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ABSTRACT 

Flexible electrochemical sensors for measurement and quantification of biomarkers 
are attracting a great deal of attention in non-invasive medical applications, due to 
their high mechanical compatibility and conformability with the human body. 
Realization of the full potential of such novel systems relies heavily on their effective 
manufacturing. Particularly, there is a need for manufacturing techniques that can 
realize complex designs, consisting of multiple functional materials which are 
required for sensor functionality. Among emerging additive manufacturing techniques, 
Direct-Ink-Writing (DIW), where polymer nanocomposite inks are dispensed through 
nozzles and deposited with high spatial control, carries a great potential to address this 
need. Here, we introduce a 3D printed flexible electrochemical biosensor for glucose 
detection. We show that our biosensor works linearly in glucose solution with a 
concentration range between 100 and 1000 µM. The sensitivity of glucose biosensor 
is estimated to be 17.5 nA µM−1 and the calculated value of detection limit (S/N= 3) is 
6.9 µM. The demonstrated electrochemical performance and surface properties of the 
printed sensors show the promising advantages of using this technique over 
conventional screen printing method. These advantages include higher sensitivity and 
specificity and, reduced material consumption. 
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1. INTRODUCTION 

Over the past decades, glucose biosensors have attracted intense research interest 
because of their value in diabetes management [1]. The personalized nature of this 
problem renders the several conventional glucose detection methods such as 
fluorescence and colorimetric strategies as unsuitable for the trace analysis of glucose 
in human body[2–4]. The most commonly used personalized blood glucose level 
measurement method involves using a commercial glucose meter requiring frequent 
pricking of fingertips. Alternative methods involve using of continuous glucose 
monitoring systems, however these systems are expensive and need frequently 
changing invasive needle/sensor insertions [5]. Nowadays, extensive efforts have 
been aimed at developing wearable electronics and their applications in biomedical 
fields. Specific emphasis has been placed on developing non-invasive monitoring of 
other body fluids such as human sweat [6–9]. One of the examples shown recently is 
the use of wearable patches to simultaneously track the levels of metabolites and 
electrolytes in human sweat [10].  

In developing wearable sensors, several factors should be considered, including 
mechanical flexibility for conformance to the human body, device scalability and 
miniaturized electronics and devices [11,12]. Traditional manufacturing strategies are 
typically based on adaptations of conventional 2D fabrication processes, such as spin 
coating, photolithography and screen-printing [13,14]. These approaches have been 
shown to be appropriate for recently emerging wearable biosensors [15–17]. Despite 
their demonstrated feasibility, there are many drawbacks in using such techniques 
including the use of harmful chemicals, rigorous fabrication steps, material waste, the 
need for expensive cleanroom processing and failure to integrate enzyme/electrode 
co-production. Thus, further research effort is still needed for the development of new 
processes with higher levels of customizability, higher throughput and reduced 
material waste. 

Emerging additive manufacturing techniques can address these issues as they 
offer many opportunities for various critical technologies including wearable 
electronics [18], energy storage [19], artificial tissue engineering [20] and food 
fabrication [21]. Among these methods, Direct-Ink-Writing (DIW) involves 
dispensing “inks” out of nozzles within the range of mm to µm scale and depositing 
them with high levels of spatial control and accuracy. These inks typically contain 
functional materials with tunable rheological properties. Complex designs are 
achieved through pre-defined digitalized paths [22]. DIW is able to process a myriad 
of ink materials such as suspensions [23], polymer melts [24] and solutions [25], 
hydrogels including living cells [20] and metals [26]. More recently, the DIW’s 
capability of directing nanoparticle morphology during printing of composite inks. 
This capability enables DIW to control the properties of the printed structures [27,28]. 
One of the most prominent applications of the DIW technology is printing of 
electrically conductive nano-composites to fabricate mechanically compliant 
electrodes [29,30]. This unique capability has been utilized in various applications 
including electrochemical energy storage [31]. The versatility of the DIW approach 
also enables fabrication of multi-material functionally-graded structures in wide range 
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of size scales. Combination of this capability with the demonstrated success of DIW 
in processing conductive nanocomposites into flexible electrodes carries a great 
potential in manufacturing of wearable biosensors, which require precise integration 
of multiple active materials in well controlled electrode geometries. This paper 
explores this potential which has not yet been realized. Specifically, the presented 
study is the first example of using DIW for electrochemical sensing through the 
printing of multiple materials for synergistic functionally.  

Here, a feasibility study of micro additive manufacturing of glucose biosensor is 
presented. A novel dual 3D printing of Prussian blue modified electrode and glucose 
oxidase enzyme layer for electrochemical biosensing has been introduced (Scheme 1). 
The performance of the printed electrodes has been compared to screen-printed 
counterparts having the same material composition and geometry. Electrodes were 3D 
printed in different sizes and electrochemical measurements were performed to study 
the effect of the electrode diameter, which is precisely and flexibly controlled through 
3D printing, on the sensor performance.  

2. EXPERIMENTAL DETAILS 

2.1 Inks and their preparations  
Commercially available Prussian blue conductive Carbon ink (C2070424P2, 

Gwent Group, Pontypool, UK) was used as electrode materials for 3D printing. The 
ink for the enzyme is prepared through mixing of 6 mL of tetraethoxysilane (TEOS), 
1.32 mL of DI water, 1.32 mL of ethanol, and 100 µL of HCl (1.0 M) for 1 h to make 
a sol-gel (pH 5.0). A 100 µL of the enzyme solution (30 mg of GOx, EC 1.1.3.4, 150 
units/mg) was added into 1.0 mL of the sol-gel. Subsequently, this mixture was added 
to 5 mL of 8% hydroxypropyl cellulose and sonicated for another 10 min. The entire 
composite was cooled for 6 h prior to printing. Both inks were then transferred to 3 cc 
syringe barrel as shown in the Figure S4. 
2.2 Characterization of the ink rheology 

The rheological properties of electrochemical electrode and Enzyme inks were 
characterized using a strain-controlled rheometer (TA instruments, ARES-G2) in the 
cone and plate configuration (50 mm diameter, 0.0196 rad cone angle). Two different 
tests were applied to both inks: an amplitude sweep test to characterize plateau elastic 
(storage) and loss moduli and a frequency sweep test to understand viscoelastic 
response of the printable inks. The test setup requires loading both inks at a volume of 
0.6 ml using a syringe. To avoid the solvent evaporation during testing, a low 
viscosity mineral oil was applied around the circumference of the plate. The 
amplitude sweep test was conducted at a constant oscillation frequency of 50 rad/s 
and an oscillation strain range of 0.0052% to 1000%. The minimum oscillation strains 
in linear region of amplitude sweep of magnitude 5 % and 0.25% were chosen in 
frequency sweep test which was applied for Enzyme and Electrode inks, respectively. 
Here, the angular frequency was increased from 0.01 to 628 rad/s. The cone-plate 
distance was kept 0.047 mm for all tests and temperature was maintained at room 
temperature.  
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2.3 Direct-Ink-Writing  
As shown in Figure 1a, a custom-built DIW platform was utilized for DIW of the 
sensors. This platform consists of a three-axis motion system (Aerotech 
ANT180-ANT130 motion stage) which is capable of positioning the substrate with 
sub-micron accuracy within a working space of 210 mm x 160 mm x 110 mm. A 
positive pressure pump (Nscrypt Smart Pump®) is used to dispense the inks. The inks 
were introduced into a needle valve with a stainless-steel nozzle of 200 µm diameter 
attached to the pump outlet and their flow were controlled through the pump. A CCD 
camera attached to the print head was used to monitor the printing process. The inks 
were printed on a temporary tattoo paper (HPS LLC, Rhome, TX) as a substrate. 

Schematic illustration of DIW of electrode and enzyme inks is shown in Figures 
1d-f. Here, we used a novel approach for printing Enzyme with electrochemical 
electrodes in a two-step process. Three different sizes were used for electrode printing. 
Three electrodes with 1 mm (small), 2 mm (medium) and 4 mm (large) diameters and 
32 mm long legs were designed in CADFusion (Aerotech Inc) software and the 
corresponding G-codes were generated. The generated G-code was transferred 
through a LabVIEW interface to our custom-built DIW system with adjusted air 
pressure and printing distance to the substrate. Figure 1b shows microscopy image of 
printing of the carbon-mediated ink. The printed electrodes were dried in a vacuum 
oven at 100 oC for about 10 minutes prior to enzyme printing. As it has been shown in 
Figure 1c, the enzyme inks were then printed on dried carbon electrode. The Table 
S1 in the supporting information summarizes the printing parameters used for this 
process. 
2.4 Screen Printing 

To evaluate the effectiveness of the DIW approach in electrode fabrication, we 
also fabricated the same electrode (i.e. same material and design) using the 
conventional screen printing approach. The approach used for this purpose is shown 
in Figure S5.  The electrode mask was made by laser cutting corresponding designs 
out of tattoo paper and it was placed on the top of the main papers. Then, screen 
printed electrodes were fabricated by casting mediated carbon ink over the mask using 
micrometer adjustable film applicator (EQ-Se-KTQ-100 from MTI Corporation).  
2.5 Scanning Electrode Microscopy and Optical Profilometry of 3D printed and 
screen-printed electrodes 

As shown in Figures 2a-d, the surface morphology of both 3D printed electrodes 
and screen-printed ones were characterized through an environmental scanning 
electron microscopy (FEI Quanta 200F). The interface morphologies between the 
electrode and enzyme for both 3D printed and screen-printing methods have also been 
shown. The surface topographies of both electrodes were also characterized using an 
optical profilometer (Zygo NewView 7300) through white light interferometry. For 
each electrode, about 2 mm long section was measured to characterize its 
cross-sectional profile with sub-nm height and sub-micron width resolution. Figures 
2e-f show surface profiles of screen-printed and 3D printed electrodes, respectively. 
2.6 Electrochemical analysis instrumentation 

Cyclic voltammetry (CV) and Chronoamperometric (CA) measurements were 
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performed by using CHI 660E electrochemical workstation (CH Instruments Inc., 
Austin, TX, USA). A three-electrode cell with a platinum counter electrode and an 
Ag/AgCl reference electrode was used for electrochemical measurements. All 
experiments were performed using a 0.1 M phosphate buffer (PBS) (pH 7.4) solution. 
The operating potential for the 3D printed sensor was selected by using cyclic 
voltammetry. During the CV measurement, initial potential was 0.0 V, and the initial 
scan direction was negative. The amperometric detections were recorded after 120 s 
incubation in the sample solution, using a potential of 0.25 V (vs Ag/ AgCl) for 120 s. 
The sensor specificity was examined in the presence of common interfering 
electroactive species: 100 µM ascorbic acid and 100 µM uric acid. All experiments 
were conducted at room temperature. 

3. RESULTS AND DISCUSSION  

3.1 Electrode manufacturing 
The results of the rheological characterization of mediated carbon and enzyme 

inks are shown in Figures 2h-j. From amplitude sweep test, as shown in Figure 2h, 
the plateau elastic moduli for the carbon and enzyme inks were found to be around 
1kPa. Having higher storage modulus compared with loss modulus at low shear rate 
represents the printability into 3D structures of both electrode and enzyme inks [32]. 
In other words, both inks have more solid-like behavior compared to viscous 
liquid-like behavior at such low shear rates which are experienced by inks right after 
their extrusion. Shear thinning behavior of both viscoelastic inks was captured by 
frequency sweep test as depicted in Figure 2i-j, indicating ideal extrusion 
characteristics for both inks [33]. As it has been shown in Figure 2g, mean height 
variation through the whole scanning area on screen printed electrode were about 
twice the corresponding height on DIW electrode. Here, approximately equal 
projected area for both electrodes were taken as a reference region and the total 
volume of material for each electrode was calculated. The corresponding results have 
been shown in Table 1. The calculated volumes which represent the amount of 
material that have been used for each of DIW and screen printing methods. In 
addition, as shown in Figures 2a-d, the Environmental Scanning Electron 
Microscopy (SEM) measurements have also confirmed the uniformity and 
homogeneity of printed electrode without enzyme compared with screen-printed ones. 
The comparison between the surface morphology of 3D printed electrode (Figure 2a) 
and screen printed one (Figure 2c) clearly shows a more uniform distribution of 
active materials across the similar size scale for the 3D-printed electrode. Also, 
microscopic observation at the interface between electrode and enzyme, demonstrates 
that 3D printing of the active materials can lead to a uniform and repeatable 
distribution of the mediator and enzyme in the final multi-material structure as 
illustrated by Figure 2b. This is primarily associated with the high deposition 
resolution coupled with ink homogeneity in each printed strand and layer. 
3.2 Electrochemical behavior of the 3D printed electrode 

To investigate the electrochemical performance of 3D printed Prussian blue 
modified carbon electrode, cyclic voltammetry (CV) was first conducted in PBS. The 
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effect of different scan rates on the CV’s response of the carbon electrode is shown in 
Figure 3a. With the increase of scan rate from 10 mV s−1 to 200 mV s−1, the redox 
peak current increases gradually. Figure 3b shows the peak current versus the sweep 
rate plot was linear (R2 = 0.99), implying that the kinetic behavior of the electrode is a 
surface-confined electrode reaction [34].  

Figure 3c shows the hydrodynamic voltammograms, the dependence of the 
response of 3D-printed Prussian blue modified carbon electrode to 50 µM H2O2 upon 
the applied potential. Normally, the high anodic oxidation potential of hydrogen 
peroxide (>+0.6 V vs. Ag/AgCl) restricts the specificity of amperometric enzymatic 
biosensors, due to the interference in the potential range [35]. Prussian blue has been 
widely used to modify electrodes as an efficient catalyst to lower hydrogen peroxide 
redox potential [36,37]. In this work, the response to H2O2 increases steadily to a 
voltage of 0.3 V and saturated at higher voltages. The results indicate that the Prussian 
blue has acted as a mediator and the tendency of Prussian blue undergoing redox 
reaction has helped to increase the electron transfer at electrode. Generally, the low 
operating potentials greatly minimize interferences from coexisting electroactive 
species. We choose 0.25 V as an applied potential in most cases. Therefore, the role of 
Prussian blue is to help detection of hydrogen peroxide oxidation current at lower 
potential. Figure 3d shows CV curves of electrode in PBS and hydrogen peroxide 
(H2O2) solution at 100 mV s−1. In PBS solution (in the absence of H2O2), the 
oxidizing current is as low, as about 13 µA at 0.25 V. With addition of 50 µM H2O2, 
the oxidation current has increased to 25 µA.  

The chronoamperometric (CA) curves of the electrode for different concentration 
of H2O2 solutions are shown in Figure 4a. With increasing concentration of H2O2, the 
oxidation current increases linearly. The i–c curves of the electrodes are shown in 
Figure 4b. The 3D-printed electrode works linearly in H2O2 solution with a 
concentration range between 0 and 900 µM. The corresponding regression equation of 
the linear curve in Figure 4b is calculated as: i = 1.23��	
 − 6.17��	, R2 = 0.997, 
where c is the concentration of H2O2. The sensitivity is estimated to be 12.3 nA µM−1. 
For screen printed electrode (red curve in Figure 4b), the corresponding regression 
equation of the linear plot is:	i = 5.05���
 − 3.19���, R2 = 0.997. This electrode 
worked linearly in H2O2 solution with a concentration range between 0 and 700 µM. 
The sensitivity is estimated to be 5.05 nA µM−1. As shown, the 3D-printed electrode 
has a boarder linear range than screen printed electrode. Furthermore, the sensitivity 
of 3D-printed electrode towards H2O2 is significantly higher than that of screen 
printed electrode due to the distinct, smooth conductor edges with minimal defects 
printed by DIW technique and thus resulting in uniform active material distribution 
and better surface-level electrochemical reaction [38]. In addition, the results shown 
in Table 1 and Figure S5 demonstrates that DIW can significantly reduce the material 
waste as compared to screen-printing while fabricating the same sized electrodes 
including comparable amounts of active materials. 
3.3 The performance of the 3D co-printed electrode as a glucose biosensor 

The chronoamperometric (CA) curves of 3D-printed glucose biosensors (enzyme 
layer printed on the electrode) for different concentrations of glucose solutions are 
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shown in Figure 4c. With increasing concentration of glucose, the oxidation current 
increases linearly. In the inset of Figure 4c, the electrode works linearly in glucose 
solution with a concentration range between 100 and 1000 µM. The corresponding 
regression equation of the linear plot was: i = 1.64��	
 − 1.134���,	R2 = 0.998, 
where c is the concentration of glucose in µM. The sensitivity is estimated to be 17.5 
nA µM−1. The detection limit is then calculated (S/N=3) to be 6.9 µM. The 
reproducibility of 3D-printed electrodes is studied by using different electrodes, with 
detection of 100 µM of glucose (Figure S2a). And the repeatability of 3D-printed 
biosensors is investigated by using the same electrode, with detection of 100 µM of 
glucose (Figure S2b). The results show that the 3D-printed glucose electrode exhibits 
satisfactory reproducibility (~3% variations) and excellent repeatability. The effect of 
physiologically relevant concentrations of common coexisting interfering 
electroactive species on the sensor response is examined. The results, displayed in 
Figure 4d, highlight the high specificity of the sensor toward glucose in the presence 
of ascorbic acid and uric acid. The response to 100 µM glucose at +0.25 V is suffered 
from negligible interference by subsequent addition of 100 µM ascorbic acid and 100 
µM uric acid as well as some ions (1 µg mL-1). In overall, the high sensitivity and 
selectivity demonstrated in Figure 4d reflect the coupling of the specific biocatalytic 
reaction with the low-potential amperometric transduction at the 3D-printed biosensor, 
due to the help of Prussian blue modified carbon electrode. Besides, these 3D-printed 
biosensors demonstrate remarkably stable responses. These 3D co-printed biosensors 
are stored at room temperature. The long-term stability is investigated by performing 
the CA test, using the same strip, with intermittent usage (4h or overnight) and dry 
storage at room temperature. As shown in Figure S3, no apparent change in the 
response to 100 µM glucose is observed in this period, indicating that the 3D 
co-printed biosensors have good stability.  

It has been shown in the literature that the electrode geometry significantly 
influence the biosensor response [39]. DIW approach provides the capability of 
precisely controlling the electrode geometry and thus, the sensor response. To 
evaluate the effect of electrode diameter on the sensor response, we printed and 
examined electrodes with three different diameters. As shown in Figure S1, the 
electrode sensitivity increased with decreasing electrode diameter. This result is 
consistent with the earlier findings in the literature: Electrodes with a higher 
perimeter-to-surface area ratio (reciprocal of the radius for a circular electrode) have 
been found to have a lower impedance and higher charge transfer ability due to both 
reduced ionic resistance of the electrolyte and a higher flux to the electrode during the 
electrochemical process [40,41]. 

Finally, to demonstrate flexibility of the 3D-printed glucose biosensors, the 
mechanical behavior of 3D printed electrode on a tattoo paper is investigated under 
multiple bending cycles as shown in Figure S6. Here, the printed electrode is bent 
around a cylindrical template of 27 mm diameter multiple times and was examined 
under a microscope after the deformation cycles. The corresponding results 
demonstrate that the integrity of the 3D printed electrode is maintained under repeated 
flexural deformation. 
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4. CONCLUSION 

 A novel approach for additive manufacturing flexible glucose biosensors has been 
demonstrated. Commercial carbon ink modified with Prussian blue as electron 
transfer mediator, and a custom-made enzyme ink were 3D-printed on a tattoo paper 
using DIW method. The rheological properties and surface morphology of 3D-printed 
electrodes were characterized thereafter, and their electrochemical performance was 
investigated and compared with the conventional screen-printed electrodes having the 
same geometry and material composition. Results show that 3D-printed electrodes 
have more uniform and defect free surface which has led them to be more sensitive to 
electrochemical sensing [42,43]. The in vitro characterization of the 3D-printed 
glucose biosensors revealed their ability to detect micro-molar levels of glucose in the 
presence of common interfering chemical species. It also shows that using DIW 
instead of conventional screen printing can save time and material, reducing overall 
cost. 3D-printed biosensor exhibited better reproducibility, repeatability and long-term 
stability.  
Broader practical utilization of the presented technology will require integration of the 
printed biosensors with other electronic components for powering the sensor, signal 
processing and wireless communication on a wearable platform. It should be 
emphasized that the use of DIW for sensor fabrication also streamlines such an 
integration task given the recent emergence of printed electronics. Through the DIW 
approach, the biosensor, associated interconnects, passive electronic components and 
antennae can be fabricated using a single process which can also be combined with IC 
integration [44,45], all on a flexible substrate. This critical advance will substantially 
reduce the cost and increase the sophistication of biosensors for personal health 
monitoring. Our future efforts will be aimed at realizing such a complete integration 
and using the packaged system in long term, in vivo glucose monitoring. 
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Scheme 1. 3D printed biosensor for glucose sensing. 
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Figure 1. Schematic illustration of Direct-Ink-Writing of Electrode and Enzyme Ink: 
(a) Custom-made Direct-Ink-Write system. (b) DIW of carbon-mediated ink (c) DIW 
of enzyme ink. (d) Electrode printing. (e) Enzyme printing. (f) 3D printed glucose 
biosensor on flexible substrate. 
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Figure 2. Scanning Electron Microscopy (SEM) images of 3D printed and 
screen-printed Electrodes and Enzyme layers: (a) 3D Printed electrode; (b) 3D Printed 
electrode with enzyme layer; (c) screen-printed electrode; (d) screen printed electrode 
with enzyme layer; Optical profilometry (Zygo) of screen-printed and 3D printed 
electrodes: (e) image of screen printed electrode; (f) image of 3D printed electrode; (g) 
Mean cross-sectional profile of screen printed electrode (red) and 3D printed 
electrode (black); (h) Modulus versus strain oscillation from Amplitude sweep test for 
both electrode and enzyme inks; (i) Modulus and Complex Viscosity versus angular 
frequency from frequency sweep test for electrode ink; (j) Modulus and Complex 
viscosity versus angular frequency from frequency sweep test for enzyme ink; 
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Figure 3. (a) Cyclic voltammograms of 3D printed electrode in PBS solution with 
variation of scan rates. (b) The fitting curves of peak current vs. scan rate in Figure 
3(a). (c) Hydrodynamic voltammograms for 50 µM of H2O2 at 3D printed electrode. 
Voltammograms were recorded by applying the appropriate potential and allowing the 
transient current to decay prior to the H2O2 addition. (d) 3D printed electrode response 
to 50 µM of H2O2. The scan rate is 100 mV s−1and the reference electrode is Ag/AgCl.  
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Figure 4. (a) The chronoamperometric (CA) curves (measured with high potential 
0.25 V vs. Ag/AgCl) of 3D printed electrode with different concentration of H2O2. (b) 
The i–c curves of the 3D printed electrode (black) and screen-printed electrode (red) 
derived from CA measurements of H2O2. (c) Chronoamperometric response of the 3D 
printed glucose sensor to increasing glucose concentrations from 0 µM to 1000 µM in 
PBS solution with 100 µM increments. (d) Interference study in the presence of 100 
µM glucose, followed by subsequent additions of 100 µM ascorbic acid, 100 µM uric 
acid and other interfering substances (1 µg mL-1). Potential step 0 to +0.25 V vs 
Ag/AgCl. 
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Table 1. Results of the interferometric measurements regarding the electrode 
geometries 

Statistical Calculations DIW Electrode 

 

Screen Printed 

Electrode 

 

Total projected area (µm2) 345800 345100 

Total material volume (µm3)       5263000 9253000 

Total projected boundary length (µm)   3053 3017 
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Highlights: 
• The first 3D printed flexible electrochemical biosensor for glucose 
detection. 
• 17.5 nA µM−1 sensitivity, 6.9 µM detection range (S/N= 3), 100-1000 µM 
linear range achieved with the printed sensor. 
• Improved surface morphology, electrochemical performance and material 
economy compared to screen printing. 
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Figure S1. Effect of electrode surface area on the amperometric response of 80 µM 
H2O2 at 3D printed mediated carbon electrodes. Diameter: 1 mm; 2 mm; 4 mm. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Figure S2. (a) 3D printed electrode reproducibility study in the presence of 100 µM 
glucose, followed by measuring of different 3D co-printed glucose electrodes. 
Potential step to +0.25 V vs Ag/AgCl. (b) The repeatability of 3D printed biosensors 
study in the presence of 100 µM glucose, followed by measuring of one 3D co-printed 
glucose electrode. Potential step to +0.25 V vs Ag/AgCl. 
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Figure S3. Long-term stability study in the presence of 100 µM glucose recorded on 
the 3D co-printed glucose electrode with increasing time (0, 4, 8, 12 h). 
 

 

Figure S4. Mediated Carbon Ink and Enzyme Ink in 3mm syringe barrel  
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Figure S5. Screen-printed electrodes with their printing mask  
 

 
Figure S6. Mechanical Bending of 3D printed glucose biosensor: each column 
represents one area on 3D co-printed electrode as shown in red circle, each row 
represents highlighted red areas before, after 1 cycle and after 11 cycles of bending, 
respectively. 
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Table S1. Direct-Ink-Writing printing parameters   

Type of 

Printable 

Ink 

Printing 

Speed 

(mm/s) 

Transition 

Speed 

(mm/s) 

Applied 

Pressure 

(Psi) 

Printing 

Distance 

to 

Substrate 

(µm) 

Valve 

Displacement 

(mm) 

Nozzle 

Diameter 

(µm) 

Electrode 

ink 

2.5 20 20 100 0.9 200 

Enzyme 

ink 

2.5 - 5 100 0.9 200 

 
 

 

 

 

 

 

 

 

 

 

 


