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Abstract 

Recently, soft materials such as silicone elastomers are widely used in soft robotics due to their high 

flexibility and safe physical interaction with humans. Focusing on three aspects—highly elastic 

materials, sacrificial materials, and actuation units, we aim to develop an additive manufacturing 

strategy that allows the fabrication of highly elastic soft structures more efficiently. First, silicone 

thinner is used to tailor the mechanical properties of the soft silicone elastomer. We found out that 

adding 20% volume thinner to the silicone improved the ultimate tensile elongation of 3D printed 

silicone samples upto 1260%, which is the highest among all the 3D printed soft materials previously 

reported. However, in a cyclic tensile test, this strain is not achieved; instead, the maximum strain was 

600 %. Second, carbohydrate glasses are introduced as sacrificial materials for 3D printing silicone 

with hollow channels. Few configurations of pneumatic and hydraulic actuators are developed by 

forming channels in the silicone elastomer via 3D printed sacrificial carbohydrate structures and 

subsequently dissolving. The 3D printed structures actuated successfully to get morphed shapes, 

which showed that our method is effective for manufacturing of functional soft robotic structures.  

Keywords: Additive manufacturing, soft elastomer, elasticity, sacrificial material, carbohydrate glass, 

soft actuator  

1. Introduction 

In recent years, soft robots have been gaining popularity due to their ability to interact safely with 

humans and ability to function in an inaccessible environment [1]. The characterization of these soft 

robots is extremely dependent on the overall design and the materials used for fabricating the structure. 

Rubber-like materials that are inherently non-linear, viscoelastic, homogeneous materials are suitable for 

soft robotics applications [2]. In general, soft materials used in robots are commonly composed of hydrogels 

[3, 4] and elastomers [5-7]. Elastomers are appropriate for fabricating soft robots and actuators due to their 

ability to restore their shapes after high deformations. As a typical example, a soft pneumatic actuator 

can sustain high elongation at high air pressure due to the high elasticity of the elastomer. 
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Additionally, elastomers have lower elastic modulus (E<1MPa), which make them similar to 

biological tissues and cells [8] and suitable for stretchable electronics. However, casting these 

materials is time consuming, as it requires multiple steps including preparing molds and coating 

with release agents as well as long curing time [9, 10]. Moreover, this method is not suitable for 

producing parts having complex internal geometries. Additive manufacturing (AM) has the 

potential to replace this traditional casting technique and enables the creation of complex and 

novel designs. The development of this type of manufacturing method will facilitate the direct 

fabrication of soft robots with distinct functional elements. It can also be used for creating gradual 

transition from soft to hard components [11].  

Recently, several AM techniques and processing methods have been developed for printing silicone 

and other soft materials. Stereolithography (SLA) [12, 13], digital light processing (DLP) printing 

[14], selective laser sintering (SLS) [9, 15], photopolymer jetting [16], fused deposition modelling 

(FDM) [17, 18] and direct ink writing (DIW) [19] have been used for 3D printing soft materials. 

These techniques are explained and compared in supplementary file in table S1. The table includes the 

detailed information on the materials, resolution, elongation, curing method, shore hardness and 

modulus of each method.  Among all these techniques, FDM and DIW are the most common methods 

due to their low material cost and ease of use. However, FDM has constraints regarding material 

compatibility. In the FDM process, the material should be prepared and inserted in the machine as a 

solid filament and only thermoplastic polymers (ABS, PLA, PETG, TPE, etc.) can be used in this 

technology due to the heating and cooling process [11]. Liquid forms such as RTV silicones and gels 

cannot be used in FDM, which is one of the problems of this technology. DIW is another technique, 

which is widely used for printing hydrogel [20] and silicone [21, 22]. This technique is also further 

developed for 3D printing other types of gels [23]. Yet, preparing a customized ink (or solution) that 

has proper rheological properties for extrusion and that can provide expected mechanical properties 

after rapid solidification is challenging. Therefore, for developing a proper silicone printing, the 

polymerization mechanism of silicone should be understood in terms of rheological and mechanical 

properties [24].  

Understanding the material properties, Liravi et al. [25] optimized the silicone printing accuracy and 

speed in one and two-dimensional levels (line and plane) by a hybrid 3D printing method that 

combined material extrusion and material jetting techniques. They used one-part UV-curable silicone 

in their system, which resulted in 600% ultimate tensile strain. The rheological properties (such as 

shear yield stress and viscosity) of the silicone elastomer ink during and after the extrusion should be 

suitable for smooth flow through a nozzle and for curing rapidly after extrusion. Otherwise, the 3D 

printed structure can easily deform or collapse. Weak intermolecular forces and the viscoelastic 

behavior of elastomers pose a problem for printing processes. Therefore, there is still a need to 

develop a proper technique, which can be used to print all complicated, overhanging or hollow 

structures with soft elastomers.  

In single extruder FDM 3D printers, the same material can be used for building supports. This 

technique is not applicable to internal cavities where the support structure is trapped inside and cannot 

be removed. Additionally, removal of material is not easy and occasionally, it leaves marks on the 

surface where it is attached. In conventional 3D printing, a different support material is used to print 

features with overhangs or cavities. There are two major plastics used as dissolvable support 

structures in desktop 3D printers, polyvinyl alcohol (PVA) and high impact polystyrene (HIPS), and 

both have their own limitations. Although PVA can be removed by water, it is sensitive to ambient 

conditions such as moisture and temperature and does not stick well to the 3D printed surfaces. HIPS, 

on the other hand, should stay in chemical bath for several hours to be dissolved. In AM of silicone, 

PVA (in FDM printers) [26] and wax (in photopolymer printing) [27, 28] have been proposed and 
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studied for use as support materials. In another method called freeform reversible embedding (FRE), 

silicone is printed and cured simultaneously inside a vat of another material, which acts as a support 

bath [29-31]. A soft robot [32] and organ-tissue structures with vascular networks [33] are fabricated 

by the embedded 3D printing technique using removable fluid (ink). Most of the other implemented 

techniques for printing soft structures are support free [34, 35]. Plott and Shih [35] presented a 

technique for bridging horizontal ledges to fabricate pneumatic actuators using extrusion-based AM 

of moisture-cured silicone. They used the moisture-cured silicone in their DIW 3D printing setup and 

fabricated a pneumatic soft actuator. Their experiments showed that the success of this procedure is 

dependent on the number of bridge layers and their thickness, which can limit the geometry and size 

of the part. Therefore, bridging solves one of the issues in printing silicone. Despite the benefit, this 

method cannot be used for fabricating porous structures. Walker et al.[36] adjusted transient curing 

properties (elastic modulus, loss modulus, and yield stress) for thermoset silicone in order to 3D print 

structures without utilizing any support material or fluid bath. However, their method results in 

limited geometries. They showed that this method can be used for manufacturing parts with less than 

35 degree (from the vertical) overhanging features. Thus, there is still a lack of suitable support 

material in 3D printing silicone. 

 

In 3D printing silicone with the use of support material, several parameters should be considered for 

choosing the optimal support material. One of the key elements is having a strong adhesion between 

support material and silicone. This improves the quality of printing. Another key element is the total 

removal of the support structure, which should not be difficult and time-consuming especially inside 

deep cavities or channels. Considering all the above aspects, this paper presents the usage of 3D 

printed carbohydrate glass (i.e. sugar) as a sacrificial structure in AM of very soft material. Sugar is a 

low-cost available material that can dissolve easily in water and is biodegradable. In a related study, 

Godoi et al.[37] summarized some of the techniques used for carbohydrate printing and their 

application in the food industry. In another study, Song et al. [38] used sugar particles as a foaming 

agent in stereolithography to make porous structures. The porous structures were fabricated from 

sugar mixed with a photo-curable resin by a stereolithographic 3D printer, and then the printed 

structures were dipped into hot water to dissolve sugar and increase the overall porosity. The 

application of sugar printing in fabricating vascular networks and tissue engineering is also reported 

in several previous studies [39-43]. Miller et al. [43] used a 3D printed carbohydrate glass lattice with 

a size of 20mm×10mm×2.4mm, as a sacrificial template for casting 3D-vascular architectures. 

Similarly, He et al. [44] investigated the fabrication of microchannels for microfluidic chip devices by 

testing different types of sugar in a 3D printer setup. They poured PDMS on a 25mm×25mm×2.2 mm 

sugar structure, and cured it in an oven and then, kept it in boiling water to dissolve the sugar and 

form a microfluidic chip. In recent years, several systems for 3D printing molten carbohydrate glass 

are also designed and developed [45, 46]. 

 

In this paper, we aim to establish an AM strategy that can accelerate producing highly elastic soft 

structures. A very soft elastomer substrate is used in a custom-made 3D printing setup to create 

complex objects. The properties of molten carbohydrates are studied for employing as sacrificial 

support materials in 3D printing of silicone. We refere the support materials as carbohydrates rather 

than sugar. This is because carbohydrates include sugar alcohol, table sugar and any mixture of them. 

In our AM process, the molten carbohydrate is extruded first and it is solidified at the room 

temperature and becoming stiff enough to hold the soft silicone material. Moreover, it sticks well to 

the silicone during the printing process and it can be easily removed by submerging in warm water. 

These properties of sugar, besides its low cost, make it a suitable candidate as a support material for 

3D printing soft mechanical structures. Therefore, the 3D printed carbohydrate glass along with very 
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soft elastomer is used to build a soft robotic structure (shown in Fig. 1) that can be pneumatically 

actuated. The sugar embedded between the 3D printed silicone layers is removed by keeping the 

composite in warm water to obtain the hollow channels. Molten sugar is selected rather than solid 

sugar for our current study because complex geometries can be easily created by using the molten 

sugar in our setup. To summarize, the highlights of this study are: 

 Material processing (printing) parameters in additive manufacturing of silicone are 

investigated in this work. The result of this study allows the fabrication of highly elastic soft 

structures more efficiently by eliminating the need for assembly and post-processing (Fig.1).  

 3D printed silicone samples reached 1260 % elongation in uniaxial tensile tests, which is the 

highest strain reported for elastomers. Moreover, extensive material characterization, i.e. 

microscopic images, atomic force microscopy (AFM), tensile test and cyclic extension tests 

are performed on the fabricated soft samples. 

 Soft pneumatic and hydraulic actuators are fabricated in this work to demonstrate the 

potential application of our method (3D printing soft material with carbohydrate glass) for 

creating functional robotic structures.  

The rest of the paper is organized as follows. In Section 2, the 3D printer setups and the materials are 

described. Properties of three different types of sugar used in the  printer setup are discussed in this 

section. We used sugar and carbohydrate glass alternatively in this paper when discussing about 

support materials. The properties of the 3D printed silicone, the effects of adding thinner and 

experimental results are discussed in Section 3. We also showed how 3D printing silicone along with 

sacrificial carbohydrate glass could be used to build actuators in this section. Finally, Section 4 

includes the conclusion and future work. 

2. Materials and 3D printer setup 

2.1. Preparing silicone for 3D printing 

A platinum-cured silicone, Ecoflex 0010 (Smooth-On, Inc.), was used in this study. This kind of room 

temperature vulcanizing (RTV) silicone is suitable for a variety of applications including making 

prosthetic and orthotic devices. The material consists of a two-part solution, part A and B that are 

mixed in a 1:1 volume ratio prior to injecting to an extruder. Due to the relatively low density (1040.2 

kg/m
3
) and good flowability of the mixture (viscosity in the range of 140 Poise)[47], such silicone is a 

good candidate for extrusion-based 3D printing. For obtaining lower viscosity and easier extrusion, 

we added silicone thinner (Silicone Thinner™, Smooth-On, Inc.) to the silicone before it cured. 

Silicone thinner is a non-reactive silicone fluid that lowers the viscosity of part A and B during 

mixing [48] and allows the mixture to flow easily through the extruder.  

Two existing open source 3D printers (Prusa 8" i3v kit, Maker Farm) are modified to print silicone 

and carbohydrate glass. Both printers have glass beds, which can be transferred easily from one setup 

to the other without detaching the printed structure. Hence, both setup can be used in printing a 

particular design. A single paste extruder (DISCOV3RY, Structur3D Printing) is modified to 3D print 

Ecoflex 0010 as shown in Fig. 2(a). The motorized paste extruder is shown in the schematic diagram 

in Fig. 2(b). It uses a 60 cc syringe, plastic connectors and 30.5 cm long plastic feeding pipe with an 

inner diameter of 3.2 mm. A plastic nozzle is attached to the end of the tube for controlling the 

resolution. The material in the syringe is pushed through the tube due to the pressure of the plunger, 

which is driven by a stepper motor. Samples were successfully printed with 0.8, 0.6 and 0.4 mm 

(inner diameter, d) nozzles. The smallest nozzle size (0.4 mm) was used to print structures with high 

precision for the rest of the study. The process parameters for silicone extrusion are obtained from our 

previous work [49], shown in table 1. A single layer thickness of a 3D printed sample is 0.5mm after 
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curing. For measuring the dimensional accuracy, a 100mm×100mm×15mm cubical structure is 3D 

printed, and each side is measured and compared to the initial design. The measured error was 0.4 mm 

in x and y directions and 0.1mm in the Z direction, which is less than 1% error in all directions.  

2.2. Preparing carbohydrate glass for 3D printing 

Carbohydrate glass(sugar) is used as a sacrificial material for AM of silicone in this study due to 

solubility in water, compatibility and low cost. Most of the carbohydrate glass mixtures can be 

prepared by melting them at temperatures higher than 90˚C to lower the viscosity in order to pass 

through the nozzle for printing. If the extruded sugar cools to the glass transition temperature, it will 

form into a solid shape and this is beneficial for 3D printing. The melting and glass transition 

temperatures for several sugar compounds are presented in table 2 for more detailed information. The 

process of preparing the molten carbohydrate is very important to prevent crystallization and forming 

solid particles within the flow during extrusion. Heating sugar to temperatures higher than its melting 

temperature will help to prevent crystallization. However, this temperature is limited due to the 

burning and degradation of sugar (~176˚C). Based on these properties and the literature, three types of 

carbohydrates, table sugar, sugar/syrup mixture, and maltitol were prepared for printing. A pneumatic 

system consisting of a pressure regulator and pneumatic fluid dispenser is used in the sugar 3D 

printing setup (Fig. 2(c)). The extruder is a modified design of the system presented in [42] as shown 

in Fig. 2(d). A dispensing apparatus with a 0.6 mm nozzle diameter is made for carrying and 

extruding a molten sugar. The molten sugar is kept at 120˚C inside the syringe, heated by passing 

current through the heating coils wrapped around its barrel.  

For the first type, table sugar (sucrose), the crystals were heated to 160˚C in a heater until they are 

melted. Then, the molten sugar was poured into a hot reservoir (syringe container). Based on our 

previous work related to sugar printing [50], sugar properties are difficult to control during printing, 

and consequently, it limits maintaining the geometrical accuracy. The nozzle would frequently clog if 

the temperature decreases due to the crystallization of sugar. Initial crystallization starts with 

developing nuclei, which are the initial forms of crystals. But they are undetectable before the crystals 

grow to a size where they can be observed. During 3D printing with sugar, if the nozzle temperature 

drops, the material extrusion rate starts decreasing until the extrusion nozzle clogs due to the growth 

of the sugar crystals. Crystallization is accelerated by shear, which is unavoidable in extrusion 

processes but is preventable by maintaining the material above its crystalline melting point (~160 ˚C). 

On the other hand, increasing the temperature will degrade and oxidize the sugar. Therefore, another 

printing material (the second type) was prepared by mixing white table sugar (62% by weight), syrup 

(31% by weight), and water (6% by weight). The presence of water and corn syrup (contributing a 

mixture of glucose, fructose, and other saccharides) in the sugar mixture lowers its melting 

temperature and glass transition temperature and delays the crystallization [51]. The mixture was 

continuously heated to 154 ˚C and poured in the hot reservoir after cooling down to 140˚C. In this 

case, adding syrup and water to the sugar mixture prevented the crystallization as also observed in 

[33] and increased the quality (accuracy, precision, and dimensional tolerances) of 3D printed 

carbohydrate glass. However, controlling the flow of the molten material due to the rapid changes of 

the viscosity with temperature (Fig. 3) is more challenging particularly if a higher rate of heat loss 

occurs during printing. In addition, the mixture of sugar and syrup has a higher viscosity than sugar 

(i.e. 5000 cP at 110 ˚C for the mixture of sugar and syrup while it is less than 2000 cP for the sugar), 

and consequently, less flow-ability. The results of 3D printing with sugar and sugar/syrup mixture are 

shown in Fig. S1. The third and final carbohydrate candidate for 3D printing was maltitol, which is a 

sugar alcohol made of glucose and sorbitol (differs in chain length with sugar, which has two fewer 
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hydrogen atoms). Maltitol has a melting point at 145˚C, it has a stable flow properties and low cost 

[44].  

In the 3D printing process of carbohydrate glass (sugar), three processing parameters, namely 

temperature, viscosity, and pressure are dependent on each other and should be calibrated. Several 

experiments were performed in this work to find the relation between printing parameters. Viscosity 

measurements were done by Brookfield DVT2 viscometer (with LV-04 (64) cylindrical spindle) at 25 

rpm and the results are presented in Fig. 3. The results show that viscosity is decreasing exponentially 

as the temperature is increasing for all the three types of carbohydrates. This behavior can be 

described by equation 1: 

𝜈 = 𝑎𝑒𝑏𝑇  (1) 

 

Where 𝜈(Poise) is the viscosity, 𝑇 (˚C) is the temperature, 𝑎 and 𝑏 are the constants. The calculated 

constants obtained by model fitting of the viscosity data are shown in table S2. 

 The viscosity of all tested carbohydrates remains below 250 Poise for the temperature range of 60˚C 

to 140˚C. During the printing process with carbohydrate glass, the nozzle and reservoir temperatures 

were kept at almost 120˚C by uniformly heating with 28W heating wires. A 100 kPa pressure was 

applied by the pneumatic system from the top side of the syringe and the molten carbohydrate was 

extruded, and then quickly solidified at room temperature. We empirically observed that for obtaining 

the best result in printing structures with sugar/syrup mixture and maltitol, the nozzle translation 

speed should be adjusted to 5mm/s and 10mm/s, respectively. The silicone channels with minimum 

5mm width were successfully printed using this method for both sugar/syrup mixture and maltitol 

(video S1). Yet, printing smaller structures is difficult with the current setup, since the difference 

between the extruded sugar filament diameter and the nozzle diameter (at a constant feed rate) 

increases when the nozzle diameter is greater than 0.4 mm [45].  

The theoretical relationship between the printing speed and the diameter of the extruded carbohydrate 

glass (sugar) for a constant nozzle size is described in equation 2 [43]: 

                          𝐷 = 𝐶/𝑉0.5                                                                            (2)                               

Where 𝐷  is the diameter of the extruded carbohydrate glass, 𝑉 is the translation speed of the extruder 

and 𝐶 is a constant that depends on the nozzle diameter and pressure. This equation is used to find the 

relationship between the translation speed and the extruded sugar diameter (Fig S3). Gelber et al. [45] 

observed that the width of the extruded carbohydrate filament increases for higher nozzle sizes owing 

to the surface tension and forces generated by viscous expansion. Due to the nozzle size, the lowest 

layer height of the 3D printed carbohydrate glass that can be achieved in our setup is 0.6 mm, while 

the thickness of the layers is occasionally reached more than 1 mm, since sugar layer spread on the 

surface. Decreasing the nozzle diameter can resolve this problem, but clogging may occur more often. 

Our main focus in this work is to demonstrate the application of carbohydrate glass 3D printing in 

AM of soft actuators.  Improving the carbohydrate glass printing precision by both empirical and 

analytical relations will be the focus of our future study using similar methods as demonstrated in 

reference [37]. 

We observed that maltitol properties are easier to control during printing and can produce structures 

with better dimensional accuracy for small-scale prints. Maltitol can be also reheated and re-used in 

3D printing. Reheating maltitol removes the water content and improves the extrusion process of the 

material. This process can be continued before the material oxidizes and burns as shown in Fig. 4.  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 
 

7 
 

As stated earlier, for both setups (elastomer and carbohydrate), an open source printing software 

(Repetier-Host) is modified to control the printer sections (the xyz stage, the heaters, the extruder, and 

the pneumatic device). A 3D model was created with a commercial 3D modeling software and the 

stereolithography (STL) file was sent to the 3D printer software. The 3D printing software ‘Slic3r’ 

was used for converting the print head paths into machine control code (G code). Finally, the control 

code was reviewed, revised and uploaded to Repetier-Host to initiate the process. The best 3D 

printing parameters for each material are achieved based on several experiments (table 1). 

3. Results and discussion 

In this section, we present the results for the soft material characterization as well as the 3D printed 

structures. These results demonstrate the physical properties and surface morphologies of the 3D 

printed samples obtained from optical microscopy and atomic force microscopy (AFM) while the 

mechanical properties of the parts are investigated using standard uniaxial tensile test. 

3.1. Characterization of the 3D printed silicone  

The curing rate of RTV silicone is heavily dependent on the temperature and the amount of the 

material. In order to shorten the curing time and to avoid self-collapsing while maintaining enough 

bonding between the layers, the printer bed temperature was set to maintain at 100˚C. This 

temperature helps the chemical bonding (Fig. 5(a)) reaches a steady state as in few seconds (~ 1-2 s) 

after the material is extruded. Once exposed to the heat, the interlayer crosslinking occurs chemically 

and bonds adjacent layers together. The strength of these interfaces is important and it is dependent on 

both geometric parameters and on the chemical bonding within the material [52]. For further studies, 

the microscopic images of the 3D printed bonded layers of Ecoflex 0010 mixed with 20% of thinner, 

were taken by Leica DMi1(Leica Microsystems Inc). A 6mm×5mm×4mm printed section was taken 

from the side length of the 3D printed sample as shown in Fig. 5(b). The image of this 3D printed 

piece is shown in Fig. 5(c). The optical microscopic images of the 3D printed surface and cross 

section with 5x magnification are shown in Fig. 5(d)& (e), respectively.  The surface roughness is also 

examined to characterize the same 3D printed silicone part and reveal the structural appearance and 

the asperity of the surface. In this work, atomic force microscopy (AFM) is used to test the quality of 

the surface based on ISO 25178 standard (Fig.5(f) & (g)) by Tosca
TM 

400.  

Surface quality is another important physical property that may affect the accuracy, cost, and 

functionality of the part. Since the surface property can strongly determine properties such as 

mechanical, biological, optical, acoustic and electronic properties of the material [53]. In general, the 

surface roughness is described by surface arithmetical mean height (𝑆𝑎) and root mean square (𝑆𝑞) of 

the extracted surface data (Fig 5.(f) & (g)). This is calculated using equations 3 and 4, where 𝑍 is the 

surface height, A is the surface area, x and y are length and width of the scanned structure. For a  

20μm x 20μm cross sectional area (as shown in Fig.5 (g)),  𝑆𝑎 and 𝑆𝑞 are determined as 0.0028 μm 

(2.8 nm) and 0.00346 μm (3.5 nm) respectively. The results of AFM show a uniform interlayer 

structure inside the material, while the smoothness of the silicone surface is comparable to the acetone 

polished molds’ surfaces shown in the scientific report from He et al. [54].  

                                                ( , )a
A

S Z x y dxdy                                                          (3) 

 

                                                21
( , )q

A
S Z x y dxdy

A
                                                   (4)          
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3.2. Effect of different percentage of silicone thinner mixed with silicone 

The influence of thinner on deformation characteristics of silicone is studied by conducting several 

tensile tests and measuring the stress-strain behavior of samples fabricated with different thinner 

concentration. All the samples for the tensile test were designed based on ASTM dog bone structure 

D412 type C with an overall size of 33mm×25mm×4mm [55]. The test specimen geometry was 

defined in a CAD file (Creo Parametric 2.0, PTC), exported as a STL file for loading into the 3D 

printer slicing software package (Slic3r) and 3D printed using our setup. The 3D printed dog bone 

samples (three samples for each composition) are shown in Fig. 6(a) & (b). We investigated the 

mechanical properties of 3D printed silicone samples mixed with 2 different volume percentages of 

thinner agent and compared with the same material fabricated by casting in a 3D printed mold. The 

tensile test was performed using high resolution Instron Universal Tensile system with a 10 kN load 

cell (2580 series) and at a rate of 500 mm per min (Fig. 6(c)). The test data was collected using 

Bluehill software and analysis was performed. Finally, a rectangular chamber (thin wall) with 80 mm 

in length and 3 mm in width was 3D printed with Ecoflex 0010 mixed with 20% and 25% thinner 

agent and compared. According to Fig. 6(d), Ecoflex 0010 mixed with 20% thinner has better 

properties for 3D printing especially for fabricating soft structures that contain thin walls. The 

importance of silicone composite is also studied in another intricate geometry. As shown in Fig. 7(a), 

a structure with complex open channels is 3D printed with Ecoflex 0010 mixed with 20% thinner 

agent and stretched (Fig. 7(b)). The channels were designed on the surface with 200 μm width and 

fabricated without any imperfection (i.e. over and under extrusion).  

Fig. 8 (a), (b), (c) & (d) show the tensile test results of cast Ecoflex 0010 mixed with 0 to 25% of 

thinner agent. As a general trend, ultimate tear and tensile strength are reduced in proportion to the 

amount of thinner added in the silicone. The results of 3D printed Ecoflex 0010 mixed with 20% and 

25% thinner are presented in Fig. 8(e) & (f). These results have a similar trend to the casted samples 

and demonstrate that lower force is needed to stretch the samples when the percentage of thinner 

increases. Also, the strain is improved slightly compared to the casted samples. Moreover, both cast 

and 3D printed samples of Ecoflex 0010, for example, 25% silicone thinner, did not tear during the 

test, but due to the limitation of the Instron machine for the extension, we stopped the test once the 

maximum displacement was reached. Other percentages of thinner agent could not be fabricated and 

compared due to the specific flow properties required in the setup for 3D printing soft samples. The 

plot corresponding to axial force–elongation curves, Fig. 9 (a) demonstrates that the force required to 

stretch the sample reduces when the percentage of thinner increases. The maximum applied force to 

the samples is 14N and the load cell had high resolution to capture the incremental load. The stress-

strain results of the samples are shown in the supplementary Fig. S4. The results showed that the 

modulus at 100% strain (100% E), decreased from 0.02 MPa for cast Ecoflex 0010 with 0% thinner to 

0.01 MPa and 0.008 MPa for 3D printed samples with 20% and 25% thinner, respectively (Fig. S5). 

3D printing silicone with higher percentages of thinner is limited to 25% thinner, because adding 

higher percentages of thinner makes the mixture improper for printing. Furthermore, Ecoflex 0010 

surface is oily and sticky. Thus, corn starch is used to make the surface less sticky (reduce tackiness) 

after preparing all the samples. Our results in this section can be compared to previously reported 3D 

printed highly stretchable and UV curable elastomer used in the DLP 3D printing technique that 

stretched up to 1100% [14]. We showed a remarkable strain in our 3D printed samples, which can 

reach up to 1260% strain (Fig.9(b)). This is a consequence of adding the additives in the silicone 

elastomer and the printing temperature utilized for the dog bone sample during printing. The high 

strain was obtained from three samples and it is the average value for all the three. In Fig.9(b), we 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 
 

9 
 

tried to compare the maximum elongation of 3D printed soft material (PDMS, TPU, SUV elastomer, 

and our composition).  

3.3. Cyclic test 

For further characterization, cyclic strain-stress tests were performed for 5 cycles on each sample. The 

cast samples with different percentage of thinner are tested to study the effect of adding thinner in the 

cyclic response (Fig. 10 (a)-((d)). Adding higher thinner percentages to the silicone reduced the stress 

magnitude at constant strain, but did not affect the cyclic behavior of the material (hysteresis). Stress 

softening phenomenon is observed, which is known as the Mullins effect[56]. For all samples, the 

results show that at a constant displacement amplitude, the stress decreases between successive 

loading cycles during the first and second cycles. The stress variations become negligible after the 

third cycle, which is a common behavior for soft materials [56]. The hysteresis in the first cycle 

increases as we increase the strain in the 3D printed samples. This test is repeated for 3D printed 

samples at maximum strains equal to 300%, 400% and 500% as shown in Fig.10 (d), Fig. 10(e) and 

Fig. 10(f), respectively. The strain rate is set to 500 mm per min in all cyclic tests. The results proved 

that repeatable stress cycles and low hysteresis loops are observed after several cycles. Lifetime test is 

also performed on the 3D printed sample with Ecoflex 0010 mixed with 20% of thinner. In this case, 

the sample is stretched to 400% strain for 40 times at a rate of 500mm per min without failure (Fig. 

10(h)). This shows that this sample is reliable for repeated use. The modulus of resilience is a key 

factor that is particularly important for soft robotic materials. This is the maximum energy that can be 

elastically recovered during a loading cycle to return the robot to its original form [11]. The result of 

this study can prove that the elastic modulus obtained through the tensile loading and unloading 

curves is appropriate for enabling large, recoverable local strain differentials using small force/stress. 

In addition, the cyclic test illustrates that our material has good resistance to failure and fatigue. 

Representative time-domain cyclic force is shown in supplementary figure S6, showing the profile of 

the force in the forward and return cycles.  

3.4. 3D printed soft actuator structures 

In this paper, we showed several 3D printed soft actuating structures and analyzed their performance. 

The fabrication process is simplified to three major steps, which are design, 3D printing, and 

installing tubes or embedding the actuators (depending on the selected actuation technology). Two 

methods are used to test the ability of the carbohydrate glass to form channels. In the first method, the 

carbohydrate glass and the bottom section of the silicone structure are printed separately, then the 

carbohydrate glass is placed on the intended location on the surface of the 3D printed silicone. Then, 

the surface is covered by 3D printing another layer of silicone on the top. One illustration of this 

process is shown in Fig. 11(a-d). The trajectory of the print head is controlled and adjusted according 

to the geometry of the printed materials by the G-code. As it is shown in Fig. 11(e), the hollow 

channels are formed in the 3D printed soft elastomer by embedding a 3D printed carbohydrate glass 

in-between silicone during printing. The sugar is dissolved by keeping the printed structure in a warm 

water bath. This process was discussed earlier in the schematic diagram Fig.1.  

In the second method, a silicone layer is 3D printed on a movable build plate (glass material), then the 

build plate is taken to the sugar printer setup to print the sugar structure on top of it. The assembly is 

taken back to the silicone print setup and silicone is printed at the top. This approach uses the two 

printer setups (Fig. 2(a) & (c)) at the same time. Similar to the first method, the printed structure is 

kept in a warm water until the sacrificial carbohydrate structure is removed completely. Using the 

second method, a soft pneumatic actuator with a single chamber was created. The actuator had a 

76mm×16mm×16 mm shelled structure with a wall thickness of 3 mm, shown in Fig. 12(a). The 

chamber was 3D printed without the top surface (the same structure shown in Fig. 6(d)) and it was 
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transferred to the sugar 3D printer setup, to be filled with carbohydrate glass. For the initial 

demonstration, the two setups are kept close to each other, but they can also be combined as one 

setup, which will be presented in our future work. Finally, the structure attached to the build plate was 

brought back to the elastomer 3D printer and sealed by printing silicone on top of the sugar structure. 

The carbohydrate glass was dissolved by water penetrated inside the structure through a hole made for 

installing a pneumatic tube. A pressure test is performed by increasing the air pressure inside the 

chamber until it burst. This experiment was conducted as shown in Fig. 12(b); a solenoid valve is used 

for supplying air inside the channel at 70 kPa. The length of the chamber reached 150mm before it 

burst, which is more than twice its original length (Fig. 12 (c)&(d)). This test reveals that the inter-

layer bonding is strong and sustain large deformation. Therefore, the manufacturing method presented 

here results in a functional pneumatic actuators/structures, which are made by 3D printed silicone and 

sacrificial carbohydrate glass. Another soft robotic structure inspired by [56] is designed (Fig. 12(e)) 

and  3D printed with the same procedure as shown in Fig.12(f). After removing sugar from the 

channels, the actuator bent to 70˚ when water is injected inside the structure (Fig. 12(g)). Such method 

is typyically called hydraulic actuation.  This demonstrates that our fabrication approach is versatile to 

use in fluidic actuators (pneumatic and hydraulic) that are basic structures of soft robots.  

4. Conclusion and future work 

In this work, an inexpensive custom-made 3D printing setup is developed and utilized for fabricating 

different functional structures. RTV silicone properties are controlled by adding silicone thinner and 

heating at 100˚C during printing. The 3D printed elastomer in this work has the highest strain 

(1260%) as compared to previous reports (Fig.9 (b)) and 0.008 MPa elastic modulus at 100% strain. A 

comparison of the mechanical properties obtained from the study is done between the 3D printed and 

cast elastomer with different percentages of thinner from 0% to 25%. More importantly, 3D printed 

carbohydrate glass structures is used as a sacrificial structure to form hollow channels in silicone, for 

the realization of pneumatic and hydraulic soft actuators. 3D printing stretchable elastomeric 

structures with carbohydrate glass is important and can be used easily and safely in 3D printers used 

at schools particularly for educational purposes. This printing strategy with carbohydrate glass is 

beneficial as the employed material is organic, inexpensive and commercially available. Sugar is also 

a suitable replacement for hazardous chemicals and support structures used in current 3D printers. 

Future work includes working on a small heating system for curing silicone (such as laser or radiation 

device) that can be attached close to the nozzle in order to heat each layer right after it extrudes. In 

that case, both materials, silicone, and sugar can be built in a common build plate. The presented 

method can also be further developed for implementing in multi material 3D printing. 
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Figures: 

 

 

Figure 1. Steps for fabricating a soft pneumatic actuator using a 3D printed sugar structure as support material. 
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Figure 2. (a)3D printer setup for elastomer, (c)schematic of extruder for printing elastomer, (c)3D printer setup for 

carbohydrate glass, and (d)schematic of extruder for  printing carbohydrate glass. 
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Figure 3. Viscosity measurement of maltitol and the mixture of sugar and syrup at different temperatures  (higher 

range of viscosity was not measured due to the limitation of viscometer). 

 

 
Figure 4. 3D printed structure by: (a)molten maltitol at 154 ˚C, (b)reheating maltitol (maltitol) at 154˚C and 

(c)reheating maltitol for an hour at 154˚C. In this case, the carbohydrate oxidized and the color changed to black. 
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Figure 5. Characterization of Ecoflex 0010: (a)chemical reaction of platinum cured silicone [57], (b)section of the 

3D printed dog bone sample studied by microscopic images, (c)image of the 3D printed sample studied by 

microscopic images, (d)microscopic image of 3D printed silicone surface (6x5mm), (e)microscopic image of 

cross section surface (6×4 mm), (h)AFM image of the surface of 3D printed silicone, and (g)extracted profile for 

calculating surface roughness.  

 

 

 

 

(a) 
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Figure 6. 3D printed Ecoflex 0010 samples: (a)3D printing samples for tensile test, (b)3D printed dog bone 

sample with 20% (sample#1), 25% ( sample#2) and 18%( sample#3) thinner, (c)tensile test of silicone sample 

and (d)3D printed silicone chamber by Ecoflex 0010 mixed with 20% (up) and 25% (down) thinner. 

 
Figure 7. 3D printed highly stretchable structure with the complex internal pattern: (a)3D printed structure with 200 μm 

channels and (b)flexibility of the structure (video S2). 
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Figure 8. Comparison of tensile strength and strain of Ecoflex 0010: (a)cast with 0% silicone thinner, (b)cast with 

10% silicone thinner, (c)casted with 20% silicone thinner, (d)cast with 25% silicone thinner, (e)3D printed with 

20% silicone thinner, and (f)3D printed with 25% silicone thinner. 
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Figure 9. (a)Comparison of elongation versus force for Ecoflex 0010 samples mixed with different percentage of 

the thinner agent, (b)comparison between the maximum deformation of 3D printed soft materials reported in 

ref.[12-19] and this study. 

(a) 

(b) 
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Figure 10 Uniaxial cyclic response of cast silicone samples with: (a)0% thinner, (b)10% thinner, (c) 20% thinner 

and (d)25% thinner. Uniaxial cyclic response of 3D printed silicone samples at: (e)300% strain, (f)400% strain, 

(g)500% strain and cyclic loading and unloading for 3D printed Ecoflex 0010 sample with 20% thinner where 

the sample stretched 4 times its original length at each cycle. The samples did not fail until the 40th cycle. 
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Figure 11. 3D printing procedure of a silicone structure with hollow channels using carbohydrate glass: (a)3D 

printed carbohydrate glass (sugar and 50% syrup) (b)3D printed silicone structure, (c)3D printed carbohydrate 

glass inserted in the soft structure, (d)a layer of silicone 3D printed on top of the carbohydrate glass and (e)channel 

formed inside silicone after dissolving the carbohydrate glass in water. 
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Figure 12. 3D printed single elastomer chamber with the use of carbohydrate glass as sacrificial material: 

(a)design of the chamber, (b)pressure test setup, (c)3D printed pneumatic actuator (using carbohydrate glass) 

started actuating and (d)deformation at 70 kPa. 3D printed fluidic actuator with silicone and carbohydrate 

glass: (e)design, (f)3D printing soft structure, (g)fluidic actuation. 
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Tables: 

Table 1. 3D printing parameters for printing silicone and carbohydrate glass. 

 

 

 

 

 

 

 

Table 2. Glass transition temperature Tg and 

melting temperature Tm of carbohydrate glass [40, 

58].  

 

 

  

3D Printed Ecoflex 0010 Carbohydrate glass (maltitol) 

Nozzle Diameter 0.4 mm Nozzle Diameter 0.6 mm 

Layer Thickness after 

curing 

0.5 mm Layer Thickness  1.1 mm 

Nozzle Temperature 25˚C (room 

temperature) 

Nozzle Temperature 110-120˚C 

Print Bed Temperature 100 ˚C Print Bed Temperature 25 ˚C (room 

temperature) 

Head translation speed 

for the first layer 

15 mm/s Head translation speed for 

the first layer 

10 mm/s 

Head Translation Speed 

for all layers (except the 

first layer) 

15 mm/s Head Translation Speed for 

all layers (except the first 

layer) 

5-10 mm/s 

Layer height   0.43 mm Layer height  0.6 mm 

Infill density 100% Infill density 90% 

Types of sugar Tg  (˚C) Tm (˚C) 

Sucrose 62-70 186 

Maltose 87 110 

Maltitol 39 145-152 

Glucose 31 146-150 

Fructose 5-10 103-105 

Lactitol 52-58 146 

Sorbitol -9 95 

Erythritol -59.7 121 

Xylitol -29 94 

Mannitol 13 166-168 

Isomalt 63.6 145-150 
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Highlights 

 Material processing parameters for a new AM process that allows the fabrication of highly elastic 

soft structures are presented.  

 3D printing silicone samples with 20% thinner resulted in an ultimate tensile elongation of 1260 

%  

 Extensive material characterization results for the 3D printed soft materials including tensile test, 

cyclic test, optical microscopy and atomic force microscopy are presented.  

 Soft hydraulic/pneumatic actuators are fabricated via 3D printing carbohydrate glass and soft 

silicone elastomer, for ultimate application in soft robots.  
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