

nt magnetic fields and significantly prevented it from deforming. 

herefore, the variation range of the contact angle for the H-LMD 

as smaller than that of S-LMD. This revealed that the addition of 

dFeB particles improved the surface tension and the deformation 

tability of the H-LMD under the magnetic field. 

The mobility of the droplets can be evaluated by the critical 

olling angle (CRA). The smaller the CRA, the better the mobil- 

ty. The mobility of the H-LMD, S-LMD and LMD was investigated 

y testing the CRA on the inclined silicon wafer substrate. The 

chematic diagram of the rolling angle test is shown in Fig. 4 a. 

irstly the substrate was glued to the adjustable platform ( Fig. 4 b), 

hen the droplet was placed on the substrate and the tilt angle 

as gradually increased until the droplet started to roll. The exper- 

ment was repeated five times for each droplet to calculate the av- 

rage value. As shown in Fig. 4 c, the CRAs of the droplets gradually 

ecreased as the size increased. For the same droplet, the larger 

he volume, the smaller the CRA, indicating that the droplet with 

arger size had better fluidity. Although the CRAs of H-LMD were 
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Fig. 4. (a) Schematic diagram of the rolling test on the inclined substrate. (b) Image of the droplet rolling on the platform with an adjustable tilt angle. (c) The critical 

rolling angles of the LMD, H-LMD and S-LMD with different sizes on the silicon wafer substrate. (d) The rolling velocities of the S-LMD, H-LMD and LMD when rolling at an 

inclined angle of 30 °. (e) Images of the position for the LMD, H-LMD and S-LMD at the same time when rolling from the silicon wafer substrate at an inclination angle of 

30 °. 
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lightly larger than that of S-LMD due to the relatively large fric- 

ion with the substrate, it still had better mobility than the LMD. 

Moreover, all the three kinds of droplets (8 μL) could roll down 

he substrate at an inclined angle of 30 ° and a distance of 55 mm 

rom the front end. Fig. 4 d showed the velocities of the afore- 

entioned droplets (H-LMD, S-LMD and LMD) vs time on the sili- 

on wafer substrate. The velocities of the H-LMD and S-LMD were 

arger than that of LMD, indicating that the addition of magnetic 

articles increased the rolling speed of the droplet on the inclined 

urface. The magnetic particles with uniform sizes have regular 

hapes and the droplets containing these particles can maintain 

 spherical shape. Therefore, the friction can be significantly de- 

reased upon rolling. Although the CRAs of H-LMD were slightly 

arger than the S-LMD, its rolling velocities were similar to that of 

-LMD. The H-LMD and S-LMD had a better mobility performance 

han LMD because the internal magnetic particles were favored for 

he droplet to maintain a spherical shape, so the friction force de- 

reased when rolling from the substrate. The speed difference of 

he droplets can be expressed by the position of the droplets on 

he substrate at the same time. As shown in Fig. 4 e, the rolling

istance of H-LMD and S-LMD were larger than that of LMD, and 

he position of them was much closer to the end of the substrate 

t 150 ms. 

.4. Elasticity and mechanical robustness of the droplets 

The elasticity of the H-LMD, S-LMD and LMD was also studied. 

ll the droplets were released from an initial height of 10 cm and 

mpacted on a silicon substrate. The elasticity of different droplets 

as contrasted by the maximum rebound height, which referred 

o the maximum height that a droplet bounced after hitting the 

ubstrate. A high-speed camera was used to record the rebound- 

ng process. A series of images that indicated the positions of the 

-LMD, H-LMD and LMD at the corresponding different times were 

xtracted and superposed ( Figs. 5 a-c). The rebound height of the 

MD was 7.9 mm after the first impact (Movie S1). The rebound 

eights were 9.3 mm and 9.1 mm for the H-LMD and S-LMD af- 

er the first impact (Movie S2 and S3). The H-LMD had the highest 

ebound height because it became more compact due to the addi- 

ion of NdFeB particles. During each impact, the kinetic energy E 
k 

64 
as quickly converted into surface energy through the deforma- 

ion of the droplets. Afterwards, the high surface tension drove the 

roplets back to a spherical shape and the stored surface energy 

as converted back to E k again. Meanwhile, some of the energy 

as lost mainly due to the viscous dissipation during the impact, 

hich scaled as [34] : 

 vis = 

√ 

ηρ0 R 

4 ξV 0 
3 (1) 

here η and ρ0 is the viscosity and density of the droplet, R is the 

roplet radius, V 0 is the velocity and ξ denotes the droplet defor- 

ation which is highly related to surface tension. In comparison to 

he S-LMD and LMD, the surface tension of the H-LMD was much 

igher, which necessitated a much smaller surface deformation ξ
pon impact from the same initial height. As a result, the H-LMD 

ost less E k and got a higher rebound height. The difference in elas- 

icity could be compared more obviously in Fig. 5 d, which summa- 

ized the tracks of bouncing tests for the three kinds of droplets. 

bviously, the H-LMD showed the best elasticity as it had a higher 

ebound height compared with the other two droplets. 

Fig. 5 e showed the changes of the rebound height after the first 

mpact when the droplets fell from different initial heights. Be- 

ause the droplets obtained more kinetic energy when falling from 

 higher initial height, the rebound height of the droplet gradu- 

lly increased with increasing of the initial height. Moreover, the 

ritical height h 0 of all the droplets was larger than 10 cm, which 

efined as the maximum release height that caused the droplet to 

ounce. Apart from the good elasticity, the H-LMD was also highly 

obust, showing a good resisting capability to compression and im- 

act. The mechanical robustness of the S-LMD, H-LMD and LMD 

as characterized by the critical height h 0 during an impact ex- 

eriment. As shown in Fig. 5 f, when the initial release height h 

as smaller than h 0 , the droplet rebounded and still maintained 

ts original shape. Otherwise, the droplet got damaged following 

he impact and stuck to the substrate. Depending on the kind of 

iquid metal droplet, two regimes of behaviors were characterized 

hen h was higher than h 0 . The three kinds of droplets were re- 

eased from a height of 15 cm and their responses after impact 

ere observed through a high-speed camera. As shown in Fig. 5 f 1 ,

he H-LMD bounced up after impacting the substrate and the in- 

egrity of the droplets was maintained. After the first impact, the 
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Fig. 5. (a-c) High-speed images demonstrating different behavior of the H-LMD, S-LMD and LMD after impacting the substrate from a height of 10 cm. Scale bar = 5 mm. (d) 

Bouncing tracks of the three different types of droplets. (e) The rebound height of S-LMD, H-LMD and LMD falling from different heights on the silicon substrate. (f) Scheme 

of fatal jump of liquid metal droplets. High speed images demonstrating different regimes of the three kinds of droplets upon impacting on the substrate from different 

heights. Scale bar = 2 mm. 
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-LMD had a large deformation and then it stuck to the substrate, 

aintaining a convex shape ( Fig. 5 f 2 ). The LMD also stuck to the

ubstrate and completely lost its spherical shape after impacting 

he substrate ( Fig. 5 f 3 ). This phenomenon meant that the critical

eight of the H-LMD was larger than that of S-LMD and LMD be- 

ause of the good elasticity and high surface tension, revealing it 

ad a better mechanical robustness than the other two droplets. 

.5. Magnetically controllable movability of the droplets 

Unlike the LMD, the H-LMD and S-LMD can be controllably ma- 

ipulated by a magnetic field. To quantify the magnetic controlla- 

ility of the H-LMD and S-LMD, the max actuating distance l 0 and 

he average actuating velocity v 0 of the droplets were investigated. 

he max actuating distance was the maximum distance between 

he droplet and the magnet when the droplet started to move, and 

he average actuating velocity was the average speed of the droplet 

uring the movement. Here, the droplets with different sizes were 

equentially placed in a petri dish filled with 1 mol/L HCl solution. 

hen, a magnet was placed under the petri dish to slowly approach 

he droplet ( Fig. 6 a). The droplet experienced a magnetic force and 

oved towards the magnet, in which the position of the droplet 

as recorded by a ruler. The force analysis of a droplet moving in 

he petri dish was showed in Fig. 6 b. When the droplet moved in

Cl solution, it was mainly subjected to the magnetic driving force 

 m 

of the magnet [35] , 

 m 

= 

V χ

μ0 ( 1 + χ) 
( B · ∇ ) B (2) 

here V is the volume of the droplet, χ is the magnetic suscepti- 

ility of the droplet, μ0 is the magnetic permeability of the free 

pace, and B denotes the magnetic flux density applied on the 

roplet. For a droplet moving in the petri dish filled with HCl solu- 

ion, the hydrodynamic drag force can be obtained with the Stokes 

aw, 

 h = 6 πη0 R v (3) 

here R denotes the radius of the droplet, η0 is the viscosity of 

he HCl solution, and v is the velocity of the droplet. In addition, 

he frictional force between the droplet and the substrate can be 

ormulated as, 

 = μmg (4) 
f 

65 
here m denotes the mass of the droplet, g denotes the gravita- 

ional acceleration, and μ is the friction factor. The capillary force 

nduced by the deformation of the droplet can be neglected be- 

ause the size of the droplet is small and it hardly deforms during 

ovement. So the dynamics of the droplet can thus be formulated 

s, 

 ̈q = F m 

− F h − F f (5) 

here q̈ denotes the acceleration of the droplet. The relationship 

etween the sizes of the droplets and the measured l 0 was shown 

n Fig. 6 c. For H-LMD and S-LMD, the l 0 of the droplet gradually 

ecreased as the size increased because the droplet with larger 

ize contained more magnetic particles and it was easier to be 

ttracted by the magnetic field. The l 0 of H-LMD was the largest, 

hich meant that it had stronger magnetism and better magnetic 

roperties than the S-LMD. 

Fig. 6 d presented the magnetic flux density at different dis- 

ances from the magnet. The maximum value was 220 mT when 

he Tesla meter was nearby the magnet and decreased to zero once 

he distance reached 20 mm. The values of magnetic flux density 

imulated by COMSOL 4.4 (COMSOL Inc., USA) were almost con- 

istent with the testing results. The magnetic lines of induction 

nd the distribution of magnetic flux density around the magnet 

ere shown in Fig. 6 e. Obviously, the magnetic field at the edge of 

he magnet was the strongest. Next, the average actuating velocity 

 0 of the droplets with different sizes under an external magnetic 

eld was also tested. Fig. 6 f showed the calculated v 0 of the H-

MD and S-LMD with respect to their sizes. Since the droplets with 

arger sizes could induce a larger hydrodynamic drag F h and fric- 

ion F f when moving in the Petri dish. The resistance force F h and 

 f may increase faster than the magnetic driving force F m 

so the 

elocities of the droplets decreased as the size increased. The high- 

st average actuating velocities for the H-LMD and S-LMD were 

.45 cm/s and 4.08 cm/s when the size was 4 μL. The H-LMD had 

arger actuating velocity, which indicated that it had better mag- 

etic controllability than the S-LMD. 

Additionally, the actuating delay time and the offset distance 

f the H-LMD and S-LMD were also measured. For the measure- 

ent, the magnet was placed underneath the glass substrate and 

he testing droplet was located directly above the magnet ( Fig. 7 a). 

he actuating delay time was defined as the time interval between 
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Fig. 6. (a) Magnetic controllability testing system. (b) Schematic of force analysis for a droplet moving on the glass substrate. (c) The relationship between the sizes of the 

droplets and the max actuating distance. (d) The magnetic flux density versus to the distance away from the magnet surface. (e) Distribution of magnetic lines of induction 

around the magnet. (f) The relationship between the sizes of the droplets and the average actuating velocity. 
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he movement of the magnet and the droplet. The start times of 

he magnet and the testing droplet were noted as t 0 and t 1 , respec-

ively, and the delay time was calculated by t 1 − t 0 . In Fig. 7 b, the

ctuating delay time for the H-LMD and S-LMD were 0.58 s and 

.83 s respectively. In addition, the offset distance d , defined as the 

istance from the center of the droplet to the center of the magnet 

hen the droplet started to move, could also be used to describe 

nd quantify the magnetic controllability of the two droplets. The 

-LMD had an offset distance of 5.94 mm, while it was 5.27 mm 

or the H-LMD ( Fig. 7 b). The H-LMD had smaller actuating delay 

ime and shorter offset distance than the S-LMD because of the 

trong magnetism and it was easier to be attracted by magnets, 

howing the high sensitivity and low time delay under the mag- 

etic field. 

It is noteworthy that the droplet is always at the edge of the 

agnet when following the magnet movement during the testing 

rocess because the magnetic field at the edge of the magnet is 

he largest according to Fig. 6 d. The static friction force and the 

esistance moment caused by the deformation of the droplet hin- 

ered the movement of the droplet. In order to overcome the re- 
66 
istance moment, a longer offset distance was required to drive the 

roplet to roll [36] . Due to the small actuating delay time and the 

hort offset distance, the H-LMD was used as the driving motor for 

heeled robots ( Fig. 7 d). A double nozzle high precision 3D printer 

Flashforge, ltd., China) was utilized to print the wheel model with 

 diameter of 3 cm and the H-LMD (8 μL) was placed at the bot-

om of the wheel inside ( Fig. 7 c). A magnet was used to actuate

he H-LMD, which changed the center of gravity for the wheel and 

aused the wheel to roll forward (Movie S4). The entire moving 

rocess was untethered, which meant that the H-LMD exhibited 

romising revolutionary uses and good magnetic maneuverability. 

.6. Application of the droplets in a micro-valve 

Based on the above study, the H-LMD was magnetically con- 

rollable with a better elasticity and mechanical robustness than 

he S-LMD. These properties enabled it to be applied in the in- 

egrated microfluidic devices, such as micro-valve [ 37 , 38 ]. In this 

ork, a liquid metal droplet-based micro-valve was designed and 

abricated to demonstrate the practical use of the H-LMD under 
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Fig. 7. (a) Schematic diagram of the actuating delay time experiment. (b) High-speed images from the movement of the magnet to the movement of S-LMD and H-LMD. (c) 

Schematic diagram of the wheel model. (d) Actuating process of the wheel. The wheel was placed on a glass substrate and actuated by a magnet. 

Fig. 8. (a) Schematic diagram of the fabrication of the microfluidic chip used in fabricating micro-valve. (b-c) Structure of the liquid metal droplet-based micro-valve. (d) 

The open and close process of the micro-valve by manipulation of the H-LMD with an applied magnetic field. (e) Comparison of the efficiency for the micro-valve when the 

inlet flow rate is changed from 1 mL/h to 6 mL/h. 
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he magnetic field. The microfluidic chip was used to fabricate the 

icrofluidic channel in the micro-valve, which was made by the 

oft lithography technique. The fabrication process of the microflu- 

dic chip was shown in Fig. 8 a. The micro-valve consisted of three 

arts: the top PDMS layer with a microfluidic channel, a PDMS 

embrane and the bottom PDMS layer for the droplet to move 

 Figs. 8 b and 8 c). The thickness of the top and bottom PDMS layers

ere 3 mm and the size of the channel in the bottom PDMS layer

as 20 mm × 3 mm × 1 mm. In order to facilitate the manufac- 

ure, the thickness of the PDMS membrane was chosen as 50 μm. 

ater and mineral oil were used in the micro-valve, the water was 

yed blue and the mineral oil was dyed red for easy observation. 

Fig. 8 d showed the open and close process of the micro-valve 

y manipulating the H-LMD under the magnetic field. At the be- 

inning, the micro-valve was opened and the two fluids could eas- 

ly pass through the microfluidic channel. When the droplet moved 

nder the thin PDMS membrane (as the bottom part of the mi- 

rofluidic channel), it pressed the PDMS membrane. The interac- 

ion between the droplet and the PDMS membrane was shown 

n Fig. S8. The PDMS membrane deformed under the squeeze of 

he droplet and the flow rate of the liquid on this side gradually 

lowed down. The liquid in the channel on the other side grad- 

ally occupied the outlet port, then the micro-valve was closed 

Movie S5 and S6). Two high accurate syringe pumps (LSP02–1B, 

ongerPump) were used to pump the water and mineral oil into 

he microfluidic channel from the inlet port. The efficiency of the 

icro-valve was shown in Fig. 8 e. In general, the efficiency de- 

reased when the inlet flow rate increased. Compared with the S- 

MD, the micro-valve controlled by H-LMD had higher efficiency, 

hich revealed that the H-LMD exhibited great potential in mi- 

rofluidic fields. 

. Conclusion 

In summary, a hard magnetic liquid metal droplets (H-LMDs) 

as reported by homogenously dispersing NdFeB particles into 

he liquid metal matrix, which increased the surface tension of 

he droplet and improved its magnetic and mechanical proper- 

ies. The properties of H-LMDs were tested by contact and rolling 

ngle measurements, bounce tests and magnetically actuated lo- 

omotion. Compared with the S-LMDs and LMDs, the H-LMDs 

howed favorable mobility, good elasticity and mechanical robust- 

ess. In addition, the H-LMDs had a shorter actuating delay time 

f 0.58 s and a larger actuating velocity of 4.45 cm/s than the S- 

MDs under the magnetic field, showing good magnetic sensitivity 

nd magnetic control stability. Finally, the capabilities of H-LMDs 

s a wheel-driven motor and a switch for the micro-valve were 

lso demonstrated owing to their excellent controllability and good 

agnetic maneuverability, which expanded the applicability of liq- 

id metal in robotic manipulation and microfluidic devices. 
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