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Highlights  

⚫ “Electrodeposition + Pulling” is proposed for processing and shaping hydrogel.  

⚫ The process synergistically combines electrochemistry with fluid mechanics. 

⚫ Rational control relies on electrodeposition kinetics and meniscus evolution. 

⚫ Sharp hydrogel probes of width < 1 µm are obtained for local electrochemistry. 

⚫ Electrochemical writing on complex 3D structures is achieved at tunable resolution. 
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Abstract 

The precise control of hydrogel shaping at high resolution is an intrinsic engineering challenge 

due to the low solid content of the material. Most of the approaches are based on lithographic 

mold, which becomes tricky to demold when the precision rises to micron and sub-micron 

range. In this work, a novel automated “electrodeposition + pulling” approach for rationally 

shaping chitosan hydrogel in 3D is reported. Taking advantage of the transient meniscus 

generated while pulling a sharpened metal wire out from a viscous solution, the process 

confines the electrodeposition of hydrogel simultaneously in it. Considering that the 

electrodeposition of hydrogel is driven by electrochemically generated OH- ions, the reaction 

engineering rationally and synergistically combines the mass transport of OH- ions, the 

gelification and the fluid mechanics in a dynamic process. With automation and mastering the 

process, the shape of hydrogel can be tuned, and it can be sharpened to below 1 micron at the 

tip with a desired length. Thus, it is demonstrated for electrochemical writing on 3D printed 

complex shaped surfaces. The sharpened hydrogel is in soft contact with the sample, allowing 

electrochemical deposition or etching reactions to be spatially localized in the contact area. By 

precisely pressing or stretching the hydrogel, the resolution can be tuned from a few to tens of 

microns just like traditional ink brushes, which may significantly improve the efficiency of 

writing. The work shows the power of electrochemical reaction engineering towards spatial 

control in 3D at micro and nano scale. 

Keywords: Hydrogel, Electrodeposition, Fluid Mechanics, Scanning Probe Microscopy, 3D 

Printing 
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1. Introduction 

Hydrogel is being widely used as electrolyte in electrochemical energy conversion and storage 

devices due to its balanced mechanical strength (that serves as support and prevents the leakage) 

and ionic conductivity [1–4]. It also has excellent biocompatibility, which finds intensive 

applications as matrix material for stabilizing cells and delivering drugs in bioengineering and 

biosensing [5–9]. As a solid material, hydrogel shaping is an important issue in its processing. 

However, due to the softness and sensitivity to physical/chemical stimulus, it is not applicable 

with traditional machining procedures such as polishing [10]. A classical method for shaping 

hydrogel is by filling precursor in a mold followed by cross-linking and demolding. However, 

the demolding step is not easy to control when the resolution rises close to nanoscale due to 

tearing, fracture and deformation [10], especially when high water content and high precision 

are both required. 

On the other hand, the miniaturization of electrochemical devices calls for gel electrolyte with 

precise shape control. Consequently, there is also a scientific demand to study the 

electrochemical reaction kinetics at the gel/electrode interface at micro- and nanoscale. A 

promising technique is scanning electrochemical cell microscopy (SECCM), where the 

electrolyte is typically in liquid form localized in a pulled glass capillary. The liquid electrolyte 

forms a droplet at the opening of the capillary, which bridges the circuit forming a miniaturized 

electrochemical cell on the sample surface when capillary is approached close to the sample. 

Preliminary works have also confirmed the feasibility of using hydrogel as electrolyte for 

SECCM [11,12]. The immobilization of liquid electrolyte with gel offers a controlled contact 

and may inhibit the sample dependent spreading and wetting of electrolyte [13–15]. 

Nevertheless, in order to improve the control and the spatial resolution, the challenge falls again 

on the shaping of hydrogel at micro- and nanoscale, which is inherently difficult as the gel 

naturally tends to be blunt. 
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Electrochemistry may also offer a solution for its own need. Electrodeposition of hydrogel is a 

well-known process based on the local pH change that induces gelation on the electrode. It is 

applicable for chitosan, calcium alginate, alkoxysilane, metal alkoxides, etc.[16–18]. From the 

chemical engineering point of view, electrodeposition offers an additional variable for 

controlling the process, that is, the potential or current. A few attempts have been made for 

shaping the hydrogel deposit, such as physically localizing the cathode at microscale or 

localizing the current distribution by direct mode scanning electrochemical microscopy 

(SECM), but the precision is mainly in the tens of micron range which is not yet sufficient 

[15,19]. Unfortunately, only electrodeposition is not enough. 

Inspired by polymer processing and pulling glass capillaries, in this work we report a novel 

“electrodeposition + pulling” approach for shaping the electrodeposition of chitosan hydrogel 

in 3D. By pulling a sharpened metal wire out from a viscous precursor solution, the fluid yields 

a thin meniscus just like in cheese fondue. Nevertheless, the meniscus is a transient state, and 

its shape cannot be kept without additional physical or chemical processes such as the 

evaporation of solvent [20] or crosslinking [21]. Here, taking advantage of this transient state, 

we carry out electrodeposition at the same time to jellify the meniscus forming sharp chitosan 

hydrogel. The pH gradient that triggers chitosan deposition is therefore controlled by both 

electrolysis of water and meniscus evolution in a dynamic process. Analysis of the physical and 

chemical effects of the process as well as systematic experimental studies reveal that the key of 

the “electrodeposition + pulling” process is matching the kinetics of electrodeposition with the 

dynamics of meniscus evolution, which allows rationally and reproducibly tuning the length, 

width, and shape of gel deposition for different applications. For example, the sharpened 

hydrogel is used as tip for direct electrochemical writing on 3D complex shaped surfaces. By 

precisely controlling the pressing and stretching of gel after contact with the sample, patterns 

of flexible resolution from a few to tens of microns can be generated either through local 

electrodeposition or etching. Like in calligraphy and painting with ink brush, large patterns can 
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be obtained at relatively low resolution while fine details can still be drawn at high resolution 

according to the need using the same tip. This is an important feature which may significantly 

improve the efficiency of writing. All the processes, from the “electrodeposition + pulling” 

sharpening hydrogel to the electrochemical writing, are fully automated with customized setups 

and programs. The work demonstrates the power of electrochemical reaction engineering on 

the spatial control of electrodeposition in 3D, reaching resolution of sub-micron scale for both 

3D shaping of hydrogel and the local deposition on 3D printed objects. 

2. Material and methods 

The samples for local surface modification in this work are: Ag foil (0.125 mm thick, 99.9%, 

ChemPur, Germany), 20 nm thick Ag film sputtered on ITO (8−12 Ω surface resistivity, Delta 

Technologies, USA) by a Quorum Q150T sputter coater (Quorum Technologies, UK), and 3D 

printed model of Eiffel Tower printed on a Pico2 HD printer using SuperCast HD resin (Asiga, 

Australia) and sputtered with Ag. 

Metal wires (Pt, W, Au and Ag) are sharpened by electrochemical etching using conditions as 

listed in SI Section 1.1[22–25]. For “electrodeposition + pulling”, the deposition solution 

consists of 2-2.5 wt.% chitosan (medium molecular weight, Aldrich), 2-5 wt.% polyethylene 

glycol (PEG 2000, Merck), 0.125 mol L−1
 NaNO3 in 1:1 (vol. ratio) glycerol/H2O. PEG has 

three roles in the process: (1) increases the viscosity of the solution due to higher solid content; 

(2) reduces the surface tension making the meniscus thinner; (3) enhances the mechanical 

strength of gel allowing continuous threads of pulling from solution in compensation with the 

gel/solution interfacial tension. For local chlorination of Ag surface, 0.125 mol L−1
 NaCl is 

added in the solution. For studying the diffusion behaviour of redox species in the sharpened 

hydrogel, 5 mmol L−1
 Fc(MeOH)2 is added. The pH is adjusted to around 5.5 using HNO3 or 

HCl depending on the anion used in the solution. 
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The “electrodeposition + pulling” is carried out on a simple home-built setup consisting of a 

potentiostat (PalmSens, The Netherlands) and a step motor (Owis, Germany). The sequence is 

detailed in Fig. 1 and fully automated by a program written in VB.net. All the fabrication 

parameters (Ea, L, Eh, th, Ew, vw1, tw1, vw2) are set in the program and the current is recorded vs. 

time and vertical position z. 

The local surface modification is also conducted on a home-built setup which is equipped with 

a potentiostat (PalmSens3, The Netherlands), three step motors in x, y and z axis (Owis, 

Germany) and a piezo in z axis (PI, Germany). Optical systems (Qioptiq Photonics, UK) 

coupled with digital cameras (Bresser, Germany) are placed for visualizing the deposition and 

writing processes for this work, but they are not mandatory. The hardware is controlled by 

programs written in VB.net. For local electrochemical deposition or etching, the hydrogel probe 

is approached to be in contact with the conductive surface by current feedback, and then it is 

further pressed or stretched to a position relative to the touching position where a constant 

potential is applied for a certain duration. After patterning one point, the hydrogel is rapidly 

withdrawn to detach from the surface and laterally move to the next desired position, where the 

approach-electrochemical deposition/etching-withdraw cycle is repeated. The detail 

experimental parameters are described in the discussion. It should be noted that the local surface 

modification setup can also be used for “electrodeposition + pulling” sharpening of hydrogel. 

The morphology of locally modified samples is observed by optical microscope (Nikon, Japan) 

and further examined by scanning electron microscopy (Zeiss, Germany). The composition is 

locally analyzed and mapped by EDX (Oxford Instruments, UK). The depth profiles of the 

patterns are analyzed by profilometer Brüker DetakXT (Brüker, USA) using a 2 µm stylus. 

More details of experimental procedures are given in SI Section 1. The programs for 

“electrodeposition + pulling” and for local surface modification using hydrogel probes can be 

shared upon request. 
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3. Results and Discussion 

3.1 The design of “Electrodeposition + Pulling” 

The novel “electrodeposition + pulling” is a chemical engineering approach that combines the 

electrochemical generation and mass transport of OH- ions, gelation of chitosan induced by OH- 

and fluid mechanics in a dynamic process. Briefly, a sharpened metal wire (of W, Pt, Ag or Au, 

similar as scanning tunneling microscopy (STM) tips, SI Section 1.1) is immersed in a 

deposition precursor solution, held for a few seconds and then pulled out, with different 

potential applied at each step. Due to the viscosity of the solution, a transient meniscus naturally 

forms during the pulling step before detaching from the solution. We take advantage of this 

effect and jellify the meniscus by introducing electrodeposition of chitosan at the same time. 

The synergic use of electrochemistry, mass transport and fluid mechanics makes an elegant 

approach for shaping hydrogel in 3D. 

The process consists of three steps as illustrated in Fig. 1A: (1) Approaching the sharpened 

metal wire to the deposition solution; (2) Holding the metal wire at a fixed immersion depth 

while applying potential for inducing electrodeposition; (3) Pulling the metal wire out from the 

solution while electrodeposition continues by applying potential. The deposition ends when the 

deposited gel detaches from the solution. The process is fully automated on a customized setup 

and demonstrated in Video S1 in SI. To rationally tune the shape of gel deposition, we attempt 

to analyse the process step by step. The readers that are more interested in the experimental 

control of the process could jump to section 3.2. 

Step 1: Approaching 

The approaching step is to approach the cone-shaped etched metal wire to the deposition 

solution. It is achieved by approaching the wire at a fixed speed (va) while applying a potential 

(Ea). The purpose of Ea is to detect the wire-solution contact by current feedback. When the 

wire touches the solution, a current spike is detected allowing the touching position of the wire 
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to be normalized as z = 0 (Fig. 1B). Once the metal wire touches the solution, the solution 

“climbs up” along the wire forming a meniscus due to the interfacial tensions. The static shape 

of the meniscus can be solved from Young-Laplace equation. Due to the axisymmetry of the 

cone, it is sufficient to solve the curve R(θ) in polar coordinates with the tip of the etched metal 

wire cone as origin: 

𝛾𝑠𝑜𝑙−𝑎𝑖𝑟 {
[𝑅2+2(
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𝑑𝜃
)
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𝑑𝜃
)

2
]

1
2

} − 𝜌𝑠𝑜𝑙𝑔𝑅 sin 𝜃 = 0  (Eq. 1) 

The boundary conditions are: 

𝑑𝑅

𝑑𝜃
|

𝑅=∞
= ∞  (Eq. 2) 

𝑑𝑅

𝑑𝜃
|
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𝜋

2
−𝛼

= 𝑅
cot(𝛽−𝛼) cos 𝛼−sin 𝛼

cot(𝛽−𝛼) sin 𝛼+cos 𝛼
  (Eq. 3) 

Even without solving the equation, one can see that the solution R(θ) depends on the half cone 

angle (α), the density (ρsol) and the surface tension (γsol-air) of the deposition solution, as well as 

the contact angle between the solution and the etched wire (β). After touching, the wire is further 

immersed in the solution by a given length (L). This will affect the solution by changing the 

pressure term of Eq. 1: 
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𝑑𝑅

𝑑𝜃
)

2
]

3
2

+
1+

tan 𝜃

𝑅
∙(

𝑑𝑅

𝑑𝜃
)

[𝑅2+(
𝑑𝑅

𝑑𝜃
)

2
]

1
2

} − 𝜌𝑠𝑜𝑙𝑔(𝑅 sin 𝜃 − 𝐿) = 0  (Eq. 4) 

As the etched wire is then held at a fixed position, we can ignore the hydrodynamic motion of 

solution and consider only the static meniscus R(θ). This step is only physical as the applied 

potential Ea is not supposed to induce any electrochemical reactions. 

Step 2: Holding 

The holding step not only allows the meniscus to reach a steady shape, but also initiates 

chemical reactions for the deposition of chitosan under an applied potential Eh for a duration th. 

The current response corresponds to the blue segment in Fig. 1B. The mechanism of 
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electrodeposition of chitosan is well-known, which is driven by the cathodic generation of OH- 

ions from electrolysis of water or electrochemical reduction of dissolved O2: 

2H2O + 2e → 2OH- + H2 (R1) 

O2 + 2H2O + 4e → 4OH- (R2) 

The OH- ions induce the gelation of chitosan by moving the following equilibrium: 

     (R3) 

Even though the electrodeposition of chitosan can be well controlled experimentally and has 

been monitored optically on planar and cylindrical electrodes by Payne et al.[26–28], the 

quantification of its kinetics is not straightforward. For the ease of treatment, one may look at 

the deprotonation/protonation of the amino group, which is the driving force of chitosan 

gelation/dissolution: 

-NH3
+ + OH-  -NH2 + H2O  (R4) 

Assume the kinetics of R4 is very fast so that the reaction is always at equilibrium, the following 

relationship is valid: 

𝐾𝑒𝑞 =
[−𝑁𝐻2]

[−𝑁𝐻3
+][𝑂𝐻−]

 (Eq. 5) 

where Keq is the equilibrium constant of R4 which can be easily derived from the Ka or pKa 

value of chitosan. On the other hand, the solubility product is: 

𝐾𝑠𝑝 = [−𝑁𝐻3
+][𝑂𝐻−]  (Eq. 6) 

As chitosan is a large molecule and the deposition solution is usually viscous, one may neglect 

its diffusion and consider that for any (r, θ, t) the mass balance applies: 

[−𝑁𝐻3
+] + [−𝑁𝐻2] = 𝐶∗ (Eq. 7) 

where C* is the initial concentration of amino groups which is constant depending on the 

concentration of chitosan. Solving Eqs. 5-7, one may derive that the gelation occurs when: 
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[𝑂𝐻−] ≥
𝐾𝑠𝑝

𝐶∗−𝐾𝑠𝑝𝐾𝑒𝑞
 (Eq. 8) 

Thus, the problem of chitosan film growth turns into the problem of pH profile. When pH of 

the solution rises higher than a threshold, the solution will turn gel deposition. This is consistent 

with the treatment by Payne et al. where they refer as pH front matching gel front [29]. It is 

also in agreement with experimental phenomena where gelation occurs when the pH of the 

solution rises higher than 6.3 (the exact value may slightly differ according to the source and 

molecular weight of chitosan) [30].  

At the holding step, the pH profile can be solved from Fick’s second Law with the 

approximation that R4 is always at equilibrium (eliminates the kinetic term of the chemical 

step): 

𝜕[𝑂𝐻−]

𝜕𝑡
= 𝐷𝑂𝐻− (

𝜕2[𝑂𝐻−]

𝜕𝑟2 +
1

𝑟

𝜕[𝑂𝐻−]

𝜕𝑟
+

1

𝑟2

𝜕2[𝑂𝐻−]

𝜕𝜃2 ) (Eq. 9) 

The diffusion coefficient of OH- may be different in the gel and the solution: 

𝐷𝑂𝐻− = {
𝐷𝑠𝑜𝑙  ([𝑂𝐻−] <

𝐾𝑠𝑝

𝐶∗−𝐾𝑠𝑝𝐾𝑒𝑞
)

𝐷𝑔𝑒𝑙 ([𝑂𝐻−] ≥
𝐾𝑠𝑝

𝐶∗−𝐾𝑠𝑝𝐾𝑒𝑞
)
  (Eq. 10) 

The electrode boundary condition is: 

𝐹𝐷𝑂𝐻−
1

𝑟

𝜕[𝑂𝐻−]

𝜕𝜃
|

𝜃=
𝜋

2
−𝛼

= 𝑓(𝐸, [𝑂𝐻−]) (Eq. 11) 

where F is the Faraday constant. The function f(E, [OH-]) refers to the kinetics of R1 that 

electrochemically generates OH- ions. Its form depends on the chosen kinetic model (e.g. 

Butler-Volmer). The surface concentration of other precursors such as O2 or NO3
- shall also be 

taken as variable if other electrochemical reactions than electrolysis of H2O that yield OH- are 

considered. Note that in some literature constant Faradaic current is assumed so that the OH- 

flux at the electrode becomes constant regardless of reaction mechanisms for one-dimensional 

systems. This has advantage for planar, spherical or cylindrical electrodes, yet is not applicable 

for micro-disk or cone-shaped electrode due to the non-uniform current distribution [31,32]. 
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Together with the initial condition [𝑂𝐻−]|𝑡=0 = [𝑂𝐻−]𝑏𝑢𝑙𝑘 , the semi-infinite diffusion 

[𝑂𝐻−]|𝑟=∞ = [𝑂𝐻−]𝑏𝑢𝑙𝑘, as well as the no-flux boundary condition at the solution-air interface 

r = R(θ), the [OH-] profile can be solved. The gel is thus formed where Eq. 8 is fulfilled, marking 

the gel/solution boundary an equal-pH curve of its solution (taking “=”). Note that this analysis 

does not take into account the possible change of R(θ) induced by gel formation at the cone 

electrode. This approximation might not apply in some experimental situations, especially if 

huge amount of gel is deposited during the holding step (e.g. very cathodic Eh for long th, 

although in practice this should be avoided which will be discussed later). 

To have a clue about the diffusion and gel deposition at the holding step, cyclic voltammetry 

(CV) is carried out on an etched Pt wire when it is placed at L = 20 µm. Ferrocenedimethanol 

is added in the solution as redox couple, and its oxidation wave shows a stationary current 

plateau (Fig. 2A). This indicates that the diffusion is close to radial [33]. By applying a cathodic 

potential, chitosan can be deposited but mainly at the side of the tip, leaving the very sharp end 

bare. This is because the spherical diffusion at the tip end is much faster than the radial diffusion 

at the conical side, so it is more difficult to accumulate sufficient OH- ions to reach the gelation 

threshold (Eq. 8). The shape of deposition fulfils the diffusion scheme in CV and is also similar 

to the gradient of redox couple at a conical atomic force microscopy (AFM) probe used for 

coupling with SECM (AFM-SECM) [34]. It makes the fabrication of sharp gel tip intrinsically 

difficult by only electrodeposition while holding the etched metal wire at a fixed position, even 

though the metal wire itself can be extremely sharp having only a few atoms at the tip. On the 

other hand, the shape in Fig. 2A could well serve as “seed” for the following pulling step which 

is mandatory for obtaining sharp gel tip. 

Step 3: Pulling 

After holding, the etched wire is gradually pulled out from the deposition solution at a given 

speed (vw1) while applying potential (Ew) allowing electrodeposition to continue. As a 

consequence, it adds a convection term to Eq. 9 and forms Eq. 12. Unfortunately, even if the 
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pulling speed is experimentally controlled in the direction of θ = π/2 (or z axis with cylindrical 

coordinates that correspond to experimental setup), the velocity term v also depends on the 

lateral flow induced by the change of the solution-air interface R(θ). With the gel formation, 

R(θ) is no longer the solution of Eq. 4 as the geometry of gel (obviously not a cone anymore, 

but also not immediately forming cylindrical shape) and interfacial interactions between the gel 

and the solution shall be considered. The dynamic change of flow also depends on the viscosity 

of the solution. Due to the complexity, at this stage we do not seek to write the explicit form of 

the velocity term and solve Eq. 12. It just helps understanding the process qualitatively. 

𝜕[𝑂𝐻−]

𝜕𝑡
= 𝐷𝑂𝐻− (

𝜕2[𝑂𝐻−]

𝜕𝑟2 +
1

𝑟

𝜕[𝑂𝐻−]

𝜕𝑟
+

1

𝑟2

𝜕2[𝑂𝐻−]

𝜕𝜃2 ) + 𝑣 (
𝜕[𝑂𝐻−]

𝜕𝑟
+

1

𝑟

𝜕[𝑂𝐻−]

𝜕𝜃
) (Eq. 12) 

Although the film growth at the initial stage of pulling is no way simple, the termination of film 

growth at the end of pulling when the gel detaches from the solution could be more clearly 

analysed with some approximations. During the pulling step, the liquid meniscus shrinks 

towards r = 0 and at the same time due to the confined diffusion of OH- it may turn to solid gel. 

This typically forms cylindrical shaped deposition, which can be regarded as a vertical rod. 

When its length is much higher than its diameter, one may consider only 1D diffusion in it (no 

convection as it moves at the same speed with the wire) by neglecting the curvature of the 

etched metal wire and treating it approximately as a planar electrode. This is indirectly 

supported experimentally by measuring CV of a ferrocenedimethanol labelled sharp hydrogel 

probe in contact with a platinum plate in a two-electrode system. The voltammogram in Fig. 

2B has similar shape as that measured with planar macroelectrodes, indicating that the redox 

species are likely to follow linear diffusion in the hydrogel. Similar trends were also found in 

SECCM where the electrolyte is in cylindrical shape in the glass capillary [35]. 

This 1D diffusion approximation may greatly ease the mathematical treatment and allow an 

estimation of the evolution of pH front, or in another word, gel/solution boundary. Eqs. 9-11 

change to the following expression in z axis (to be in correspondence to experimental setup): 
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𝜕[𝑂𝐻−]

𝜕𝑡
= 𝐷𝑔𝑒𝑙

𝜕2[𝑂𝐻−]

𝜕𝑧2
 (Eq. 13) 

𝐹𝐷𝑔𝑒𝑙
𝜕[𝑂𝐻−]

𝜕𝑧
|

𝑧=0
= 𝑓(𝐸, [𝑂𝐻−]) (Eq. 14) 

The gel/solution boundary is the solution of Eq. 8 (taking “=”) and it obviously evolves with 

time.  

As a result, there are three cases for the pulling. Case 1 is that the gel/solution boundary moves 

faster than the pulling speed. This will induce 3D diffusion and convection of OH- ions in the 

solution, and likely increase the diameter of the gel by lateral growth. Case 2 is that the 

gel/solution boundary moves with the same speed as pulling. This should allow the gel to 

continuously grow in -z direction (or -π/2 in polar coordinates) without changing its diameter. 

However, this is only an ideal situation as the pulling is at a constant speed, but the movement 

of gel/solution boundary is not, even in 1D diffusion [36]. Case 3 is that the gel/solution 

boundary moves slower than pulling, which is the most important in this work. It is then like 

pulling a cylindrical solid object out from a liquid, and the meniscus formed by surface tension 

may first shrink (decreases diameter) and then detach from the solution. This offers two possible 

effects: (1) when the shrinking is slow, it may sharpen the gel deposit by further confining the 

OH- diffusion; (2) when the shrinking is fast, the gel will be rapidly detached from the solution 

terminating the electrodeposition. Both effects are used in the experimental control. The former 

is controlled as vw1. After certain time (tw1) when the gel reaches the desired length, it is “cut” 

by withdrawing at a higher speed (vw2), and the deposition terminates when the gel detaches 

from the solution as indicated by current reducing to zero (with noise in practice, Fig. 1B). 

3.2 Experimental control of “Electrodeposition + Pulling” for shaping gel 

The design above constitutes the basis for rationally controlling the “electrodeposition + 

pulling” process for shaping gel. Unfortunately, it is already complicated even though we still 

did not consider many factors such as the friction between phases and the evaporation of 
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solvent. More work on the modeling is highly desired, but in this work we focus on the 

experimental control of the process, which is straightforward and in practice realized with just 

a button click on our home-built setup. 

Even without solving the equations one may see that the process is affected by two competing 

effects: the gelation driven by electrochemically generated OH- ions, and the meniscus shape 

change driven by pulling. Both these two effects are linked to deposition parameters in the 

“electrodeposition + pulling” process. The former can be tuned by deposition potential and time 

(Eh, th and Ew, tw1), and the latter is mainly controlled by pulling speed vw1 and vw2. Nevertheless, 

the two effects are also conjugated in a dynamic process. That is to say, the gelation dynamically 

changes the gel/solution interface and thereby influences the meniscus, while in reverse the 

meniscus change also influences the gelation due to the change of boundary. Therefore, the 

deposition parameters have to be tuned integrally. 

The first “taste” of the system is on the kinetics of OH- generation that drive the 

electrodeposition. This is measured by linear scan voltammetry (LSV) of the etched metal wire 

in the deposition solution, which helps choosing the potentials Ea, Eh and Ew. Fig. 3 shows the 

LSV of W wire in chitosan solution in cathodic direction. It is seen that the current starts to 

significantly increase at ca. –1.1 V (vs. Ag/AgCl QRE), which indicates the onset of water 

electrolysis that provides OH- ions for driving the jellification of chitosan. Since Ea only 

provides a current feedback to sense the contact of the etched metal wire with the solution, it 

needs to be more positive (ca. –0.9 or –0.8 V) so that deposition would not occur while 

positioning the wire. As a result, Ea does not affect the shape of the gel deposition, so it can be 

fixed without further tuning. In contrary, Eh and Ew should be selected more negative than the 

onset potential to induce the electrodeposition of chitosan and their values affect drastically the 

shape of gel deposition as it will be discussed later. 

After approaching the wire at Ea reaching the contact with solution, the solution will climb up 

along the cone due to the capillary effect forming a meniscus that allows electrodeposition on 
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the wire. The wire can be further immersed by a distance L to increase the contact area, and the 

gel deposition is initialized by applying Eh for th as shown in Fig. 1A. This serves as “seed” for 

the later pulling step. The effect of Eh, th and L is not very sensitive, so the detail optimization 

is explained in SI (Section 2.1). The main guideline is to induce sufficient deposition and to 

avoid over deposition. 

The core of the “electrodeposition + pulling” is on the pulling step, which tunes the mass 

transport of OH- ions and orients the electrodeposition by fluid mechanical effect. As discussed 

in 3.1, the key is to match the pulling speed with the vertical growth rate of gel. As a result, the 

pulling parameters, namely Ew, vw1, tw1 and vw2, are the most important for tuning the shape of 

the deposition. Figures 4A-C illustrate the effect of Ew. At Ew = –1 V (Fig. 4A), deposition is 

not observed. This is because the potential is not sufficiently negative to jellify the meniscus so 

that the liquid goes back to the solution after pulling. By applying a more negative potential Ew 

= –1.2 V (Fig. 4B), the deposition is tubular shaped with length of ca. 140 µm and width of ca. 

8 µm, which may be good enough for doing local electrochemical measurements at high spatial 

resolution. Applying further negative Ew of –1.4 V yields longer but much wider deposition 

(Fig. 4C). This is less favourable for local electrochemical measurements as the spatial 

resolution is poorer. Therefore, one must control very carefully Ew to adjust the kinetics of 

electrochemical generation of OH- during the pulling process to avoid excess deposition in 

lateral direction. On the other hand, the mass transport of OH- is affected by the pulling speed. 

Figures 4D-F show the effect of vw1 in one-step pulling. With slow pulling, the meniscus has 

enough time to jellify in both lateral and vertical directions, thus the gel grows wider at the root 

and longer (Fig. 4D). By increasing vw1 (Fig. 4E), the meniscus is formed at the same pace with 

gelation, and therefore yields a thin deposition. Further increasing vw1 would cause rapid 

detaching of the meniscus, which would make the deposition short (Fig. 4F). Moreover, the 

gelation is also insufficient due to the short deposition time, making the deposition blunt. The 

experimental results confirm the high importance of matching the rate of gelation with that of 
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pulling for obtaining sharp hydrogel. This is a guideline for fine tuning and balancing Ew and 

vw1 together. 

Although the long sharp gel as shown in Fig. 1B, 4B or 4E might serve as micro-capillary 

reactors for separative sensing [37–39], they may be easily bent and raise issues for certain 

applications that require good mechanical strength. Therefore, effort is further made for tuning 

not only the width but also the length of gel deposition in the “electrodeposition + pulling” 

process. This is achieved by “cutting” the deposition through a second pulling step at a higher 

speed vw2 (vw2 > vw1). With the same deposition conditions as Fig. 4E, Fig. 4G-I shows that the 

length of gel deposit is significantly reduced by two-step pulling. Moreover, the desired length 

of the gel (l*
gel) can be rationally estimated and tuned with acceptable accuracy by setting proper 

tw1: 

𝑙𝑔𝑒𝑙
∗ = 𝑡𝑤1 ∙ 𝑟𝑔𝑒𝑙 (Eq. 15) 

where rgel refers to the gelation rate in vertical direction (parallel to the etched metal wire). The 

physical meaning of rgel is the moving speed of the gel/solution boundary, which can be derived 

from Eqs. 8, 13 and 14 under 1D diffusion approximation. It can be experimentally estimated 

from the one-step pulling with the same conditions by dividing the length of obtained gel lgel 

by the time required for detaching the gel from the solution tdetach: 

𝑟𝑔𝑒𝑙 =
𝑙𝑔𝑒𝑙

𝑡𝑑𝑒𝑡𝑎𝑐ℎ
⁄  (Eq. 16) 

For example, from Fig. 4E it is seen that lgel = 177 µm, and tdetach = 127 s recorded from the 

current response. Then rgel is calculated to be 1.4 µm/s. Thus, l*
gel is estimated to be 98, 49 and 

28 µm for tw1 = 70, 35 and 20 s, respectively. This is generally in accordance with what observed 

in Fig. 4G-I. Note that the estimation by Eqs. 15 and 16 is empirical, but mathematically not 

rigorous as rgel is not a constant but time dependent. It is also observed that the higher the vw2, 

the more accurate the estimation is. This is because with high speed of pulling at the second 

step, the deposition would terminate more rapidly after the first pulling. The deposition from 
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two-step pulling is slightly wider than that from one-step. This is probably due to less stretching 

of the gel by the surface tension of the deposition solution. Generally, the aim of the second 

pulling step is to reduce the length of the gel deposit while keeping the tip sharp. It is beneficial 

for the applications of these sharp hydrogel in spatially localized electrochemical 

measurements. 

The systematic experimental research above reveals the roles of each deposition parameter in 

the “electrodeposition + pulling” process, which guides the rational and rigorous tuning of the 

shape of gel deposition. This is essential for reproducibly tuning and controlling the shape of 

the sharpened hydrogel towards different applications. For example, tips with different aspect 

ratio can be fabricated with different deposition parameters (short wide in Fig. 2B or long sharp 

in Fig. 4B). Practically for optimizing the conditions, the first step is to measure LSV of the 

metal wire in the deposition solution, which helps fixing Ea and estimating the range of Eh, Ew. 

L slightly depends on the geometry of the etched metal wire and the rheology of the solution, 

but in most cases, we recommend L = 10 - 30 µm. Then, vw1 can be optimized together with 

fine-tuning of Eh, th (recommended to be < 5 s) and Ew to obtain sharp hydrogel. The last step 

is to choose tw1 according to the desired length of the gel and introduce a second pulling step at 

vw2 higher than vw1 to terminate the deposition. It should be noted that the exact optimal values 

of parameters sensitively depend on the deposition precursor, since even slight changes in the 

composition may affect both the electrodeposition kinetics and the solution properties (surface 

tension, viscosity, evaporation rate, etc.). Nevertheless, one should not be afraid of adjusting 

the parameters after customizing a solution (e.g. adding redox couples or functional materials), 

as the optimizations are rational and not tedious following the general logic, which usually take 

less than one day to get any desired shape for each new solution. More importantly, once the 

optimal conditions are settled for a solution, the fabrication is highly reproducible with the 

automated control (SI section 2.2). 
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The “electrodeposition + pulling” process is generic, which applies to various metals such as 

W, Pt, Ag and Au (SI Section 1.2). The roles of deposition conditions are similar and sharp 

hydrogels can always be prepared. In this work, the same W etched wire is used to get rid of 

the effect of substrate for systematic studies. After each experiment, the wire is cleaned in acid 

solution to remove the deposited chitosan and then reused again. Choice of W is mainly due to 

its hardness, so that the same etched wire can be used for a long time without significant change 

of the sharpness of the tip. However, in some cases especially when anodic potential is applied 

on the gel probe (Fig. 2), Pt is used due to its chemical stability. 

3.3 Application of the shaped gel for electrochemical writing 

Electrochemistry is a powerful technique for modifying surfaces by adding, removing or 

changing materials (i.e. metals, alloys, polymers, etc.). It can also be spatially localized to 

generate features from nm to mm-size by electrochemical writing [40–42], which is achieved 

typically by scanning electrochemical probe methods such as SECM [43–45] or scanning 

droplet cell (SDC) [46,47]. The early works have been reviewed [43,48,49]. State-of-the-art 

developments allow generation of patterns of nanometer resolution, either by precise control of 

electrochemical machining on SECM [50,51] or by meniscus-confined deposition [52,53]. 

Structures of 3D are also achieved by vertically lifting the probe [54–56].  

The gel probes prepared by “electrodeposition + pulling” may also be used for electrochemical 

writing. The principle is similar to that of scanning droplet cell, and the lateral resolution of the 

pattern depends on the gel/sample contact area. This also offers a way to characterize the shape 

of the probe, as the detail of the sharp tip end cannot be derived from optical images in Fig. 4 

due to the round shape and the resolution limit. As illustrated in Fig. 5A, we approach the sharp 

hydrogel tips to an Ag plate and locally oxidize the contact area while applying an anodic 

potential bias on Ag. The patterns can be easily tracked by optical/electron microscope due to 

the high contrast between AgCl spots and the Ag surface, and the diameter of spots refers to 
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the lateral resolution as reported in our previous work [57]. Furthermore, this model system 

also allows testing the stability of sharp hydrogel under mechanical stress and demonstrates the 

feasibility of using “electrodeposition + pulling” fabricated sharp hydrogel probes for 

electrochemical writing on conductive surfaces, even though the quality of electrodeposited 

hydrogel may be affected by Cl- ions [58,59]. 

For writing on surfaces, the first step is to approach the sharp hydrogel probe to be in soft 

contact with the surface (Fig. 5B). While applying a voltage (e.g. ESample vs. Egel= 0.6 V) 

between the sample and the hydrogel probe (two-electrode system), the current is initially zero 

(with noise) when the probe is far away from the sample (Segment a, z << 0). Once the probe 

touches the sample, the current shows a spike (Segment b) which provides a feedback for 

normalizing the touching position as z = 0. The probe could further be pressed or retracted to 

the desired z position (Segment c, here showing pressing z > 0) like in calligraphy. After 

positioning, the probe is held for a desired period under applied voltage for writing. The current 

gradually decreases, perhaps due to the formation of AgCl that passives the Ag surface 

(Segment d). After writing, the hydrogel probe is rapidly retracted from the sample (Segment 

e). Current is still detected when the probe goes up beyond the touching point (z < 0). Similar 

phenomenon has been observed in our previous work using other gel electrodes [60], and it is 

because the gel could be stretched to counterbalance its adhesion to the sample. Once the 

stretching force exceeds the adhesion, the gel is fully detached from the sample and the current 

returns to zero with noise (Segment f, z << 0). Then the probe is laterally moved to the next 

writing point, and the approaching-holding-retracting cycle is repeated, as illustrated in Fig. 5A. 

It should be noted that the approaching, holding, and retracting is more often carried out at 

different potentials to reduce the undesired surface change during the approaching and 

retracting steps. Fig. 5C shows a patterned array of 256 spots generated at ESample vs. Egel= 0.7 

V with a hydrogel probe of low aspect ratio (Fig. 5D). For each spot, the hydrogel probe is 

positioned at z = 1 µm (approaching and retracting at ESample vs. Egel= 0.4 V) and held for 8 s. 
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From SEM images, it is seen that the patterned spots are highly homogeneous, consisting of 

AgCl particles as confirmed by EDX mapping (Fig. S7). The size of the patterned spots is ca. 

6 µm (Fig. 5D) and the shape is not perfectly round. Nevertheless, the size and shape of the 

spots become highly reproducible after the first two rows (ca. 32 spots). The first two rows with 

slightly bigger size of spots are an artifact, likely because the fresh hydrogel contains free 

absorbed water that may spread on the sample surface upon contact. Similar phenomenon was 

also observed on approach-retract curves in our previous work [60], so we recommend 

executing a few approach-retract cycles before starting serious writing (similar as removing 

excess liquid in brush painting). Following the same writing sequence, other large patterns are 

made (see, SI section 2.3). Fig. 5D summarizes the morphological characteristics of single AgCl 

spots taken from them, along with the hydrogel probes used for writing. The size of the spots 

varies from tens (> 60 µm) to just few microns (1-2 µm) according to the sharpness of the 

employed hydrogel probe. Since the size of AgCl spots is determined by the contact area 

between the sharpened hydrogel and the Ag surface, it reflects the diameter of the gel probe 

and indicates the physical lateral resolution (R; the pixel size) of electrochemical writing. It is 

seen that “Electrodeposition + Pulling” is able to provide hydrogel probes in a wide range of 

resolution, possibly as high as ca. 0.5 µm. 

It is important to note that different resolutions can be achieved not only by using hydrogel 

probes of different size as showed in Fig. 5D but also by stretching and pressing the same 

hydrogel probe. As the hydrogel is elastic, it could be repeatedly stretched or pressed in a range 

without losing its original shape. This offers flexible resolution in the range of tens of microns 

for the same gel probe as demonstrated in SI Fig. S9. In practice, this improves the efficiency 

of writing since insensitive areas of a pattern can be generated with lower resolution by pressing 

the hydrogel to reduce the number of pixels, while fine details can still be drawn at higher 

resolution by stretching the same gel probe. The electrochemical writing is also demonstrated 
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for etching Ag films at different resolution using NO3
--containing hydrogel probes (SI, section 

2.4). 

Overall, the hydrogel probes prepared by “electrodeposition + pulling” offer a reliable and 

tunable lateral resolution of less than 10 µm. This is higher than commercial ink-jet printing 

and most of the electrochemical patterning work by SECM [43–45,61] or fluid force 

microscopy [62], yet still has a gap with optical/ion/electron beam-based lithography [63–65] 

or dip pen lithography [66,67]. Nevertheless, the conventional local surface modification 

techniques are mainly applicable only to highly flat surfaces such as silicon wafer, whereas 

“writing” on complex shaped surfaces remains a technical challenge. As demonstrated, the 

resolution of the hydrogel probes is tunable in the range of microns, which matches that of 3D 

printed structures (ca. 100 µm). Therefore, it has a potential useful application for the local 

generation of functionalities on 3D printed structures as a post-treatment. The feasibility of 

using hydrogel probes prepared by “electrodeposition + pulling” for local electrochemical 

surface modification of complex shape is first examined by purposely tilting the sample surface 

(SI section 2.5). It is found that the size of written spots does not change when the sample is 

tilted up to 45°. The gel probes can even write on more steep surfaces with tilt up to 10°.  

The sharp hydrogel probes prepared by “electrodeposition + pulling” are further challenged for 

writing at the sharp edge of a surgical blade, as shown in Fig. 6A. Spots of ca. 5 µm in diameter 

are written precisely over the edge (dashed line), having each of their halves at both sides of 

the sharp edge while the overall circular shape of the spots is maintained. Fig. 6B illustrates the 

electrochemical writing on a 3D-printed model using the hydrogel probes made by 

“electrodeposition + pulling”. The sample is simply placed “as printed” without any special 

adjustment of positioning direction (SI, Video S2). The pattern consists of two parallel rows of 

spots written across a channel with a step height of 200 µm (SI, Video S3). The spots are written 

at z = +5 µm by applying ESample vs. Egel = 1.2 V for 30 s for each spot. They are almost the 

same in size and shape, even though they cannot be all in the same focus under optical 
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microscope. More examples of writing on the side detail and sharply curved edges of the same 

model are shown in SI (section 2.6). These patterns in Fig. 6 (and SI) demonstrate the 

applicability of electrochemical writing on extreme surfaces in terms of the complexity of the 

sample geometry, using the gel probes accurately fabricated by “electrodeposition + pulling”. 

The immobilization of electrolyte in the form of soft but stable gel prevents the leakage and 

spreading of liquid over the sample surface, which is especially important for edges, steps or 

steep surfaces [13]. Important engineering aspects such as the speed of writing and the stability 

of the gel are also discussed in SI Section 3. 

4. Conclusions 

We report a novel “electrodeposition + pulling” method for tuning the shape of 

electrodeposition of chitosan hydrogel in 3D. The beauty relies on the synergy of 

electrochemical deposition with fluid mechanics, which allows the dynamic process to be 

rationally and reproducibly controlled for obtaining gel deposition of desired shape. The effect 

of deposition parameters is discussed from the design aspect and systematically studied 

experimentally, and it is revealed that the key to the process is the matching of rate for the 

electrochemically induced gelation and the evolution of meniscus. The “electrodeposition + 

pulling” method is generic for different metals (W, Pt, Ag and Au), and is foreseen to be 

applicable to any hydrogel that can be electrodeposited. The process is in practice fully 

automated just like pulling glass capillaries, offering sharp hydrogels that are used for 

electrochemical writing on 3D printed complex shaped surfaces, e.g. sharp edges, steps, and 

steep side planes. The hydrogel probes are positioned to be in contact with the sample by current 

feedback, and local modification of the sample surface is carried out by electrochemical 

deposition or etching. The lateral resolution reaches up to ca. 1-2 µm, and more importantly it 

is tuneable by pressing or stretching the same hydrogel due to the soft nature of the gel. With 

the resolution matching that of 3D printing, the hydrogel probe offers a promising tool for post-
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treatment of 3D printed structures to generate local functionalities on the surface. Note that 

local electrochemical modification of surfaces is just one application of such sharpened 

hydrogel probes prepared by “electrodeposition + pulling”. By introducing more sophisticated 

(bio)chemistry to functionalize the hydrogel, one may foresee various applications such as 

sensing and high-resolution multi-signal (bio)electrochemical imaging in future [68].  
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Table and Figure Captions 

Fig. 1 A- Scheme of the fabrication of sharpened hydrogel by “electrodeposition + pulling”, B- 

Typical current response during the fabrication, Inset: Photo of the obtained sharp hydrogel. 

Fig. 2 A- CV of 5 mM Fc(MeOH)2 at a Pt sharpened wire held at L= 20 µm, scheme of radial 

diffusion of OH- and photo of the obtained gel deposition. B- CV of 5 mM Fc(MeOH)2 at a Pt-

hydrogel probe, scheme of lineal diffusion of OH- within the meniscus and photo of hydrogel 

probe prepared by “Electropedosition + Pullling”. 

Fig. 3 LSV at a W sharpened wire on chitosan deposition solution. 

Fig. 4 Influence of “Electrodeposition + Pulling” parameters during the pulling step. Conditions 

of deposition: Ea = –0.7 V; L = 20 µm; Eh = –1.2 V; th = 5 s. Scale bars: 25 µm. 

Fig. 5 A- Scheme of local modification of (non)planar Ag surfaces using hydrogel probes. B- 

Typical current response during pattering one spot. C- SEM image of an array of AgCl spots 

on Ag plate. D- SEM images of individual AgCl spots and photos of the used hydrogel probes 

(scale bar: 25 µm). 

Fig. 6 A- (I) and (II) Photo and scheme of a gel probe approaching to the surgical blade; (III) 

AgCl spots on the very edge of a surgical blade. B- (I) 3D printed Eiffel Tower model coated 

with Ag; (II) Scheme of the locally modified area; (III) AgCl spots patterned on the area shown 

in (II).   
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1. Experimental procedures 

1.1. Preparation of sharpened metal wires by electrochemical etching 

Metal wires of W, Pt, Au and Ag are sharpened following similar protocols for preparing scanning 

tunnelling microscope (STM) probes[1–4]. The metal wires are immersed in the electrolyte by ca. 1 

mm in a two-electrode setup with a ring counter electrode (Fig. S1). Then a DC or AC voltage is applied 

between the wire and the counter electrode. The wire is etched to cone shape until being detached 

from the solution. Table S1 lists the conditions for etching different metals. The etched wires are 

cleaned by sonication in ethanol before depositing chitosan. The unetched part of the wire is sealed in 

glass capillary with epoxy for the convenience of holding it.  

 

Fig. S1. A- Photo of the experimental setup for electrochemical etching of metal wires. B- Scheme of 
the two-electrode configuration for etching. 
 
Table S1. Conditions employed in the preparation of sharpened metal wires. 

Metal Solution Voltage Average time of etching 

W 5 M NaOH 17 V DC 50 s 

Pt 
1.5 M CaCl2 in 1:1 
H2O/Acetone (vol. 

ratio) 
15 V AC   2 min 

Au HCl conc. 3 V DC 2 min 

Ag 
MeOH/HClO4 1:4 

(vol. ratio) 
3 V DC 30 s 

 

 

1.2. “Electrodeposition + Pulling” of chitosan on etched Pt, Au and Ag wires 

Besides W as shown in the main text, other metals such as Pt, Au and Ag could also be etched 

forming sharp tips that are used for “electrodeposition + pulling” of chitosan. The examples of 
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depositions are shown in Fig. S2. This proves the versatility of the “electrodeposition + pulling” 

approach for fabricating sharp hydrogel. 

 
Fig. S2. Examples of sharpened hydrogel fabricated by “electrodeposition + pulling” on 

sharpened Pt, Au and Ag wires. Scale bar 25 µm. 

 

1.3. Experimental setup for local electrochemical modification of a 3D printed model 

The photo of the experimental setup for locally modifying a 3D printed model of Eiffel Tower 

is shown in Fig. S3. It should be noted that the model is placed in the same direction as printed, 

without any special adjustment in position angle. This demonstrates the applicability of 

hydrogel probes to any shape. 

 
Fig. S3. Photo of the experimental setup for locally modifying the 3D printed Eiffel Tower model.  

 

 

2. Results and Discussion 

2.1. Influence of holding parameters on the shape of the hydrogel 

Systematic experimental research has been carried out to understand the individual roles of each 

parameter in the gel formation during “electrodeposition + pulling”. As the deposition is 
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dominated by the pulling step, the pulling parameters have the highest impact on the shape of 

the deposit. Thus, their influence and tuning are discussed in detail in the main text. At the same 

time, it is also essential to initiate the electrodeposition of chitosan already at the holding step. 

The main purpose is to generate a “seed” that guides the further deposition under dynamic 

pulling. It can be tuned by holding parameters L, Eh and th. Once the metal wire touches the 

deposition solution, the area of contact between the metal and the solution can be further 

increased via purposely immersing the wire by a distance L after detecting the contact. The 

length of immersion L affects the initial electrodeposition when holding the wire at Eh for th 

before pulling up. Fig. S4 reveals the effect of L on the shape of gel deposition. At L = 1 µm, 

there is no deposition at the end of the tip even by applying –1.3 V for a long time (300 s) (Fig.  

S4A). This is because the electrochemically generated OH- ions can easily diffuse away from 

the metal tip through hemispherical diffusion, making the local pH increase much more difficult 

than on planar electrodes. Similar phenomenon was observed when electrodepositing silica on 

micro-disk electrodes [5] and electrodepositing chitosan on cut wires [6], which could also 

explain the difficulty of electrodepositing chitosan at the tip of etched metal wires. Therefore, 

it is essential to immerse the metal wire deeper in the solution to initiate the electrodeposition 

of chitosan. Fig. S4B shows the gel deposited with L = 20 µm. Significant deposit is observed 

at the side of the immersed conical tip of the metal wire, and by adding a pulling step 

(“electrodeposition + pulling”) the deposition could be guided in the direction parallel to the 

metal wire (Fig. S4C).  Even though the shape of the hydrogel is significantly different from 

Fig. S4B, the area of contact between the gel and the metal cone is almost identical. This 

suggests that one may tune the “root” of gel deposit by the length of immersion L. If L is too 

large, the deposited gel is very wide and blunt (Fig. S4D), which is unsuitable for spatially 

localized electrochemical measurements. Therefore, the choice of L is a compromise to initiate 

the electrodeposition of chitosan on metal but not to have excess deposition at the side of the 

tip. In practice, we recommend setting L in the range of 10-30 µm. 
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Fig. S4. Effect of the length of immersion (L) on the initial deposition of the gel on an etched W wire. 

A- L= 1 µm, B- L= 20 µm, and after “electrodeposition + pulling” at C- L= 20 µm and D- L= 100 µm. 

Conditions of deposition: Ea= –0.7 V; Eh= –0.9 V; th= 5 s; vw1= 2 µm s–1; Ew= –1.2 V. Scale bar: 25 µm. 

 

After positioning the etched metal wire at an immersed distance L, the next step is to apply 

potential Eh for th while holding the wire. This holding step drives the initial deposition of 

chitosan forming “seed” that anchors further deposition in the later pulling step. Fig. S5 

compares the hydrogel deposited with different Eh and th, using the same conditions for the 

other steps of fabrication. It is clearly seen that gel fails to deposit on the wire when applying 

not sufficiently negative potential for short duration (Fig. S5A). Shifting Eh more negative and 

prolonging th would allow deposition at the tip, which continues in the pulling step forming a 

thin tubular shaped hydrogel (Fig. S5B). In contrary, holding the wire at very negative Eh for 

even longer th would yield excessive deposition at the root near the metal tip (Fig. S5C). The 

excessive deposition is not surprising and can be well explained by the pH gradient[7]. 

Nevertheless, it is interesting to see a “tail” that has similar width and length as in Fig. S5B, 

even though it appears twisted. This suggests that the shape of the main tubular part of hydrogel 

deposition is not significantly affected by the holding conditions. In short, the holding step 

should yield sufficient initial deposition to be pulled in the next step, however excessive 

deposition should also be avoided as it might affect the mechanical properties of the hydrogel 

(which might be the reason for the twisting). 
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Fig. S5. Effect of Eh and th on the shape of the gel on etched W wire. Conditions of deposition: Ea= –0.7 

V; L= 20 µm; Ew= –1.2 V; vw1= 2 µm s–1. Values for Eh and th are indicated in the figures. Scale bar: 25 

µm. 

 

In summary, the guideline for adjusting holding parameters is to have sufficient initial 

deposition of chitosan for guiding the further deposition in the later pulling step, but not to have 

excess deposition that makes the “root” of gel deposit too wide. Generally, L is recommended 

to be in the range of 10-30 µm, and more deposition is obtained by applying more negative Eh 

for longer th. At the holding step, the metal wire is positioned statically, so the deposition is 

similar as classical electrodeposition and the parameters can be relatively easily fixed. The 

holding parameters also have less influence on the shape of the gel deposit as compared with 

the pulling parameters. 

 

2.2. Reproducibility of “electrodeposition + pulling” 

Fig. S6 shows four hydrogels prepared with the same conditions from the same deposition 

solution. Generally, the geometry of the gel is reproducible and can be predicted quite well. 

 
Fig. S6. Reproducibility of the “electrodeposition + pulling” in the hydrogel deposit applying the same 

parameters. Conditions of deposition: Ea = –0.7 V; L = 30 µm; Eh = –0.9 V; th = 2 s; Ew = –0.8 V, vw1 = 1 

µm s–1. 
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2.3. Local electrochemical writing of AgCl 

Fig. S7 presents further analysis of the array shown in Fig. 5C (R ~ 6 µm). EDX mapping 

confirms the chemical nature of the spots to be AgCl. From SEM images and height profile, it 

seems that the spots become highly homogeneous in shape and height, consisting of essentially 

AgCl particles as confirmed by EDX mapping (with the absence of oxygen signals).  

 
Fig. S7. A- SEM and EDX mapping of random AgCl spots. B- Height profile of a column of 

spots. Scale bar: 25 µm. 

The resolution of local electrochemical writing is further challenged with a thinner hydrogel of 

high aspect ratio. Fig. S8 shows the complete array of 121 spots from where Fig. 5D (R ~ 2 

µm) is taken. Each spot was written by applying ESample vs. Egel = 0.6 V for t = 3 s at z = 0 µm. 

It is seen that the pattern generally appears as controlled. Nevertheless, some spots are 

significantly smaller than the others, and a few spots are either missing or laterally displaced. 

This is likely due to the lateral shift of the sharpened hydrogel tip, which affects the sense of 

contact by current feedback. It indicates that the hydrogel, as well as the instrumentation still 

need to be further improved for high resolution writing. 
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Fig. S8. A-Photo of an array of AgCl spots written with a high resolution hydrogel (Fig. S15B). 

B- SEM image and EDX map for Ag, Cl and O of randomly selected spots. C- Height profile 

of the deposited AgCl spots. Scale bars: 10 µm. 

Fig. S9A shows the complete array from where Fig. 5C (R ~ 64 µm) is extracted. The flexible 

resolution feature of hydrogel probes is demonstrated by stretching and pressing the hydrogel 

after touching the surface. Here, each column is generated with the same voltage and time 

(ESample vs. Egel = 0.6 V; t= 8 s) but at different z. It is clearly seen that the diameter of the spots 

increases as the hydrogel is pressed against the sample (z shifts from –3 to +15 µm). The 

diameter as a function of z is almost linear in the range of z = 0 to +15 µm. Moreover, the 

patterns at z = 0 and +5 µm are repeated after writing at z = +15 µm. The spots are almost the 

same as the second and third rows, indicating that the pressing of gel up to +15 µm is elastic 

and the shape of hydrogel is well restored after detaching. This way, the area of contact between 

the hydrogel and the surface can be tuned by z position (in an almost linear fashion for z > 0, as 

shown in Fig. S9B). It offers flexible resolution of electrochemical writing with the same gel 

probe[8]. 
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Fig. S9. A- Photo of an array of AgCl spots patterned with tunable resolution by controlling z. 

B- Diameter of spots vs. z position curve. Scale bars: 25 µm. 

2.4. Local electrochemical etching of Ag 

Local modification of Ag surfaces is further tested for etching Ag-coated ITO using NO3
--

containing gel probes. Same as oxidizing Ag with Cl--containing hydrogel, the first step is to 

approach the probe to be in contact with Ag surface. Then, the hydrogel is held at z = 0 where 

consecutive scans of cyclic voltammetry is measured (Fig. S10A). It shows that the oxidation 

peak current gradually decreases, which indicates the dissolution of Ag. After a few scans, the 

peak becomes almost invisible, suggesting that only the ITO substrate is exposed. Thus, a 

constant potential of ESample vs. Egel = 1 V is chosen for locally etching Ag. The bias is applied 

for 20 s at z = −2 µm for each spot, yielding a series of spots shown in Fig. S10B. The removal 

of Ag is confirmed by profilometry and EDX (Fig. S10C-D). The size (ca. 4 µm) and shape of 

the etched holes are quite reproducible. 

More examples of local electrochemical etching by hydrogels are shown in Fig. S11, 

demonstrating that the process works at very different resolution of ca. 25 and 2 µm. These 

results further confirm the feasibility of using hydrogel probes for local electrochemical 

etching, yet etching more spots with the same hydrogel probe remains challenging at this stage 

due to the contamination of the gel which will be discussed in Section 3. 

 
Fig. S10. A- Consecutive CV scans of Ag-coated ITO using a hydrogel containing NO3

-. B- Photo of an 

array of etched holes on Ag-coated ITO. C- Depth profiles of the patterned holes. D- EDX spectra of 

the etched sample. 
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Fig. S11. A and B- Photos and SEM image of etched holes on Ag-coated ITO with low and high 

resolution. Scale bars: 10 µm. 

2.5. Effect of sample tilt on the electrochemical writing 

One major advantage of the hydrogel is the soft contact with the sample, which allows local 

electrochemical measurements on complex shaped surfaces. To mimic the complex shape, we 

purposely tilt a flat sample and examine its effect on the electrochemical writing of AgCl. Fig. 

S12 shows the spots of AgCl written on the Ag plate positioned with different tilt angle. All the 

spots are written at contact position (z = 0 µm) with ESample vs. Egel = 1.2 V for 20 s. Between 

spots, the hydrogel probe is laterally moved by 50 µm either in x or y axis. Table S2 summarizes 

the average diameter of the spots and the average distance between adjacent spots in a row. It 

is seen that the spots written with θ = 60° and 45° have the same diameter as those written at 

classical vertical position (θ = 90°). The distance between adjacent spots also fits well the 

calculated values (dy = 50 µm, dx = 50 µm / sin θ). At θ = 30°, the diameter of spots significantly 

reduces by ca. 50%, whereas the line starts to be less straight. The dx is also smaller than 

calculated. We further challenge the writing at θ = 10°. Spots with even smaller diameter can 

still be clearly seen, but the shape becomes irregular and the distance between spots cannot be 

accurately controlled.  

The results suggest that the hydrogel probes fabricated by “electrodeposition + pulling” can 

reliably write on surfaces with tilt up to 45°, with no significant change in the resolution. It is 

also possible to write on steeper planes up to θ = 30° with acceptable quality. Further reducing 

θ to 10° would bring difficulties in control and therefore is less reliable. The exact limit of 
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sample tilt may also depend on the shape of the gel deposit and even the etching of metal wire. 

Nevertheless, this is generally sufficient as the approaching direction of the hydrogel can also 

be rotated in practice (for example, flip the hydrogel probe by 90° and approach to the sample 

horizontally). The results suggest that the hydrogel probe is not sensitive to the positioning of 

the sample and pave the way for locally modifying complex shaped surfaces such as 3D printed 

structures shown in the main text. 

 
Fig. S12. Scheme of experimental setup and photos of AgCl spots written at different angles on Ag foil. 

Scale bar: 25 µm. 

 

 

 
Table S2. Effect of tilting on the geometry of patterns shown in Fig. S12.   

θ 
Average spot 

diameter 

(µm) 

Average distance 

between two adjacent 

spots in a row dx (µm) 

dx 
calculated (µm) 

90° 20.97 50 50 

60° 20.69 56.7 57.7 

45° 20.15 68.13 70.71 

30° 13.64 95.07 100 

10° 8.79 241.35 287.9 

2.6. Local electrochemical modification of a 3D printed Eiffel Tower 

Complementary to the example given in Fig. 6B, Fig. S13 presents several points of AgCl that 

are written at the sharply curved edges (patterns B and C) as well as the side wall details (pattern 
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D, shown in Fig. 6B) of the 3D printed Eiffel Tower by applying ESample vs. Egel = 1.2 V (as 

marked in Fig. S13A). Pattern B (Fig. S13B) shows a dash line of ca. 10 µm width made at z = 

0 µm (t = 50 s for each point). Pattern C shows spots of ca. 25 µm diameter assembled in a long 

line of 3 mm (Fig. S13C, showing only part of the line) crossing the edge (marked with dash 

line in Fig. S13C). The spots are made at z = +5 µm by applying the same potential for 10 s for 

each spot. It is seen that the precision is maintained even by significantly changing the angle of 

the surface from one plane to another.  

 
Fig. S13. A- 3D printed Eiffel Tower model coated with Ag showing the edges (B and C) and 

steps (D) where patterns of AgCl are made. B and C- photos of patterns of AgCl made by the 

hydrogel probe shown in Fig. S14. 

3. Technical aspects: printing speed and stability of hydrogel probes 

The feasibility of hydrogel probes for locally modifying or etching (complex-shaped) surfaces 

by electrochemistry is well demonstrated. As all other printing techniques, a major technical 

aspect is the speed. This is determined by the time of approach, hold and withdraw. The 

approaching and withdrawing time depend on the vertical traveling distance and therefore 

depend on the geometry of the sample. One could estimate that for a traveling distance of 50 

µm, it takes 5 s when approaching the piezo at 10 µm s–1. This would provide a positioning 

accuracy of 10 nm when using a feedback loop at 1 kHz. The hydrogel probe can be withdrawn 

at the maximum speed of piezo if the retract curve is not recorded, and thus the time is negligible 

as compared to approaching. Nevertheless, it should be noted that the hold time depends on the 

kinetics of the local electrochemical reactions. This cannot be optimized by the engineering of 

the instrument and has a theoretical limit by Faraday’s Law for metal deposition/dissolution. 
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Another practical concern of the hydrogel probe is the stability. This includes two aspects: the 

mechanical stability and the chemical stability. The former can be examined by comparing the 

shape of the gel before and after experiments. The latter is more difficult to be determined but 

a rough estimation can be derived from Faraday’s Law, as discussed later.  

Fig. S14 summarizes the photos of hydrogel probes before and after local modification of 

surfaces in the present work. In general, there is not major change in the shape of the gel after 

being used (multiple pressing and stretching against/from the surface) for long time (hours). An 

exception is the hydrogel probe shown in Fig. S14B, where the thin and long tubular gel is 

clearly bent after writing 121 points at high resolution of ca. 1-2 µm. It can explain the lateral 

drift in the shape of the written spots (Fig. S8A). However, the contact area did not change 

significantly despite the bending. The mechanical stability of the hydrogel probes shall be 

further improved by optimizing the gel material in future. 

To analyze the chemical stability (depletion/accumulation) of the hydrogel probes, a rough 

estimation can be derived from Faraday’s Law: 

𝑐 =
𝑄𝐹𝑛𝑠𝑝𝑜𝑡𝑓

𝑛𝐹𝑉𝑔𝑒𝑙
            (3) 

where c is the concentration of species that are electrochemically generated or consumed from 

the gel, QF refers to the Faradaic charge at each spot, nspot refers to the number of spots, f refers 

to the Faradaic efficiency, n is the number of electron involved in reaction, F is the Faraday 

Constant, and Vgel represents the volume of the gel. 

QF can be further expressed as: 

𝑄𝐹 = 𝐴 ∫ 𝑖𝐹𝑑𝑡
𝑡

0
           (4) 

where A is the contact area between the gel and the sample, iF is the Faradaic current density. 

By applying an approximation that the gel is cylindrical, and its diameter is proportional to the 

contact area by a factor of k, then, 

𝑉𝑔𝑒𝑙 = 𝑘𝐴𝑙𝑔𝑒𝑙            (5) 
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where lgel is the length of the gel. Substitute Equation 3 by Equation 4 and 5: 

𝑐 =
𝑛𝑠𝑝𝑜𝑡𝑓

𝑛𝐹𝑘𝑙𝑔𝑒𝑙
∫ 𝑖𝐹𝑑𝑡

𝑡

0
           (6) 

From Equation 6, it can be seen that with the same Faradaic current density, c is higher if the 

gel is shorter. In practice, to prevent the uncontrollable lateral shift of the hydrogel it is 

recommended to use shorter gel for patterning at high resolution (Fig. S8), and this is why we 

employed a second pulling step to “cut” the gel. Then inevitably, the problem of 

accumulation/depletion becomes more dominant. Fig. S14H shows a clear example of 

accumulation of reaction products: the gel turns dark after etching a few spots. We suspect that 

this is related to the saturation of oxidation products (AgNO3), which could be avoided by 

refreshing the hydrogel via soaking electrolyte in future. In this work we did not observe 

significant depletion of Cl- ions in the gel while locally modifying Ag to form AgCl. It should 

also be noted that considering the ease of “electrodeposition + pulling” process, the hydrogel 

can also be regenerated by removing the gel and redeposit, like for Fig. 4. 
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Fig. S14. Summary of the hydrogels used for electrochemical pattering in this work. Scale bars: 25 µm. 

4. Videos 

4.1. Video S1: Electrodeposition + Pulling 

Video S1 shows the process of “Electrodeposition + Pulling” fabrication of sharp chitosan-

based hydrogel applied to a sharpened W wire. The three steps of the protocol (approach, hold 

and pulling) can be seen in the clip. The stretching of the meniscus during the pulling leads to 

the final tubular shape of the hydrogel as seen in the video. The video is recorded at real speed, 
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and in this case the whole process takes less than two minutes. But it may take longer or shorter 

time depending on the conditions and the desired shape of the hydrogel.  

4.2. Video S2: Local modification of 3D printed Eiffel Tower model 

Video S2 is recorded while writing at the edge of the top of the 3D printed Eiffel Tower. As 

explained in the main text, the patterns are made using the hopping sequence (approach, hold, 

retract and then move to next point). In this case, the program executes a linear pattern of 8 

spots holding the hydrogel probe at 1 V for 5 s at each spot (z = 0). The speed during approach 

and retraction is 20 and 110 µm s–1, respectively. It should be noted that the conditions are 

different from that used for Fig. 6B in the main text. They are not suitable for obtaining good 

patterns, but the video illustrates the process. 

4.3. Video S3: Writing at the step edge of the 3D printed Eiffel Tower 

Video S3 shows a pattern of AgCl spots at the edge of printed Eiffel Tower model, which is 

presented in Fig. 6B of the main text. Due to the complex shape of the surface, it is impossible 

to have all the spots in the same optical focus, so the image of Fig. 6B is acquired with only the 

right bottom part (4 spots at Row 1) in focus and the rest blurred. To better illustrate the quality 

of pattern on this complex shape, Video S3 shows the sample under optical microscope when 

the focus is gradually changed from Row 1 to the channel and then to Row 2. 
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